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ABSTRACT: Despite several demonstrations of electrochemical devices with limits of detection (LOD) of 1 cell/mL, the implementation of
single-cell bioelectrochemical sensor arrays has remained elusive due to the challenges of scaling up. In this study, we show that the recently
introduced nanopillar array technology combined with redox-labelled aptamers targeting epithelial cell adhesion molecule (EpCAM) is per-
fectly suited for such implementation. Combining nanopillar arrays with microwells determined for single cell trapping directly on the sensor
surface, single target cells are successfully detected and analyzed. This first implementation of a single-cell electrochemical aptasensor array,
based on Brownian-fluctuating redox species, opens new opportunities for large-scale implementation and statistical analysis of early cancer

diagnosis and cancer therapy in clinical settings.

The need for single cell detection and analysis techniques has
increased in the past decades because of the heterogeneity of indi-
vidual living cells, which increases the complexity of the pathogen-
esis of malignant tumors.2 In the search for early cancer detection,
high-precision medicine and therapy, the technologies most used
today for sensitive detection of target analytes and monitoring the
variation of these species are mainly including two types. One is
based on the identification of molecular differences at the single-
cell level, such as flow cytometry, fluorescence-activated cell sort-
ing, next generation proteomics, lipidomic studies,*’ another is
based on capturing or detecting single tumor cells from fresh or
fixed primary tumors and metastatic tissues, and rare circulating
tumors cells (CTCs) from blood or bone marrow, for example, di-
electrophoresis technique,® microfluidic based microposts chip,®
electrochemical (EC) approach. Compared to other methods, EC
sensors have the merits of easy operation, high sensitivity, and port-
ability.20-1° For example, a recent technique using rolling circle am-
plification with aptamers could successfully demonstrate a limit of
detection (LOD) as low as 5 CTC cells in whole blood (with 200
uL of the sample used for incubation).?® Another approach using
quantum dots as sensing probe attained a LOD of 2 cells/mL in
human serum.?! Very recently, PEDOT:PSS organic electrochemi-
cal transistors have shown the potential for electrical cell-substrate
impedance sensing down to single cell.?? 23 However, despite vari-
ous demonstrations of low LOD including aptamer sensors,? 24 2
arrayed EC sensors for detecting single-cell have not been demon-
strated. Recently, we have introduced a new technique based on 20-
nm-thick nanopillars array to support cells and keep them at ideal
recognition distance for redox-labelled aptamers grafted on the sur-
face. The key advantages of this technology are not only to suppress
the false positive signal arising from the pressure exerted by all (in-
cluding non-target) cells pushing on the aptamers by downward
force, but also to stabilize the aptamer at the ideal hairpin configu-
ration thanks to a confinement effect.?6 With the first

implementation of this technique, a LOD of 13 cells (with 5.4 uL
of cell suspension) was estimated.

In this work, the nanosupported cell technology using redox-la-
belled aptasensors has been pushed forward and fully integrated
into a single-cell electrochemical aptasensor array. To reach this
goal, the LOD has been reduced by more than one order of magni-
tude by suppressing parasitic capacitive electrochemical signals
through minimizing the sensor area and localizing the cells. A sta-
tistical analysis at the single-cell level is demonstrated for the
recognition of cancer cells. The future of this technology is dis-
cussed and the potential for scaling over millions of electrodes, thus
pushing further integration at sub-cellular level is highlighted. A
description of the experimental methods is reported in the Supple-
mentary Materials.

Figure 1 shows a simple description of the operation of this sin-
gle-cell EC aptasensor and the configuration of the proposed mi-
crofluidic system. The device is assembled on micrometric gold
working electrodes; an active biorecognition monolayer, composed
of tethered ferrocene (Fc)-labelled ssDNA SYL3C aptamers? 2
immobilized on the gold surfaces for the efficient and specific
recognition of the epithelial cell adhesion molecules (EpCAMS),
and the backfilling of oligoethylene glycol (OEG) molecules for
mitigating nonspecific adsorption and stabilizing aptamers; a regu-
lar array of hydrogen-silsesquioxane (HSQ) nanopillars fabricated
by high-speed e-beam lithography,26: 28 2° and SU-8 microwells for
gravitationally trapping single-cell (the optical image and dimen-
sions of the SU-8 microwells are shown in Figure S1). A simple
description of the fabrication process is depicted in Figure 1c (more
details are depicted in Figure S2). The choice of the dimensions of
HSQ nanopillars was discussed in the previous work.? The atomic
force microscopy (AFM) image shown in Figure 1d presents the
HSQ nanopillars with a diameter of 200 nm, a height of 19.7 nm,
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Figure 1. (a) Schematic representation of the nanopillars device used for the molecular recognition of EpCAM on a target cell by the SYL3C
aptamer, and the relative CVs without cell (black) and with a target cell (green). (b) Schematic representation of the device composed of a
gold electrode with nano-supported a non-target cell, a tethered SYL3C-Fc aptamer, as well as the relative CVs without cell (black) and with
a non-target cell (grey). (c) Schematic to show the principle of electrochemical aptasensors for single cell analysis. (d) AFM image (10 um

