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Abstract

An electrochemical device, which consists of electrode arrays, nanocavities, and
microwells, was developed for multi-electrochemical detection with high sensitivity. A local redox
cycling—based electrochemical (LRC-EC) system was used for multi-electrochemical detection and
signal amplification. The LRC-EC system consists of n” sensors with only 27 bonding pads for
external connection. The nanocavities fabricated in the sensor microwells enable significant
improvement of the signal amplification compared with previous devices we have developed. The
present device was successfully applied for evaluation of embryoid bodies (EBs) from embryonic
stem (ES) cells via electrochemical measurements of alkaline phosphatase (ALP) activity in EBs. In
addition, EBs were successfully trapped in the sensor microwells using dielectrophoresis (DEP)
manipulation at the device, which led to high-throughput cell analysis. This device is considered to

be useful for multi-electrochemical detection and imaging for bioassays including cell analysis.
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Introduction

Electrochemical methods have been applied to bio/chemical assay devices because they
afford a sensitive, miniaturized, easy-to-handle detection scheme, which is particularly required in
sophisticated devices with high sensitivity and high throughput that are fabricated using
micro/nanofabrication techniques. For example, micro/nanofluidic devices have been developed for
electrochemical detection, where microfluidic chips with a band-electrode detector was used for
faster and simpler on-site monitoring of chemical species in a capillary electrophoresis
electrochemical (CE-EC) system." Microfluidic chip devices also enable manipulation of
biomaterials such as live cells, so that microfluidic electrochemical devices have also been applied
for high-throughput cell analysis and as cell-based biosensors.” > For a highly sensitive
electrochemical assay, several methods have been developed. For example, the sensitivity of
electrochemical detection can be significantly improved using a redox cycling system **° in which
two sets of electrodes are located in close proximity to one another. A redox species generated at one
electrode diffuses to the other electrode where electrochemical reaction regenerates the original
species. Redox cycling between the two electrodes amplifies the electrochemical response.” > The
amplification factor increases with a decrease in the distance between the electrodes; therefore,
nanofabrication processes for nanofluidic/nanocavity electrochemical devices with redox cycling
detection has received much attention. Nanocavities have been fabricated by layer-by-layer metal
assembly with a thin sacrificial Cr layer, followed by the sacrificial etching of the Cr layer to prepare
nanocavities between metal layers such as Au electrodes.’ Application of appropriate potentials at
these electrodes leads to reaction of the target molecules, such as catech01,6 at these electrodes and
redox cycling between the nanocavities is induced, which provides an amplified electrochemical
current. Rassaei and coworkers reported that quinone as an enzymatic reaction product is localized
in the confined space of a nanochannel in which efficient redox cycling also occurs, so that the
sensor allows sensitive detection of product molecules generated by the enzyme in real time.*
Excellent sensitivity can be achieved, by which Lemay and coworkers have reported the detection of
single molecules using nanocavity devices.” '* '’

In addition, micro/nanofabrication techniques have been applied for the integration of
many sensors into a single chip device to realize electrochemical multi-detection and imaging. Chip
devices that consist of microelectrodes have also been used for electrochemical cell analysis.”' >
However, it is difficult to prepare many sensors on a small chip due to the lack of space for lead
connections and connector pads. Thus, we have previously reported a redox cycling-based

] ] 1: 24-31
electrochemical system to incorporate many sensors within a small space.

The system consists of
n column and n row electrodes to form n* crossing points with 2n bonding pads for external
connection. Application of appropriate potentials at these electrodes induces redox cycling only at

the desired crossing points, which allows the crossing points to be used as individual sensors. We
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have designated this novel methodology as local redox cycling-based electrochemical (LRC-EC)
detection. Thus, n” sensors can be easily incorporated into a small chip device with only 21 bonding
pads for external connection. In our previous studies, comb-type interdigitated array (IDA)

2426 ¢ detect the electrochemical

electrodes were incorporated at each sensor point of the device
signal induced by redox cycling.** Cell differentiation of embryonic stem (ES) cells via their alkaline
phosphatase (ALP) activity, which is known as an undifferentiation marker of ES cells, was
successfully imaged using the LRC-EC device with IDA electrodes that had a typical 5 pm gap
between the electrode fingers.”* The sensitivity can be improved using short-gap IDAs; however,
fabrication of an IDA with nanometer size gaps is technically difficult. Therefore, nanocavity
electrodes have been incorporated into the LRC-EC system to increase the redox cycling efficiency
and thereby improve the signal amplification.

