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ABSTRACT

The transfer of redox-labelled bioelectrochemical sensors from proteins to cells is not
straightforward because of the cell downward force issue on the surface of the sensors.
In this paper, we introduce 20-nm-thick nanopillars to overcome this issue, in a well-
controlled manner. We show on both molecular dynamics simulations and experiments
that suspending cells a few nanometers above an electrode surface enables redox-
labelled tethered DNA aptamer probes to move freely, while remaining at an interaction
distance from a target membrane protein, i. e. epithelial cell adhesion molecule
(EpCAM), which is typically overexpressed in cancer cells. By this nanopillar
configuration, the interaction of aptamer with cancer cells is clearly observable, with 13
cells as the lower limit of detection. Nanoconfinement induced by the gap between the
electrode surface and the cell membrane appears to improve the limit of detection and to
lower the melting temperature of DNA aptamer hairpins, offering an additional degree
of freedom to optimize molecular recognition mechanisms. This novel nanosupported
electrochemical DNA cell sensor scheme including Brownian-fluctuating redox species
opens new opportunities for the design of all-electrical sensors using redox-labelled

probes.

KEYWORDS: Bioelectrochemistry, Aptasensors, Nanopillars, Brownian motion,
Nanoconfinement.



1. Introduction

Cancer is still one of the main pathologies with a high probability of a negative
prognosis in humans (Bray et al., 2018). One of the main causes of death for cancer
patients is due to organ failure induced by metastasis development. The primary tumor
spread through the body by generating the circulating tumor cells (CTCs), cancer cells
within the blood vessel. In the search for a personalized, high-precision medicine, much
effort has been directed in recent years toward realizing cancer detection transducers
and lab-on-a-chip devices, which aim to be used in the implementation of new strategies
for early cancer detection and treatment, e.g., by targeting circulating tumor DNA,
cancer-produced exosomes, or rare CTCs (Nagrath et al., 2007; Alix-Panabieres and
Pantel, 2014; Dutta et al., 2019). For example, the CellSearch system, which has been
approved by the U.S. Federal Drug Administration, detects CTCs by immobilizing cells
through antibodies targeting the epithelial cell adhesion molecule (EpCAM) expression
on the cell membrane. The number of CTCs is predictive of a short patient survival for
several cancers and may serve as a liquid biopsy to guide therapy. However, sensitivity
limitations reduce the impact of this approach, as the EpCAM expression heterogeneity
among the CTC population (Wit et al., 2016).

Sensors in development are typically based on physicochemical effects such as
fluorescence, chemiluminescence, magnetic beads, calorimetry profiling, or
electrochemistry (Chen et al., 2021; Gao et al., 2019; Xie et al., 2020; Jiang et al., 2017;
Alafeef et al., 2020). This last method seems to be the most promising one. Generally
speaking, electrochemical aptasensors are more attractive due to their ease of operation,
high sensitivity, and portability (Hashkavayi et al., 2020; Chennit et al., 2017; Mathew

et al., 2020). However, so far, the use of aptasensors for cancer cells detection has been



restricted to label-free aptamer probes (Hashkavayi et al., 2021; Li et al., 2019; Sun et
al., 2018). Another class of electrochemical sensors is based on redox-labelled
aptamers, it is a very attractive alternative to successfully scale to micro or subcellar
scale as every aptamer gives its contribution to the signal independently. However, the
abundant literature on redox-labelled sensors established for protein or molecule
detection (Chennit et al., 2017; Anne et al., 2011; Adjemian et al., 2010; Paiva et al.,
2020; Torbensen et al., 2019; Xiao et al., 2007a; Xiao et al., 2007b; Zuo et al., 2009;
Parolo et al., 2020), contrasts with the lack of studies at the cell level, which can be
related downward forces (including gravity force and adhesive force) (Majhy et al.,
2021) the sensor surface.

In this work, we used redox-labelled aptasensors targeting EpCAM protein, as a proof
of concept, to study the electrochemical signal of immobilized cancer cells with
dielectric nanopillars, as opposed to aptasensors with redox molecules in solution. In
addition, we analyzed how the-downward force of the cells affects the performance of
the redox-labelled aptasensors. Moreover, the experimental results were compared with
DNA molecular dynamics (MD) simulations by using the nanopillar supported cells
configuration. Finally, the effects of nanoconfinement on the limit of detection (LOD)

and the melting temperature of the aptamers were evaluated.

