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Local Redox-Cycling-Based Electrochemical Chip Device with Deep
Microwells for Evaluation of Embryoid Bodies™*
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and Tomokazu Matsue*

Three-dimensional (3D) cell cultures are important for
applications in modern cell biology and tissue engineering,
because these cell cultures offer architectural microenviron-
ments very close to those of natural tissues, compared to
conventional two-dimensional cultures. The environment of
3D cultures has an important effect on cell biology, including
differentiation of stem cells. For example, embryonic stem
(ES) cells, which can differentiate into any body organ tissues
and are expected to have significant potential as cell sources
for regenerative medicine, can develop into cardiomyocytes
by forming 3D organ tissues, such as embryoid bodies
(EBs).l"" Several biomarkers, such as alkaline phosphatase
(ALP) that express undifferentiated ES cells, are used to
check the differentiation level of ES cells.”! Several types of
cell arrays have recently been developed for high-throughput
cell assays on cell activity and differentiation. Although
fluorescence detection has been performed with cell arrays,
because its sensitivity is high, the fluorescent detection has
some disadvantages as described in the Supporting Informa-
tion. As an alternative method, electrochemical detection has
been incorporated into biosensor devices. Since electrochem-
ical techniques have many advantages, several kinds of
microelectrode arrays have been proposed and applied to
chemical and biological analyses including cell arrays.*™
However, it is difficult to collect electrochemical responses
at many individual measurement points using conventional
electrochemical devices, because sufficient space for the bond
pads is not available on the chip border. To solve this
problem, we have proposed a novel method to realize
individually addressable electrochemical measurements
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using a device consisting of two sets of microelectrode
arrays to induce local redox cycling,*'” and we have
designated the novel methodology as local redox cycling-
based electrochemical (LRC-EC) detection. In the system,
two arrays of band microelectrodes are orthogonally set to
form an n xn array of crossing points with only 2z bonding
pads for external connection. By setting the potentials at the
row and column electrodes to appropriate values and induc-
ing local redox cycling at a particular crossing point, the local
redox cycling-based signals can be acquired from an individ-
ual crossing point. The detection system has been applied for
the expression of reporter proteins in a cell culture array.”:*!
In addition, we have developed the LRC-EC chip device with
a comb-type interdigitated array (IDA) electrode that has an
open space on the sensor to introduce and collect samples
with ease.!

In this study, the LRC-EC device was applied to evaluate
EBs through their ALP activity as the marker for the cell
activity and differentiation, without labeling the EBs. Deep
microwells were incorporated into the chip device for
trapping of EBs. The general architecture is displayed in
Figure 1A and our previous report.”! The LRC-EC device
consists of 16 row, 16 column electrodes, and 32 connector
pads. The measurement procedure is illustrated in Figure 1B
and Figure S1 in the Supporting Information. The EBs are
introduced into the device to trap a single EB in a microwell.
Each microwell has IDA electrodes for electrochemical
sensing. The EB activity is then electrochemically detected
by the LRC-EC device. For imaging, the electrochemical
responses at the 256 sensor microwells are collected by
sequentially changing the potential applied to the row and
column electrodes. After imaging, the specific EBs were
collected using a capillary.

Prior to fabrication of the device, a diffusion simulation of
a redox compound in the LRC-EC device was conducted and
electrochemical signals in the deep microwells were calcu-
lated based on electrochemical responses to clarify the
collection efficiency (CE), the number of redox cycles (RC),
the cross-talk, and the time to reach steady-state. Three
models were created (Figure 2A) and the simulation was
performed as detailed in Figure S2 in the Supporting Infor-
mation. In dual mode (redox cycling), the current signals
reach steady-state within 2 s because of the rapid formation of
a steady-state diffusion layer. In single mode (no redox
cycling), a long time (180 s) is necessary to attain the steady-
state (Figure 2B,C). The CEs for models 1, 2, and 3 were 46.9,
74.3, and 82.8%, respectively (Table S1 in the Supporting
Information). The CE value approached 100% as the
electrode gap was reduced. As the height of the microwells
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Figure 1. Detection of EBs using the LRC-EC device. A) The LRC-EC device consists of 16 row and
16 column electrodes. The potentiostat is connected to these electrodes through the multiplexer,
and the instruments are controlled with a computer. Local redox cycling is induced only at the IDAs
located at the designated cross-points. B) The EBs are introduced into the device and after the EBs
are trapped into the microwells, the electrochemical signals from the EBs are acquired and the EBs
are then collected. The detection scheme for ALP on EBs is shown in Figure S1 in the Supporting