In the present study, nanocavities were fabricated in the LRC-EC devices for highly
sensitive electrochemical detection. The gaps between the sensor electrodes for redox cycling was

%23 1 addition,

230 nm, which is considerably smaller than the 5 um gaps with our previous device.
microwells were incorporated into the device to trap the embryoid bodies (EBs) of ES cells for stable
analysis. The ALP activities of the trapped EBs were evaluated with the device based on the redox
cycling in the nanocavities. In addition, dielectrophoresis (DEP) manipulation was applied to trap

EBs in the microwells.
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Materials and Methods
Detection system

The general architecture of the device and setup is displayed in Fig. 1A. The LRC-EC
device consisted of 4 row and 4 column electrodes. Top and bottom ring electrodes were connected
to the row and column electrodes, respectively, and these ring electrodes were placed at the
individual crossing points of the row and bottom electrodes. The top and bottom ring electrodes were
separated with nanocavities (230 nm height). A multichannel potentiostat (HA-1010 mM4, Hokuto
Denko, Japan) was connected to these electrodes through a clip connector (CCNL-050-37-FRC,
Yokowo, Japan) and a switching matrix (NI PXI-2529, National Instruments, USA). Voltage control
and data collection were performed using a program written with LabVIEW (National Instruments).
Microwell arrays of SU-8 were fabricated at the individual crossing points. Local redox cycling was
induced only at the ring electrodes located at the designated cross points. A sample solution was
introduced onto the sensor area, and an Ag/AgCl (sat. KCl) electrode as reference and counter
electrodes was inserted into the solution.

EBs were introduced into a solution on the device to trap a single EB in a microwell (Fig.
1B). p-Aminophenyl phosphate (PAPP) in a solution was catalytically hydrolyzed by alkaline
phosphatase (ALP) on the EBs to yield p-aminophenol (PAP) which can then be detected using
redox cycling (Fig. 1B).>* Redox cycling of PAP and the oxidation product, p-quinone imine (QI),
was measured by the device. For imaging, the electrochemical responses at the 16 sensor microwells

were collected by sequentially changing the potential applied to the row and column electrodes.

Device fabrication

The device fabrication process is described in Fig. 2. Nanocavities were fabricated by
etching of sacrificial Cr layers, according to previous studies.”"® Briefly, Ti/Pt was sputtered onto a
glass substrate (Matsunami Glass Ind., Ltd., Japan) to fabricate the bottom ring electrodes (outer
diameter: 195 pum, inner diameter: 150 wm) connected to the column electrodes. The bottom ring
electrodes were used as generator electrodes.” Cr was sputtered onto the column electrodes to
prepare the sacrificial Cr layer. Cr/Pt was then sputtered to fabricate the top ring electrodes
connected to the row electrodes. The top ring electrodes were used as collector electrodes.” The
configuration of the metal layers was observed using a 3D laser scanning confocal microscope
(VK-X200, Keyence, Japan). A SU-8 layer (50 um thick, SU-8 3050, Microchem Co., USA) was
fabricated on the device to form 4x4 microwells (diameter: 150 um, depth: 50 um, center-to-center
distance: 300 um). The sacrificial Cr layers were then etched with a Cr etching solution (3%
perchloric acid solution containing 0.12 M ammonium hexanitratocerate (IV)) to prepare
nanocavities between the top and bottom ring electrodes. During the etching process, the column and

row electrodes were connected with a digital voltmeter (Custom Corp. CDM-2000D, Japan), and the
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resistance between these electrodes was monitored to evaluate the etching process (Fig. S1).