x 10 um) and AFM cross-section of the HSQ nanopillars.

pitch of 500 nm (a larger scale of the AFM of HSQ nanopillars that
are well aligned on the Au microelectrode is shown in Figure S3);
this configuration aimed to keep the cell at a distance zgap Of a few
nanometers above the sensor surface, which is small enough to en-
able an interaction between the SYL3C aptamers and EpCAMs
(Figure 1b), this zgap has been estimated to be around 5 nm based
on different nanopillars height, upon consideration of cells defor-
mation.?®

When the cells are seeded in the microfluidic device and incu-
bated for a short time, each single cell will be gravitationally
trapped in the microwell. In the presence of a target cell, the ap-
tamer can partly bond to the EpCAMs, and the fluctuations become
more constrained. During the molecular recognition interaction, a
number of H-bonds are formed between the second hairpin of the
aptamer and a selected set of EpCAM residues, notably the Lys168
and the Thr234 (Figure 1b). Since the probability of charge transfer
is proportional to the exponential of the distance (zgap), the interac-
tion of aptamer and EpCAM drastically reduces the electron trans-
fer rate, and the expected decrease of current is shown in Figure 1a.
Therefore, the peak amplitude (Ipeak) decrease can be related statis-
tically to the percentage of aptamers interacting with the cell, a pro-
cess that is thermally activated by the formation of H-bonds. In
contrast, when there is no cell or in the presence of nontarget cell,
the aptamers move freely, the Fc moves in a reproducible way on
long enough time constants (>>10 microseconds). In this way,

electron transfer between the surface and redox markers is allowed,
therefore, no reduction of the fraction of Fc is expected, i. e. the
cyclic voltammetry curves (CVs) remain the same with and without
a non-target cell (Figure 1a). The area of the voltammogram (re-
lated to either oxidation or reduction) represents the total charge
transferred per cycle times the sweep rate. Therefore, it is directly
related to the fraction of the aptamers on the surface that can effec-
tively transfer the charge, and the Ipeak is the key parameter to mon-
itor. If the sweep rate is faster than the electron transfer or molecu-
lar diffusion rates, the shape of the voltammogram asymmetrically
varies according to the oxidation and reduction peak potential.30-32

To evaluate the enhanced sensitivity of aptasensor with nano-
supported cancer cells, two types of devices were developed by re-
ducing the sensing area from a large scale (36mm?) to a smaller
scale (~700 um?) specifically designed for targeting single cancer
cells. Figure 2a and 2b show the fluorescent images and the asso-
ciated CVs in the absence and presence of cells, respectively, uti-
lizing the large surface sensing area. Here the lymphoma cell line
Ramos was used as control experiment, which does not express Ep-
CAM.3 The pancreatic cancer cells (Capan-2) were detected as tar-
get cells, which have a high level of EpCAM expression.3* The cell
viability, cell number and size were determined using a Petroff-
Hausser Vcell counting chamber before the detection, as shown in
Figure S4. We observed a large shift in lpeak with 65% decrease in
the presence of Capan-2 labelled with green color (Figure 2a) while
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Figure 2. (a) Fluorescent image of target cell on the device with large-area surface and CVs (scan rate v = 0.5 V/s) in the presence-and
absence of target cells, respectively. (b) Florescent image of non-target cell on the device with large-area surface and CVs (v = 0.05 V/s) of
a device in the presence and absence of non-target cells, respectively. (c) Fluorescent image of one target cell on the device with small-area
surface and CVs (v = 0.5 V/s) in the presence and absence of one target cell, respectively. (d)Fluorescent image of one non-target cell on the
device with small-area surface and CVs (v = 0.05 V/s) in the presence and absence of one non-target cell, respectively. (e) Statistics of
oxidation Ipeak 0f 100 devices (one cell on the surface of one device) for detecting single target cell. (f) Statistics of oxidation lpeak 0f 100
devices (one cell on the surface of one device) for detecting single non-target cell.

