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ABSTRACT: Despite several demonstrations of electrochemical devices with limits of detection (LOD) of 1 cell/mL, the im-
plementation of single-cell bioelectrochemical sensor arrays has remained elusive due to their challenging implementation at
large scale. Here, we show that the recently introduced nanopillar array technology combined with redox-labelled aptamers
targeting epithelial cell adhesion molecule (EpCAM) is perfectly 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 heteroge-
neity of individual living cells, which increases the complex-
ity of the pathogenesis of malignant tumors.!-3In the search
for early cancer detection, high-precision medicine and
therapy, the technologies most used today for sensitive de-
tection 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 sorting, next generation proteomics, lipidomic studies,*
7 another is based on capturing or detecting single tumor
cells from fresh or fixed primary tumors and metastatic tis-
sues, and rare circulating tumors cells (CTCs) from blood or
bone marrow, for example, dielectrophoresis technique,®
microfluidic based microposts chip,’ electrochemical (EC)
approach. Compared to other methods, EC sensors have the
merits of easy operation, high sensitivity, and portability.10-
19 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 pL of the sample used for incubation).2® Another
approach using quantum dots as sensing probe attained a
LOD of 2 cells/mL in human serum.?! Very recently,
PEDOT:PSS organic electrochemical transistors have shown
the potential for electrical cell-substrate impedance sensing
down to single cell.?% 23 However, despite various demon-
strations of low LOD including aptamer sensors,?% 24 25 ar-
rayed EC sensors for detecting single-cell have not been
demonstrated. Recently, we have introduced a new tech-
nique based on 20-nm-thick nanopillars array to support
cells and keep them at ideal recognition distance for redox-
labelled aptamers grafted on the surface. The key ad-
vantages of this technology are not only to suppress the
false positive signal arising from the pressure exerted by all
(including non-target) cells pushing on the aptamers by
downward force, but also to stabilize the aptamer at the

ideal hairpin configuration thanks to a confinement effect.26
With the first implementation of this technique, a LOD of 13
cells (with 5.4 pL of cell suspension) was estimated.

In this work, the nanosupported cell technology using re-
dox-labelled aptasensors has been pushed forward and
fully integrated in a single-cell electrochemical aptasensor
array. To reach this goal, the LOD has been reduced by more
than one order of magnitude by suppressing parasitic ca-
pacitive electrochemical signals through minimizing the
sensor area and localizing the cells. A statistical analysis at
the single-cell level is demonstrated for the recognition of
cancer cells. The future of this technology is discussed and
the potential for scaling over millions of electrodes, thus
pushing further integration at sub-cellular level is high-
lighted. A description of the experimental methods is re-
ported in the Supplementary Materials.

Figure 1 shows a simple description of the operation of
this single-cell EC aptasensor and the configuration of the
proposed microfluidic system. The device is assembled on
micrometric gold working electrodes; an active biorecogni-
tion monolayer, composed of tethered ferrocene (Fc)-la-
belled ssDNA SYL3C aptamers?+ 25 immobilized on the gold
surfaces for the efficient and specific recognition of the epi-
thelial cell adhesion molecules (EpCAMs), and the backfill-
ing of oligoethylene glycol (OEG) molecules for mitigating
nonspecific adsorption and stabilizing aptamers; a regular
array of hydrogen-silsesquioxane (HSQ) nanopillars fabri-
cated by high-speed e-beam lithography,2¢.28.29and SU-8 mi-
crowells for gravitationally trapping single-cell (the optical
image and dimensions 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.2¢ The atomic force micros-
copy (AFM) image shown in Figure 1d presents the HSQ na-
nopillars with a diameter of 200 nm, a height of 19.7 nm,


https://doi.org/10.1101/2023.03.16.532912
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.16.532912; this version posted March 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Target cell

Y

AN
S

Reduce fraction of Fc

Au electrode

HSQ nanopillars

SU-8 microwells
HHHHHH

Grafting aptamers
I

I}

I.

Cells loading

b

Non-target cell

No reduce fraction of Fc

Counts
0 10 20 30 40 S0

ik A

(wu) 1ybray

wu 26l

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 CV with(black) /without (green) target cell. (b) Schematic representation of the device composed of
a gold electrode with nanopillars supported a non-target cell, a tethered SYL3C-Fc aptamer, as well as the relative CV with
(black)/without(grey) non-target cell. (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 nanopil-
lars that are well aligned on the Au microelectrode is shown
in Figure S3); this configuration aimed to keep the cell at a
distance zgqp of a few nanometers above the sensor surface,
which is small enough to enable an interaction between the
SYL3C aptamers and EpCAMs (Figure 1b), this zyqp has been
estimated to be around 5 nm, upon consideration of cells
deformation.

When the cells are seeded in the microfluidic device and
incubated for a short time, each single cell will be gravita-
tionally trapped in the microwell. In the presence of a target
cell, the aptamer can get partly bond to the EpCAMs, and the
fluctuations become more constrained. During the molecu-
lar 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 pro-
portional to the exponential of the distance (zgqp), the inter-
action of aptamer and EpCAM drastically reduces the elec-
tron transfer rate and the expected decrease of current is
shown in Figure 1a. Therefore, the peak amplitude (Ipeax) de-
crease can be related statistically to the percentage of ap-
tamers interacting with the cell, a process 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 ap-
tamers 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 mark-
ers is allowed, therefore, no reduction of the fraction of Fc
is expected, i. e. the cyclic voltammetry curves (CVs) keep
the same with/without nontarget cell (Figure 1a).