Redox current simulation

Redox currents from top and bottom ring electrodes were calculated using COMSOL
Multiphysics (ver. 5.1, COMSOL, Inc., USA).** ** % A three-dimensional model containing
nanocavities, ring electrodes and microwells is described in Figs. S2 and S3. To simplify the
calculation, lead electrodes were removed and simple ring electrodes were arranged (Figs. S2 and
S3). Ferrocenemethanol (FcCH,OH) was used as a redox compound. For the detection of FcCH,OH,
the electrochemical system is assumed to be a reversible one-electron reaction in the simulation. The
initial concentration of FcCH,OH is set at 1.0 mM.* The diffusion coefficients of FcCH,OH and
FcCH,OH" are set at 7.0x10™'° m?/s, which indicates that the sum of FcCH,OH and FcCH,OH" is
equal to the initial concentration of FcCH,OH in the space during electrochemical detection. The
concentrations of FcCH,OH and FcCH,OH" at the electrodes during the electrochemical reaction are
calculated using the Nernst equation. The standard electrode potential of the redox compound is set
t0 0.216 V.7

For cyclic voltammetry in redox cycling mode, the bottom electrode (generator) was
scanned from 0.00 to 0.50 V at 100 mV/s, while the top electrode was held at 0.00 V. The collection
efficiency was defined as the ratio of the cathodic currents at the collector electrodes to anodic
currents at the generator electrodes when the potential of the generator electrodes reached 0.5 V. For
amperometry in redox cycling mode, a bottom electrode (generator) was stepped to 0.50 V, while a
top electrode was held at 0.00 V. The currents at 10 s were used for calculation of the signal
amplification. The responses were acquired from these electrodes when the channel heights were
changed from 230 nm to 30 um. For amperometry in non-redox cycling mode, a ring electrode was
prepared on the bottom of the microwell (Fig. S3), and the potential was stepped to 0.50 V. The

currents at 100 s were then used for calculation of the signal amplification.

Characterization of the device

The electrochemical performance of the LRC-EC device with nanocavities was
investigated using FcCH,OH. Sample solutions were introduced by pipetting after O, plasma ashing
for the device. The column electrode was stepped from 0.00 to 0.50 V, while the other electrodes
were held at 0.00 V. The connection of these electrodes is shown in Fig. S4. Redox cycling-based
responses from FcCH,OH in a Tris-HCI buffer (pH 9.5) at the row electrodes were acquired to

prepare a calibration curve for FcCH,OH from a single sensor.

Cell culture

Mouse ES cells (129/Sv) were cultured according to a previous report.** Briefly, ES cells
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were cultured in Stem Medium (Dainippon Sumitomo Pharma, Japan) supplemented with 1 mM
mouse leukemia inhibitory factor (mLIF) and 0.1 mM 2-mercaptoethanol, and the culture medium
was changed every day. EBs were formed by the hanging drop method.”™ The ES cells were
suspended in Stem Medium supplemented with 15% fetal bovine serum (FBS) and no mLIF. The
suspension was introduced onto the cover of a culture dish to form 20 pL droplets containing 500
cells. The droplets were then hung from the dish cover and the culture dish was incubated for 1 day

to form EBs. The EBs were introduced into the device using a capillary.

Electrochemical detection for ALP activity on EBs

Tris-HCI solution (pH 9.5) containing 4.0 mM PAPP (LKT Laboratories, USA) and 2 mM
MgCl, was introduced into the device, and the EBs were then introduced into the microwells on the
device using a capillary under a microscope. For activation of ALP, MgCl, was added. The
detection scheme based on redox cycling for ALP detection is shown in Fig. 1B. PAPP is
catalytically hydrolyzed by ALP on the EBs to yield PAP. PAP is oxidized at the bottom ring
electrodes (generator, 0.30 V) and the oxidation product, QI, diffuses to the top ring electrodes
(collector, -0.30 V). QI is then reduced back to PAP at the top ring electrodes (collector, -0.30 V) and
diffuses back to the bottom ring electrodes to be reoxidized. The redox cycling between the top and
bottom ring electrodes amplifies the electrochemical signal from PAP produced by ALP on the EBs.
Figure S5 shows an imaging process for the detection of ALP activity on the EBs. Briefly,
redox-cycling based electrochemical signals were sequentially acquired by application of appropriate
potentials at these electrodes to complete detection at all sensors. Electrochemical detection was

performed in a Faraday cage.