no change for the Ipeak in the control experiment, here Ramos are
labelled with red color (Figure 2b), showing the effective molecular
recognition by such an aptasensor as reported previously.?* How-
ever, in the nanopillar configuration, the LOD can be attributed to
the nonfaradic current that is proportional to the sensor area and
independent of the number of cells on the sensor. To reach single-
cell LOD, miniaturization is helpful as the total electrode area with-
out cells is suppressed which reduces the “parasitic” electrical dou-
ble layer capacitance. Using this configuration of microelectrodes
combined with microwells, single cells were selectively detected.
The florescence microscopy image in Figure 2¢ shows single Ca-
pan-2 cell that was trapped in each microwell (a full fluorescence
image of the whole one chip with 20 devices is shown in Figure S5)
and the corresponding CVs, as expected, a decrease of Ipeak (63%)
was observed, the absolute Ipeak Value (figures 2c, 2d) for single-
cell detection is proportionally reduced compared to the large sens-
ing surface (figures 2a, 2b), which is in the tens of pico-Amperes.
To obtain statistical results from this single-cell detection device,
the CV signal was carried out only for the sensors that contained a
cell in the microwell. A statistical analysis of oxidation lpeak 0f 100
devices (6 chips) for detecting a single target cell is depicted in Fig-
ure 2e. The relative standard deviation (RSD%), defined as the

standard deviation divided by the means of oxidation lpeak for both
cases (without a cell and with one target cell), are calculated as
2.8% and 10.7%, respectively. The distribution of the reduction
Ipeak and original CVs are shown in Figure S6. In addition, statistics
of single non-target cells (Ramos) in 7 chips and their relative CVs
are performed in Figure 2d, 2f and Figure S6. The RSD% of oxida-
tion lpeak in figure 2f without a cell and with one non-target cell are
estimated as 1.6% and 1.7%, respectively. Therefore, it can be con-
cluded that a significant relative fluctuation is only observed in the
presence of the target cell. It is interesting to note that the current
suppression for the target cells is proportional to the cell area. The
relative dispersion can be attributed to the cell diameter dispersion
and microwell diameter, which is reasonable considering a mi-
crowell diameter of 30 um, as well as the fact that the cell diameter
of Capan-2 has a mean of 16.02 um and standard deviation of 3 um
(shown in Figure S4). The results indicate that this aptasensor can
be used for single-cell detection and the molecular recognition
analysis at the single-cell level.

To further demonstrate the selectively of the aptasensor device.
Figure 3 shows the results of the device working with mixed-cells
(50% Capan-2 cells labelled with green color; and 50% Ramos cells
labelled with red color). After loading the mixed cells, they were
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incubated for 30 min (Figure 3a), fresh PBS was flowed to remove
the non-trapped cells. By checking the Fluorescence microscopy, it
is clear to see that one target cell is on sensor 1 and one non-target
cell is trapped on sensor 2, as depicted in Figure 3b. The relative
CVs with different signal change for the single target cell and single
non-target cell in Figures 3c, 3d, indicating the good selectivity of
the device in mixed cells. This result showing the promising for
granting multi-molecular studies with nanoelectrodes, for instance,
interdigitated nanoelectrode,** nanowires based aptasensors.® In-
terestingly and significantly, the recent work of atto-Ampere elec-
trochemistry for redox-labelled molecules would be directly bene-
ficial to this EC aptasensor with nano-supported single-cell ap-
proach for subcellular sensing.% Furthermore, this single-cell array
shows the new opportunity for large-scale implementation and sta-
tistical analysis of clinical samples, combing our cells filtration
method,® and the present technology implemented in a 4 inch wafer
with 4x10° electrodes that could be used for detecting 1-10 CTC in
(1-4)x 108 cells.
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Figure 3. (a) Fluorescent image of mixed cells loaded on the de-
vice. (b) A zoomed-in section of (a) shows the single target cell
(green) and non-target cell (red) trapped in the microelectrode. (c)
CVs (v = 0.05 V/s) in the presence-and absence of one target cell,
respectively. (d) CVs (v =10.05 V/s) of a device in the presence and
absence of one non-target cell, respectively.