2. Materials and Methods
2.1 Fabrication of hydrogen silsesquioxane (HSQ) nanopillars
A HSQ (Dow Corning XR-1541) negative electron beam (e-beam) resist was used to
fabricate the nanopillars by using high-speed e-beam lithography (Clément et al., 2011;

Trasobares et al., 2016), with an Advantest F7000s-VDO02 e-beam. Au (20 nm)/Ti (2



nm)/Si substrate was cleaned in acetone under sonication for 5 min, followed by rinsing
with isopropyl alcohol and deionized water, and finally dried with nitrogen gas. The
HSQ resin in a carrier solvent of methyl isobutyl ketone was spin-coated on the
substrate 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 exposed to a dose of 500 uC/cm?, and finally immersed in
the alkaline developer NMD-3 (2.38% tetramethylammonium hydroxide) with agitation
of 25 rpm for 5 min and then cured at 150 °C for 5 min to obtain the desired nanopillar
array.

2.2 SYL3C Aptamer

Single-strand DNA SYL3C aptamer with 48nt length was originally synthesized
through Systematic Evolution of Ligands Exponential enrichment (SELEX) methods by
Song et al., that showed high affinity (the K; values of the SYL3C aptamer against
breast cancer cell line MDA-MB-231 and Kato III cells were found to be 38 + 9 and 67
+ 8 nM) and specificity to bind with EpCAM tested with a cell mixture in cell media
(Song et al., 2013; Zhu et al., 2022; Li et al., 2022; Zhang et al., 2021; Wang et al.
2021; Sun et al., 2020, Ding et al. 2020). An interesting feature of this aptamer is that
three hairpin structures were found to be essential binding site on EpCAM, which is
different from that of EpCAM antibody. In this study, the sequence and modification of
the aptamer was as follows: Ferrocene (Fc)-5'-CAC TAC AGA GGT TGC GTC TGT
CCC ACG TTG TCA TGG GGG GTT GGC CTG-(CHy)3-3"-Thiol (SH) (purchased
from Biomers).

2.3 Preparation of aptamer/oligoethylene glycol (OEG) mixed monolayers

The cleaned substrate with nanopillars was immersed in the freshly prepared solution

of 1 mM thiolated OEG (OEG-SH) (containing an ethylene glycol repeat unit



SH(CH,;)3(OCH,CH,)¢OCH,COOH, purchased from Prochimia) in pure ethanol for 1 h
and cleaned with ethanol. Then the chip was immersed in 1 uM SYL3C aptamer
modified with thiol and Fc dissolved in 0.5 M potassium phosphate solution (pH 8) for
X h (where Xis 0.5h, 1 h, 1.5h,2h, 2.5 h, 3 h, 15 h) to obtain the mixed monolayers,
following a similar approach introduced by Herne et al. (Herne and Tarlov, 1997) but
with OEG-SH instead of mercapto-hexanol. Such an approach aimed to obtain a surface
coverage as complete as possible that combines DNA with small molecules to avoid any
DNA desorption arising from the oxidation of thiol bonds. The OEG backfilling
approach is also known to drastically reduce biofouling and thus nonspecific protein
adsorption (Dai et al., 2014).

The Cyclic Voltammetry (CV) was used to monitor the assembly process, shown in
S1.1 and Figure S1. 2 h aptamer grafting time was considered as the optimum condition
for high enough peak amplitude (Z,c.x) without too much packing aptamers on the
electrode surface. The density of the aptamers was estimated to be about 2 x 10"
aptamers/cm®. The CV curves (CVs) of one aptasensor up to 14 days and 10 different
aptasensors are shown in Figure S2, the coefficient of variation for the stability and
reproducibility is 9% and £3%, respectively. Monolayers composed of only DNA led
to poor stability performances in CVs (Figure S3). The chip was cleaned with a
solution of 0.05% Tween 20 for 10 s before use.

2.4 Detection of cells
The details were displayed in supplementary materials S1.1, S1.2 and S1.3.

2.5 Temperature control



Temperature control is applied directly from the bottom of the silicon chip with a hot
plate (via a PCB card). The highly doped silicon and gold layer have good thermal
conductivity to control the temperature in a few nanometers above the surface.

25 2.6 MD simulations

Two types of MD simulations (coarse-grained and all-atom) were used for
temperature and confinement dependent hydrogen-bond energy estimation (Fig.4) and

molecular recognition respectively. Details are available in supplementary materials

S1.4.