The area of the voltammogram (related to either oxida-
tion or reduction) represents the total charge transferred
per cycle times the sweep rate. Therefore, it is directly re-
lated to the fraction of the aptamers on the surface that can
effectively transfer the charge, and the Ipeax is the key param-
eter to monitor. If the sweep rate is faster than the electron
transfer or molecular diffusion rates, the shape of the volt-
ammogram asymmetrically varies according to the oxida-
tion/reduction peak potential.30-32

To check the improvement of the sensitivity of the nano-
supported cells aptasensors by scaling down the sensing
area (~700 pm?) from large scale sensing area (36mm?) and
single cell, two types were developed. Figure 2a and 2b
show the fluorescent images and the associated CVs in
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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/absence of target cells. (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/absence of non-target cells. (c) Fluorescent image of one target cell on the device with
small-area surface and CVs (v = 0.5 V/s) in the presence/absence of one target cells. (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/absence of target cells. (e) Statistic of oxida-
tion Iyeak of 100 devices for detecting single target cell. (f) Statistic of oxidation Ipex of 100 devices for detecting single non-

target cell.

absence/presence cell with larger surface sensing area.
Here the lymphoma cell line Ramos was used as control ex-
periment, which does not express EpCAM.33 The pancreatic
cancer cells (Capan-2) were detected as target 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 lpear with
65% decrease in the presence of Capan-2 labelled with
green color (Figure 2a) while no change for the Ipea 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.?! However, 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 without cells is suppressed which re-
duces the “parasitic” electrical double layer capacitance. In
this microelectrodes/microwells configuration, single cells

were selectively detected. The florescence microscopy im-
age in Figure 2c shows single Capan-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 cor-
responding CVs, as expected, a decrease of Ipeak (63%) was
observed, the absolute I,cqak value (figures 2c, 2d) for single-
cell detection is proportionally reduced compared to the
large sensing surface (figures 2a, 2b), which is in the tens of
pico-Amperes. A statistical analysis of oxidation Ipeax of 100
devices (6 chips) for detecting single target cell is depicted
in Figure 2e, relative standard deviation (RSD%) is 12.5%
(the statistic of reduction Ipeakand original CVs are shown in
Figure S6). Statistic of single non-target cell (Ramos) in 7
chips and relative CVs are performed in Figures 2d, 2f and
Figure S5 (RSD% is 23%). Here it is noticed that when there
is target cell, the Iyeak decreased to the limit of background
(capacitance) level (Figure 2c, Figure S5a), there is less var-
iation of the current with target cell (Figure 2e), while is the
distribution of the histogram of Iyeak is more broaden with
non-target cell, which is crossbonding to different contact
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area between the device and each cell because of the heter-
ogeneity. The results indicate that this aptasensor is able be
used for single-cell detection and the molecular recognition
analysis at single-cell level. To further demonstrate the se-
lectively of the aptasensor device. Figure 3 shows the re-
sults of the device working with mixed-cells (50% Capan-2
labelled with green color, and 50% Ramos labelled with red
color). After loading the mixed cells and 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 the sensor 1 and one
non-target cell is trapped on the sensor 2, as depicted in Fig-
ure 3b. The relative CVs with different signal change for the
single target cell and single non-target cell in Figures 3¢, 3d,
indicating the good selectivity of the device in mixed cells.
This result showing the promising for granting multi-molec-
ular studies with nanoelectrodes, for instance, interdigi-
tated nanoelectrode,!! nanowires based aptasensors.3s In-
terestingly and significantly, the recent work of atto-Am-
pere electrochemistry for redox-labelled molecules would
be directly beneficial to this EC aptasensor with nano-sup-
ported single-cell approach for subcellular sensing.3¢ Fur-
thermore, this single-cell array shows the new opportunity
for large-scale implementation and statistical 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 103 cells.
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Figure 3. (a) Fluorescent image of mixed cells loaded on the
device. (b) Part zoom of (a) to show the single target cell
(green) and non-target cell (red) trapped in the microelec-
trode. (c) CVs (v =0.05 V/s) in the presence/absence of tar-
get cells. (d) CVs (v = 0.05 V/s) of a device in the pres-
ence/absence of non-target cells.

In conclusion, an EC aptasensor array with nanopillars
was demonstrated for single cancer cell detection. The fab-
rication approach with nanogap suppresses cell downward
force issue on the electrode, that allowing the aptamer
moves freely and thereby facilitating the process of molec-
ular recognition. The statistical analysis for nontarget single
cell and target single cell shows ultra-sensitivity, selectivity,
stability, and reproducibility of the device. This

breakthrough method shows outstanding potential for
large scale implementation of single-cell arrays, and pushes
forward perspectives of using EC devices for further minia-
turization at subcellular or single-molecule analysis.
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