In conclusion, an EC aptasensor array with nanopillars was
demonstrated for single cancer cell detection. The fabrication ap-
proach with nanogap suppresses cell downward force issue on the
electrode, that allows the aptamer to move freely and thereby facil-
itating the process of molecular recognition. The statistical analysis
for non-target single cell and target single cell shows ultra-sensitiv-
ity, selectivity, stability, and reproducibility of the device. This
breakthrough method is compatible with single-cell trapping tech-
niques such as dielectrophoresis (DEP)® and shows outstanding po-
tential for large scale implementation of single-cell arrays, it also
pushes forward perspectives of using EC devices for further minia-
turization at subcellular or single-molecule analysis.
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SI-1. Experimental and Methods Section
1.1. Fabrication of the single-cell detection device

Fabrication of microelectrode array

The working microelectrode (® = 100 um) was fabricated by using laser lithography
(HEIDELBERG DWL66+). First, 100 nm SiO2 was thermal deposited on 4-inch silicon
wafer by using sputtering (Sputter Ulvac SIH-450). Then positive optical resist SPIR
3251 was spin-coated with a speed of 3000 rpm for 30 s and baked at 100 °C for 2 min.
The baked substrate was then loaded into the laser drawing machine and finished writing
by setting proper parameters. After writing, post exposure baking process (110 °C for 1
min 30 s) was processed and followed to immerse the substrate into NMD-3 (2.38%
tetramethylammonium hydroxide) for 2 min 30 s and dried it with nitrogen gas, finally,
the substrate was post baked at 120 °C for 2 min to get the desired pattern. Next, the 2
nm Tiand 50 nm Au layers were deposited on the substrate by using sputtering equipment
(Sputter Shibaura CFS-4EP-LL i-Miller), the Au microelectrode pattern was obtained in
the end by finishing lift-off process, that immersed the sample in acetone for 4-6 hours
and subsequentially cleaned with isopropanol and deionized water for 5 min, respectively.

Alignment fabrication of hydrogen silsesquioxane (HSQ) nanopillars

HSQ (Dow Corning XR-1541) negative electron beam (e-beam) resist was used to
fabricate the nanopillars by using e-beam lithography; Here the Advantest F7000s-VD02
e-beam equipment was used. The HSQ resin in a carrier solvent of methyl isobutyl ketone
was spin-coated on the microelectrode sample with a speed of 5000 rpm for 60 s and then
baked at 150 °C for 2 min on a hot plate. The cured sample was then loaded into the e-

beam machine and was exposed with dose of 500 pC/cm? by using the on-the-fly (OTF)
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mode with alignment tool operation. The exposed sample was finally immersed in the
alkaline developer NMD-3 with agitation of 25 rpm for 5 min and then cured at 150 °C
for 5 min to obtain the desired nanopillar array. The design of the HSQ nanopillar
dimensions was in accordance with a previous report.

Fabrication of SU-8 microwells

SU-8 microwells for gravitationally trapping single cell were aligned on the
microelectrodes (with HSQ nanopillars) by using UV lithography (mask aligner PEM-
800). SU8-3010 resist was spin-coated on the cleaned substrate with a speed of 1000 rpm
for 30s and soft baked on the hot plate at 95°C for 15 min. The baked sample was exposed
for 13s with exposure energy of 1.99x20 mJ/cm? by using a photomask and aligner tool.
The sample was then baked at 65°C for 1 min and 95°C for 5 min, followed by
development in SU-8 developer for 5 min with agitation of 35rpm. Then sample was
finally rinsed with isopropanol and deionized water, dried with nitrogen gas to get the
microwells with dimension of ~20 pum height and ~30 pm in diameter. The sample was

stored in the vacuum drying box before use.
1.2. Preparation of self-assembled DNA/oligoethylene glycol (OEG) mixed monolayers

The above fabricated chip was cleaned in acetone under sonication for 5 min, followed
by rinsing with isopropanol and deionized water, and finally dried with nitrogen gas. Then,
the cleaned chip was immersed in the freshly prepared 1 pM Fc-SYL3C (ssDNA)-SH
solution. The functionalized aptamer sequence is as follows: ferrocene-5'-CAC TAC
AGA GGT TGC GTC TGT CCC ACG TTG TCATGG GGG GTT GGC CTG-(CH2)s3 -
3'-SH (purchased from Biomers). The control of the density of molecule was discussed

in the previous work.? After that, the sample was immersed in a solution of 1 mM OEG-
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SH in pure ethanol (containing an ethylene glycol repeat unit
HS(CH2)3(OCH2CH2)sOCH2COOH, purchased from Prochimia) for 1 h and rinsed with
ethanol for 10 s to obtain the mixed self-assembled monolayer surface. The sample was

cleaned with a solution of Tris EDTA (1X) contains 0.05% Tween 20 for 10 s before use.