3. Results and discussion
3.1 Design of the redox-labelled aptasensor with nanopillars
The structure of the proposed device is shown in Figure 1. It is composed of 1) a gold

working electrode (WE); 2) an active monolayer, composed of tethered Fc-labelled
DNA aptamers and backfilling of OEG molecules; 3) a regular array of HSQ
nanopillars. The HSQ solution is cross-linked to form a SiOx network structure after the
e-beam exposure, providing a chemically stable, flat, and biocompatible pattern
(Siegfried et al., 2011; del Campo and Arz, 2008). A diameter of 200 nm for the pillars
was chosen to avoid any penetration through the cell membrane. The pitch and height of
the pillars depend on the cell deformation between the pillars as well as the length of the
aptamers (median of ~15 nm). A pillar height of 20 nm was primarily used for this
study, but it was also tuned as discussed below. A pitch of 500 nm was chosen as a
good compromise between a dense pillar array, enabling uniform cell penetration (Zhou
et al., 2018), and a small increase in the nonfaradic/faradic current ratio (~10%, the

pillar footprint only contributes to the nonfaradic current). The atomic force microscopy



(AFM) image shown in Figure 1c presents the nanopillars configuration, this
configuration aimed to keep the cells at a distance zg,, of a few nanometers above the
surface, which is small enough to enable an interaction between aptamers and EpCAM.
Thiol bonds are formed on gold but not on HSQ pillars.

A simple description of the operation of this redox-labelled aptasensor is as follows:
in the presence of nontarget cells, the aptamers move freely, and electron transfer
between the surface and redox markers is allowed (Figure 1a). In contrast, electron
transfer to the redox marker is blocked when the aptamers bind to EpCAM (Figure 1b).
The expected CVs are shown in Figure 1d. Given the simple nature of the structure
under study, MD simulations can be used to support the analysis of the experimental

results, as discussed below.
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Figure 1. (a) Schematic representation of the device composed of a WE bearing

nanopillars, a tethered and redox-labelled SYL3C aptamer, a counter electrode (CE) and



a reference electrode (RE-3VT). (b) Schematic representation of the device used for the
molecular recognition of EpCAM on a target cell. (c) AFM image (10pm % 10pum) and
AFM cross section of the HSQ nanopillars. (d) Schematic representation of the typical

CVs of redox-labelled aptasensors.

3.2 Detection of the target cells on the nanostructured chip

Figure 2a shows the control experiment of the device without nanopillars in the
absence/presence of the lymphoma cell line Ramos, which does not express EpCAM
(Xie et al., 2016). Although no molecular recognition was expected in this
configuration, the /.. decreased 51%. In the case of pancreatic cancer cells (Capan-2),
which have a high level of EpCAM expression (Mayado et al., 2020), a larger decrease
of Lyear (63%) was observed (Figure 2c), showing the effective molecular recognition.
The shift of /,.. in the control experiment was attributed to a cell downward force
effect. The cells are pushing water molecules away, it induces the potential at the
monolayer interface is different from the one in solution, this effect is similar to the
“current blocking” effect exploited in some label-free electrochemical biosensors
(Mathew et al., 2020). To solve this issue, the nanopillar arrays were introduced. Figure
2b shows the control experiment by using nanostructured chip, with an unchanged /,cqx
in the presence of Ramos cells. In contrast, the /., was decreased (43%) when Capan-2
cells were inserted (Figure 2d).

For better understanding of the charge transfer mechanisms in the absence/presence
of target EpCAM, a series of all-atom MD simulation was performed (Cleri and Rosato,
1993; Cleri et al., 2021). When the aptamer does not interact with EpCAM, Fc moves

freely and has chances to be in close proximity from the surface (Figure S4a,



supplementary Movie). However, when the aptamer is partly bound to the EpCAM, Fc
is either blocked or remains too far from the surface to enable electron transfer (Figure
S4a). As a result, only aptamers that do not interact with EpCAM do contribute to the
current and /,.. decrease can be related to the percentage of aptamers interacting with
the cell. We stress that SYL3C aptamer/EpCAM interaction is thermally activated as
related to the formation of H-bonds, notably the Lys168 and the Thr234 (Figure 1b,

Figure S4b).
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Figure 2. (a) CVs (scan rate v = 0.5 V/s) of a device without nanopillars in the
presence/absence of nontarget cells. (b) CVs (v =0.05 V/s) of a device with nanopillars

in the presence/absence of nontarget cells. (¢) CVs (v = 0.5 V/s) of a device without



nanopillars in the presence/absence of target cells. (d) CVs (v =0.05 V/s) of a device

with nanopillars in the presence/absence of target cells.