DEP for manipulation of EBs using the LRC-EC device with nanocavities

For DEP manipulation, an indium tin oxide (ITO) electrode was mounted face-to-face onto
the device with a 260 um thick spacer. The ITO electrode and the ring electrodes in the device were
connected to a function generator (Hioki E.E. Co., Nagano, Japan). EBs in 0.2 M sucrose solution
were introduced into the 260 um high interspace between the ITO substrate and the device.
Alternating electric fields (10 MHz, 20 V,,) of opposite phase were then applied to the ring
electrodes and the ITO electrode, respectively. After manipulation of the EBs using DEP, 0.2 M

sucrose solution was flowed in the interspace to remove excess EBs.
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Results and Discussion
Current simulation

A cyclic voltammetry simulation for redox compounds was conducted to clarify the signal
amplification, collection efficiency, cross-talk, and time to reach steady-state. The configuration of
the electrodes used for the simulation is shown in Figs. 3A and S2. When the cavity height is set at
20 pm, the collector current from the top electrode and the generator current from the bottom
electrode at 0.50 V were -37.2 and 46.6 nA, respectively, and the collection efficiency was 80% (Fig.
3B). However, for a nanocavity height of 230 nm, the collector current from the top electrode and
the generator current from the bottom electrode were -1.47 and 1.48 pA, respectively, and the
collection efficiency was approximately 100% (Fig. 3B). These results indicate that there is no
crosstalk because the diffusion layer does not broaden during electrochemical detection when using
a 230 nm gap. Figure 3C shows that the collector signals are inversely proportional to the nanocavity
height. Thus, the collector currents are strictly dependent on the distance between the top and bottom
electrodes. The collection efficiency increases with a decrease in the distance and reaches
approximately 100% when the nanocavity height is 230 nm (Fig. 3D).

Figures 3E and 3F show the results for the amperometric simulation. The time to reach
steady-state was significantly dependent on the channel height. With the nanocavities, the time to
steady-state can be significantly shortened because a steady-state diffusion layer forms in the cavity
within a short period. Therefore, the LRC-EC device with nanocavities can be applied for rapid
electrochemical imaging.

When both the top and bottom electrodes are synchronously stepped to 0.50 V (non-redox
cycling mode), redox compounds are consumed by the top and bottom electrodes, which causes
depletion of the redox compounds in the cavity. As a result, the current decreases to background
current. Therefore, the electrochemical current from a simple ring electrode was calculated and used
as a reference value in non-redox cycling mode to evaluate the signal amplification of redox cycling
in the device. The configuration of the simple ring electrodes is given in Fig. S3. From the
amperometric simulation of the non-redox cycling condition, the current was approximately 15 nA at

100 s (Fig. S3). In contrast, the current in redox cycling mode was approximately -1.5 uA when

using a 230 nm gap (Fig. 3E), which is almost 100 times larger than that for non-redox cycling mode.

Thus, the system with nanocavities is useful for highly sensitive and rapid electrochemical assay.

Device fabrication

Figure 4 shows the process for device fabrication. The layer thicknesses of the present
device were as follows; the first Ti/Pt layer, 70 nm (Fig. 4A); the second Cr layer, approximately 200
nm (Fig. 4B); the third Cr/Pt layer, 130 nm (Fig. 4C). The total thickness of the sacrificial Cr

between the top Pt and bottom Pt electrodes was 230 nm.
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Figure 5A and Movie S1 show optical images during the etching process of the sacrificial
Cr layer. After adding the Cr etching solution into the microwells, the sacrificial Cr layer was
removed gradually. After etching for approximately 25 min, the resistance between the top and
bottom electrodes increased sharply (Fig. 5B), which indicates complete removal of the Cr sacrificial
layer between the ring electrodes. The percentage of functional structures fabricated with the etching
process was 50 %, and the rest of the devices showed a short circuit. In addition, 30 % of the
functional devices were suitable for redox cycling-based detection.