1.3. Cyclic Voltammetry (CV) measurements

The VersaSTAT 4 (Princeton Applied Research) instrument was used for
electrochemical measurements. A commercial flow cell (SEC-3F Spectroelectrochemical
flow cell, including Ag/AgCl reference electrode and platinum counter electrode.
purchased from ALS Global) was used to set the sample and connect the output of the
equipment to perform the measurements. CV mode was selected for demonstrating the
formation of the sensing probes and cell detection, Phosphate-buffered saline (PBS)
buffer solution is used as electrolyte. During the CV experiments, the electrical potential
ranged from -0.1 V to -0.6 V vs. Ag/AgCl with scan rate v of 0.05 V/s. To determine the
density of the molecules on the electrode surface, the values were calculated by

subtracting the background obtained from the capacitance.

1.4. Cell culture

Capan-2 cells (human pancreatic adenocarcinoma cell line) were purchased from cells
lines service (CLS) and Ramos cells (Burkitt lymphoma cell line) were purchased from
JCRB Cell Bank. Capan-2 and Ramos cells were cultured in 16 mm dish with RPMI
1640 medium supplemented with 10% fetal bovine serum and 100 mg/mL penicillin-
streptomycin in a 5% CO- atmosphere at 37 °C. The cells were collected and separated
from the medium by centrifugation at 1000 rpm and 4 °C for 5 min, and then

resuspended in a sterile PBS solution (pH 7.4) to obtain a homogeneous cell suspension.
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The cell suspension was freshly prepared just before incubation with the device. The
cell size and cell density were determined using a Petroff-Hausser Vcell counting

chamber, as shown in Figure S6.

1.5. Detection of cells

After setting the device in the microfluidic flow cell and measuring the CV, cells
suspension with a fixed concentration was loaded into the microfluidic chamber (with
dimension of 3 mm %12 mm x150 pum, corresponding to a volume of 5.4 pL of
solution) and incubated (5% CO», 37 °C) for 30 min. After incubation, the cells that
were not trapped in the microwells were slightly removed by PBS with a flow of 500 to
1000 pL/mL controlled by a syringe pump. The cells were dyed green or red color with

Calcein-AM and monitored by florescence microscopy and CV measurement.
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SI-2 Results and Discussion
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Figure S1. Left: Optical microscope image of part of the electrodes with SU-8

microwells; Right: 3D laser microscope image of single SU-8 Microwell.
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(a) Spin-coating resist SPRI =

(i) Spin-coating SU-8 resist

(b) Laser exposure (f) Spin-coating HSQ resist

(c) Development with NMD-W developer (j) UV exposure with designed
photomask to fabricate microwells

(g) E-beam exposure with

alignment
(h) Development with NMD-W
developer (k) Development with SU-8
(e) Lift-off developer

(I) Substrate cleaning (m) Fabrication of Au microelectrodes {n) Fabrication of AU-8 microwells
and HSQ nanopillars

Figure S2. (a) - (e) Au electrodes array fabricated by using Laser lithography. (f) — (h)
HSQ nanopillars alignment fabrication process by using e-beam lithography. (i) — (k)
SU-8 microwells aligned on the Au electrodes by using UV lithography. (1) — (n) shows

the 3D configurations that corresponding to each lithography process.
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Figure S3. (a) Image of the microelectrode with HSQ nanopillars. (b) 2d and 3d AFM

(50 um x 50 um) of the HSQ nanopillars aligned on the microelectrode, respectively.
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Figure S4. Cell concentration and cell size were determined by using Petroff-Hausser
Vcell counting chamber for the two cellular types used in this study: Capan-2 cells and
Ramos cells. Green circles correspond to live cells while the red ones correspond to the

dead cells.
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Figure S5. (a) Fluorescence image showing that one chip with 20 devices for single
target cell (Capan-2, stained with green colour) trapped on the electrode. (b)
Fluorescence image showing that one chip with 20 devices for single non-target cell

(Ramos, stained with red colour) trapped on the electrode.
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Figure S6. (a) CVs (scan rate v = 0.05 V/s) of 100 devices in the presence and absence
of single target cell, respectively. (b) Statistics of reduction /year 0f 100 devices for
detecting single target cell. (¢c) CVs (scan rate v = 0.05 V/s) of 100 devices in the
presence and absence of single non-target cell, respectively. (d) Statistics of reduction

Lyear of 100 devices for detecting single non-target cell.
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