3.3 LOD of the nanostructured chip

This nanostructured chip with SYL3C aptamer showed an excellent selectivity and
logarithmic sensor response to Capan-2 cells, spreading over two orders of magnitude
(Figure 3). It was observed that the CV peaks decreased with the increase of Capan-2
concentrations within the range from 25 to 5000 cells (corresponding to 5 x 10
cells/mL to 1 x 10° cells/mL). The number of the cells for each concentration was
estimated by the volume of the buffer in the microfluidic channel and verified by
fluorescent microscopy (Figure S5). By fitting the extracted oxidized /¢« from Figure
3a, with 7 = 7.567 — 0.995 x log C cells (cells/mL) and a coefficient of determination R’
=0.964, LOD was calculated to be 13 cells, relative standard deviations (RSD% < 6%)
(see supplementary S1.5 for details). Besides, a cell mixture was considered including
Ramos cells at fixed concentration of 5 x 10* cells/mL and a variable concentration of
Capan-2 cells (5 x 10” cells/mL to 1 x 10° cells/mL) for the device selectivity (CVs are
shown in Figure S6), I,cu, plotted in green color in Figure 3b, 1s fitted with / = 7.123 —
0.829 x log C (cells/mL) and R* = 0.938, which corresponds to a LOD of 15 cells. The
logarithmic dependence of /,..+ with C can be related to the presence of cell clusters
(Figure S5) following the Brunauer, Emmett, and Teller adsorption model (Brunauer et
al., 1938), as well as the slightly different slope observed in the case of a mixture of

cells.
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bars: + standard deviation (SD), samples n = 3, corresponding to experiments performed

with 3 different devices.

3.4 Aptamer Brownian motion.: nanoconfinement effect



The possibility of suppressing the cell downward force effect offers additional
opportunities. For example, the simplicity of the molecular assembly, the nanopillar
configuration enables a direct link between the experimental results and the MD
simulations. By noticing that the cell downward force effect was observed with a
nanopillar height of up to 17 nm (see AFM images in Figure S7 and related line scan in
Figures 4a,b), such an experiment with different pillars height enable to evaluate cells
deformation around pillars from the change in electrochemical signal and therefore to
have a relatively quantitative idea of the nanogap for 20 nm-thick pillars. A monolayer
thickness of about 2 nm and a value of z,,, = 5 nm were considered for the simulation.
According to the computer simulations (Snodin et al., 2015), lateral nanoconfinement
could afford a precious degree of freedom to tune the hairpin melting temperature.
Figure 4c¢ shows the hydrogen bond energy histogram and configurations for tethered
SYL3C at different temperatures in the absence/presence of a 5 nm confinement. This
energy is related to the number of base pairs formed and, therefore, to the various
hairpin configurations (Yang et al., 2019; Boichuk et al., 2019). The unconfined
tethered SYL3C showed three main peaks at 20 °C, whereas only low-energy peaks
were observed above 40 °C, as expected from the SYL3C configurations with 3 and 1-2
hairpins, respectively. In contrast, the hydrogen bond energy distribution for tethered
SYL3C under confinement only showed a configuration with low-energy peaks,
suggesting a lower melting temperature due to the confinement effect.

Experimental measurements on tethered SYL3C have been performed with
temperatures varying between 25 °C and 70 °C (Figure 4d). We expected that cells do
not survive at elevated temperatures, but the EpCAM is still operational. Figure S8

shows the successful detection of EpCAM proteins at 70 degrees. Experimental results



show a weak temperature dependence (< + 6%) for SYL3C under confinement with
Ramos cells, a decrease of /.. with temperature increase for unconfined SYL3C, and
an even larger /., decrease for SYL3C with Capan-2 cells (CVs are shown in Figure
S9). We propose the following mechanism, in agreement with MD simulations: for
unconfined DNA, as the temperature is increased, the number of hairpins is reduced,
which affects the DNA effective length. In addition, DNA stands up reducing the
number of Fc that can transfer electrons at the interface (lpeax is decreased). In contrast,
DNA cannot stand up under nanoconfinement. Therefore, for the control cells, they can
transfer electrons at equilibrium because they can come close to the interface (lpeax is
unchanged with the increase of temperature). For confined DNA (target cell), the
aptamer is in the optimized hairpin configuration. Interaction with EpCAM is improved
with temperature increase as the formation of hydrogen bonds is thermally activated, as

mentioned above.
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17.6 nm nanopillars (with/without Ramos cell), respectively. (¢c) Hydrogen bond energy

estimated from the MD simulation of tethered SYL3C without confinement and under 5

nm confinement. Inset, SYL3C hairpin configurations at 20 °C and 60 °C are obtained

from Nupack software. (d) e 1s plotted as a function of temperature for unconfined

SYL3C (RSD% < 3%), confined SYL3C with Ramos cells (RSD% < 2%), and Capan-2

cells (RSD% < 4%). Error bars: = SD, n = 3, corresponding to CVs performed 3 times

on the same device.