20,39
> To remove the

A silicon layer is also utilized for a sacrificial layer for nanofluidics.
silicon sacrificial layer, reactive ion etching using SF¢ gas or etching solutions with high temperature
are used. In contrast, we utilized a sacrificial chromium layer because the etching process is easily
performed and allows high selectivity and a well-controlled etch rate. Materials for sensing
electrodes should show proper adherence to chromium for layer-by-layer fabrication, which is the
limitation when deciding the materials of the electrodes. Since Pt and Au meet the limitation, Pt was
chosen in the present study.

Figure 6 shows optical images of the LRC-EC device with nanocavities. The device
consisted of 16 electrochemical sensors and only 8 connector pads. The top and bottom ring
electrodes were prepared at the crossing points, which were separated by the 230 nm high
nanocavities. The center-to-center distance of the sensors was 300 pm. Microwells with 150 pm
diameter and 50 um depth were prepared at the crossing points to trap EBs.

The fabrication process for device with nanocavity is slightly complex, compared to our

. . 2431 . . .
previous devices, which is disadvantages.

Calibration curve

Chronoamperometry using the device demonstrated that redox cycling was rapidly
established so that steady-state currents could be rapidly acquired (Fig. 7A). The electrochemical
signals at the sensor were proportional to the concentration of FcCH,OH (Fig. 7B) and the detection
limit of FcCH,OH was less than 100 nM; therefore, the device can be used for the quantitative
detection of redox components in nanocavities. According to the calibration curve, the
electrochemical signal for 1.0 mM FcCH,OH was estimated to be approximately -1.0 pA, which was
approximately two-thirds of the simulation current (-1.5 pA). This discrepancy may be caused by
fouling of the electrodes and/or deformation of the channels.

According to our previous work using interdigitated ring array (IDRA) electrodes with 5
um-gap electrodes, current density of a collector electrode was estimated to approximately 0.16
pA/um’® from 10 pM FcCH,OH.* On the other hand, the current density was approximately 1.9
pA/um® (Fig. 7), which was 12 times higher than that of the previous device due to highly effective

redox cycling in the nanocavity. Therefore, the device with the nanocavity was more sensitive than
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the previous device.

Electrochemical imaging of ALP activity in EBs

Figure 8 shows an electrochemical image for ALP activity in EBs (ca. 150 um diameter).
The electrochemical images follow the position of the EBs (Figs. 8B and 8C). When no PAPP was
added to the solution, no electrochemical signals were acquired from the sensors with EBs. These
results clearly demonstrate that the electrochemical signals were derived from the redox cycling of
PAP/QI after catalytic hydrolysis of PAPP by ALP (Fig. 8D). PAPP was chosen because it is a
common substrate for redox cycling-based detection of ALP and it is commercially available. Other
substrates for electrochemical detection of ALP are described in Supporting Information.

We have previously reported that electrochemical methods can be applied for the
evaluation of ES cell differentiation via their ALP activity.*’ The LRC-EC system is especially useful

for multi-electrochemical detection of ES cell differentiation.** 2 !

Furthermore, the present
LRC-EC system is superior to our previous devices in terms of the sensitivity due to the efficient
redox cycling in the nanocavities. In our previous paper,” IDRA electrodes with a 5-um gap was
successfully applied for detection of EB differentiation. Current density of a collector electrode was
approximately 1.9 pA/um’® from each EB that were fabricated by 1-day culture of 500 cells in a 20
uL droplet. In the present study, the current density was approximately 39 pA/um’, which was 21
times higher than that of the previous study. Therefore, the present device was more sensitive than
previous devices due to highly effective redox cycling in the nanocavity.

According to the calibration curve (Fig. 7B) and the electrochemical image (Fig. 8), the
PAP concentration on the sensors was estimated to be approximately 100 uM, considering that the
electrochemical systems are one- and two-electron reactions for FcCH,OH and PAP, respectively.
The estimated value is smaller than that in our previous studies (approximately 200-300 uM),24
because the EBs were slightly further away from the sensors in the present study.

Although high pH will affect EB differentiation, high pH solution was used for ALP
detection because the pH is suitable for ALP activity compared to neutral pH. We have reported
electrochemical detection of ALP in neural pH, and the electrochemical signals became 1/5 - 1/10.**
¥ Since electrochemical signals were sufficiently acquired in the present method, a neural pH
solution can be used for detection. Detection in neural pH can provide no significant influence of
cell viability and cell differentiation.

Since the detection limit of FcCH,OH was less than 100 nM, the detection limit of PAP is
estimated to less than 50 nM according to the number of transferred electrons in the reaction of
FcCH,OH and PAP. Although single ALP molecules on EBs cannot be detected since ALP of EBs is
not secreted ALP, there is some possibility of detecting single ALP molecules if ALP is introduced

into the nanocavity.

10
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The LRC-EC device can also be applied for the detection of neurotransmitters, such as
dopamine, from dopaminergic cells. Dopamine is a key species for the treatment of Parkinson's
disease;*! therefore, highly sensitive detection of dopamine and related compounds will attract

attention for cell-based therapy using dopaminergic cells.

DEP for manipulation of EBs using the LRC-EC device with nanocavities
DEP was reported by Pohl as the motion of dielectric particles under a non-uniform
electric field.* DEP can be used to manipulate various particles, including non-charged particles, so

351 I the

that DEP techniques have been applied to separate, concentrate, or align target particles.
present study, the device was used to induce positive DEP (pDEP) for the preparation of EB arrays.
Under pDEP, particles are moved to direction of strong electric field. Figure 9A shows the scheme
for the manipulation of EBs using pDEP as the driving force. An AC electric field was applied
between the ring electrodes in the device and the ITO substrate placed above the device. A
non-uniform electric field was formed at the open space of the microwell, and the resulting pDEP
force guided an EB into the microwell with the ring electrode and nanocavity (Fig. 9B and Movie
S2). Only single EBs were trapped in the microwells because the size of the microwell was matched
to the size of a single EB (Fig. 9B). Excess EBs were flushed away by introducing sucrose solution
into the space. When the flushed EBs passed above empty microwells, they became trapped in the
microwells due to DEP (Fig. 9B and Movie S2). The DEP effect was sufficiently strong to hold the
EBs in the microwells under solution flow. Thus, a single EB array was easily fabricated using the
DEP technique, which demonstrates the electrochemical system is useful for cell analysis.

We have previously reported that pDEP in a 0.2 M sucrose solution did not affect cell
viability of HeLa cells.”> Therefore, we assumed that a 0.2 M sucrose solution did not affect cell
viability of ES cells. However, the previous paper showed that the DEP manipulation is not
completely stress free, indicating that the DEP might affect cell differentiation of ES cells. Other
study reported that cells are damaged at electric field strength of above 1 kV/cm.”® We simulated the
electric field strength on the device under DEP and confirmed that it is below 1 kV/cm around an EB
(Fig. S6). These results also indicated that the DEP manipulation did not affect cell viability. The
detailed influence of DEP for cell viability and cell differentiation is under investigation.

Wolfrun and colleagues reported nanocavities incorporated into an LRC-EC system,'” and
addressable detection was performed. In the present study, we have demonstrated that the LRC-EC
device with nanocavities and microwells can be applied for the evaluation and manipulation of EBs,

which suggests that the present system is useful for cell analysis.

Conclusion

An LRC-EC device with nanocavities and microwells was developed for

11
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multi-electrochemical detection with high sensitivity. The nanocavities enable significant
improvement of the signal amplification compared to our previous research. The LRC-EC device
with nanocavities was successfully applied for the evaluation of EBs via their ALP activity. In
addition, EBs were successfully trapped in the sensor microwells using DEP that was induced by the
device, thereby enabling efficient cell analysis. The LRC-EC device is thus demonstrated to be

useful for bioassays including cell analysis.
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Figure 1

General outline of the LRC-EC device with nanocavities and microwells. (A) Illustration of the
detection system. The device consists of 4 row electrodes containing top ring electrodes (blue) and 4
column electrodes containing bottom ring electrodes (red). These ring electrodes are placed at the
individual crossing points. The microwell arrays are fabricated at the individual crossing points, and
the top and bottom ring electrodes are separated by nanocavities (230 nm height). Redox cycling is
locally induced at the designated crossing points. (B) Detection scheme for ALP activity in EBs. EBs
are trapped in microwells filled with PAPP and the enzymatic product by ALP, PAP, is measured.