3.5 Discussion on cell downward force, LOD, and temperature effects

Interestingly, previously reported electrochemical cytosensors are typically based on a

more complex architecture involving several molecular self-assembly steps and



nanoparticles (Sun et al., 2018). One can argue that these nanoparticles, once on the
surface, play an analogous role to our HSQ nanopillars presented here. However, the
nanopillar approach could simplify the assembly process and presents a homogeneous
surface thanks to the periodic pillar network, helping to perfectly control zg,,, while
being compatible with the ultimate downscaling/integration with many nanoelectrodes.
We stress that a variety of nanopatterned surfaces, including nanopillars, have been
widely used to investigate the cellular functions on the surface of cells or to capture
cells (Wang et al., 2014; Loeian et al., 2019; Sun et al, 2022; Cui et al., 2020). In these
studies, nanopillars were typically in the hundreds of nanometers to micrometer range,
as opposed to 20 nm in the present study, due to different objectives.

So far, electrochemical cytosensors based on label-free sensing have not reached the
single-cell sensitivity (Sun et al., 2019). In our present study, the LOD (in number of
cells) is about 13 cells. Future versions of the device will be developed in multiple
electrode configurations, thus enabling statistical analysis at the single-cell level (or
subcellular level to target multiple biomarkers), exploiting our single-cell trapping lab-
on-a-chip (Kim et al., 2019), which additionally suppresses the cell clusters. With the
cell downward force issue solved, the actual LOD is the nonfaradic capacitance arising
from the sensing nanolayer, which is proportional to the active area. As 13 cells
correspond to about 1/1000 of the active area in the present study, the use of the sensing
area matching exactly to a single cell should enable a high faradic/nonfaradic ratio to be
obtained. The absolute /,..+ value is expected to be in the tens of pico-Amperes for a
single cell, which could be measured with commercial equipment. Interestingly, the
recent breakthrough in electrochemistry instrumentation allowing CVs at the atto-

Ampere level for redox-labelled molecules would be directly beneficial to the present



sensing approach, granting subcellular studies with nanoelectrodes in the 10-nm range
(Grall et al., 2021). Finally, this nano-supported cell approach could also be beneficial
to nanowire based aptasensors (Kutovyi et al., 2020) for subcellular sensing.

A second advantage of this device is related to the temperature dependence associated
with the confinement effect. These devices aim to be implemented at the single-cell
level, providing statistical distributions related to target and nontarget cell populations.
As a result, the relevant signal is Al,eqr = Lpear (target cell) — 1., (nontarget cell).
According to Figure 4d, the difference in the signal A7, increased significantly with
the temperature as the /.. related to nontarget cells did not depend on the temperature.
Additionally, the confinement-induced hairpin melting temperature reduction was
clearly observed in the MD simulations for SYL3C and was consistent with
experimental data. This effect has some similarities with the recent report of duplex
weakening when duplex DNA is placed in a nanocage (Jonchhe et al., 2020). The exact
underlying mechanism remains to be unveiled in future studies. We are currently
investigating the nanoconfinement-induced polymer increased stiffness on tethered
DNA using molecular touching AFM combined with scanning electrochemical
microscopy (Chennit et al., 2017). Hairpin weakening under nanoconfinement is a very
attractive characteristic of the SYL3C aptamer, and probably many other aptamers,
because it stabilizes the aptamer in the optimum aptamer folded configuration
corresponding to 37 °C that was obtained by the systematic evolution of ligands by

exponential enrichment method (Song et al., 2013).

4. Conclusion



In conclusion, we demonstrated for the first time a redox-labelled aptasensor for
cancer cell detection. This was achieved by using that-tses nanopillar arrays to
efficiently suppress the cell downward force issue. A LOD of 13 cells has been
demonstrated for EpCAM expressed cancer cells as well as selectivity with a cell
mixture. The MD analyses and experimental data have suggested that aptamer
confinement significantly affects the aptamer melting temperature. Such an effect is a
precious degree of freedom that can be used to stabilize the aptamer in the optimum
configuration. This method is promising for realizing the next-generation device
electrochemical devices for single-cell and potentially subcellular or single-molecule

analysis.
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