Electrochemical signals for the redox cycling of PAP/QI are acquired.

Figure 2

Schematic illustration of the device fabrication process. (i) Ti/Pt is sputtered onto a glass substrate to
fabricate the column electrodes that contain the bottom ring electrodes. (ii) A sacrificial Cr layer is
sputtered on the bottom ring electrodes. (iii) Cr/Pt is then sputtered to fabricate the row electrodes
that contain the top ring electrodes. (iv) A SU-8 layer is fabricated on the device to form 4x4
microwells (diameter: 150 um, depth: 50 um, gap: 300 um). (v) The Cr sacrificial layer is etched to

prepare nanocavities between the top and bottom ring electrodes.

Figure 3

Cyclic voltammograms and chronoamperograms obtained for the top and bottom ring electrodes
using simulation software. (A) Illustration of the simulation model consisting of top and bottom
electrodes. The top and bottom electrodes are used as collector and generator electrodes, respectively.
The detailed configuration is shown in Fig. S2. The nanocavity heights were 230 nm to 30 pm. The
nanocavity is filled with 1.0 mM FcCH,OH solution. (B) Cyclic voltammograms for nanocavity
heights of 230 nm and 20 um. The potential of the bottom ring electrode was scanned from 0.00 to
0.50 V at 100 mV/s while the potential of the top ring electrode was kept at 0.00 V. (C) Currents in
the cyclic voltammograms measured at 0.50 V. (D) Collection efficiency in the cyclic
voltammograms measured at 0.50 V. (E) Chronoamperograms for nanocavity heights of 230 nm and
20 um. The potential of the bottom ring electrode was stepped to 0.50 V while the potential of the
top ring electrode was kept at 0.00 V. (F) Time to reach steady-state current (99.9% of the reduction

currents at 10 s) for nanocavity heights from 230 nm to 30 pm.

Figure 4
Configuration of the metal layers in each fabrication process. Three-dimensional (3D) topographies
of (A) the first layer of Ti/Pt, (B) the second layer of Cr, and (C) the third layer of Cr/Pt. Heights of

the metal layers and cross-sectional illustrations.
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Figure 5
Time-course images of the device during etching of the sacrificial Cr layer. (A) Optical images. (B)
Time-course analysis for the resistance between the top and bottom electrodes during the etching

process. The movie for this process is shown in Movie S1.

Figure 6
Optical images of the LRC-EC device with nanocavities and microwells, and cross-sectional

diagrams of the device.

Figure 7

Dependence of the electrochemical signals on the FcCH,OH concentration. (A)
Chronoamperograms at row electrodes where the potential was kept at 0.00 V while the column
electrodes were stepped from 0.00 to 0.50 V. The connections of these electrodes are shown in Fig.
S4. (B) Calibration curve. The currents were obtained from the row electrodes. The currents at 60 s
were subtracted from those at 9.96 s for the background-corrected currents, and these values were

plotted on a graph (N = 3).

Figure 8

Electrochemical imaging of ALP activity in EBs. (A) Hanging droplets (500 cells, 20 uL) were
incubated for 1 day to prepare EBs with approximately 150 pm diameters. (B) Optical image of the
EBs on the device. (C) Electrochemical image of ALP activity in EBs. The electrochemical signals
were derived from redox cycling-based reaction of PAP, which is the enzymatic product of ALP

reaction in EBs. (D) The currents were plotted on a graph (N = 3).

Figure 9
Manipulation of EBs using DEP. (A) Scheme for the capture of EBs using DEP. (B) Optical images
of EBs on the device during DEP manipulation and fluidic manipulation. The movie for this process

is shown in Movie S2.
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We developed an local redox cycling—based electrochemical (LRC-EC) device with
nanocavities for multi-electrochemical detection of cell activity.