Information.

increased from 7 to 50 um, the current response in single
mode was reduced from 6.25 to 4.93nA, because deep
microwells prevent the diffusion of redox species from the
bulk to the electrode. Although deep microwells are neces-
sary for trapping 3D culture cells, they have a disadvantage in
that they affect the sensitivity in single mode. In contrast, the
collector (reduction) current in dual mode increased from
52.7 to 55.5 nA and the CE increased from 74.3 to 82.8%,
because the chance of redox species diffusing into the bulk of
the solution was significantly reduced by the walls of the
microwells (Table S1 in the Supporting Information). In
addition, the number of RCs increased from 11.4 to 13.6
(Table S1). As the width of the electrodes and the gap
between the electrodes was reduced, the time to reach steady-
state in dual mode was reduced (Figure 2D). These results
indicate that the total scanning time can be shortened by
reducing the width of the electrode and the gap between the
electrodes.

In assays using an electrode array, cross-talk caused by
diffusion of redox compounds formed in neighboring electro-
des during detection induces artifacts in the electrochemical
signals and imaging data. When the distance between sensors
is close, electrochemical cross-talk becomes a serious issue,
because the diffusion layer overlaps during detection. Fig-
ure 2 E shows the concentration profile of the species formed
at the electrode after reaching steady-state (single mode:
180 s, dual mode: 2s) for model 3. In dual mode measure-
ments, there is no obvious overlap of diffusion layers between
the neighboring sensors, because the wall is sufficiently high
to block the diffusion; therefore, the undesired influence of
cross-talk is negligible. On the contrary, cross-talk becomes
a serious problem in single mode measurements in the steady-
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ization of the array.

Based on the simulation results,
an LRC-EC device was fabricated
that consisted of IDA electrodes
(10 fingers, S um wide, 5 um gap)
and deep microwells (50 um depth).
The fabrication process for the LRC-
EC device is schematically illustrated
in Figure S3 in the Supporting Infor-
mation. Over 250 sensors were incor-
porated into a single chip with only
32 connector pads (Figure S4 in the
Supporting Information). The pres-
ent LRC-EC device has an open
space and deep microwells to easily
accommodate and release the cell
aggregates (Figure 1). It should be
noted here that a high density of
sensor points can be achieved in the
LRC-EC device, whereas the inte-
gration of a large number of electrodes is difficult in
a conventional array device, because of limited space for
connecting lines and bond pads in the device (Figure S5 in the
Supporting Information).

The electrochemical performance of the LRC-EC device
was investigated using p-aminophenol (PAP), a redox com-
pound that shows reversible electrochemical behavior and
a product of ALP-catalyzed reaction (Figure SIA in the
Supporting Information). The CE and RC were calculated
from the experimental results (Figure 3 and Figure S6 in the
Supporting Information). Steady-state generator and collec-
tor currents were detected within a few seconds after the
potential step in dual mode. For comparison, in single mode,
the steady-state current was observed more than 100 seconds
after the potential step. Therefore, the LRC-EC device is
effective for rapid electrochemical imaging when operated in
dual mode. The collector current per sensor in a 1.0 mm PAP
solution in dual mode was 42.5 nA, which was 17.2 times
larger than the oxidation current per microwell in single mode
under the same conditions. These results indicate effective
signal amplification by redox cycling in the LRC-EC device.
The device consisted of deep microwells and the IDA
electrode, so that the CE was also high (87.8%). These
experimental currents were lower than the simulation results
(Figure 3 and Table S1), probably because of electrode
fouling during redox cycling!""! No charging current was
observed at the collector in dual mode, because the potential
of the collector was fixed, which enabled a rapid scanning
process, whereas a significant charging current was observed
in single mode (Figure 3). The electrochemical signals at the
individual sensors were proportional to the concentration of
PAP and the detection limit was found to be less than 1 pum.
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Figure 2. Current simulation for redox compound diffusion using simulation software. A) Model images, where the
microwells were placed on the bottoms of the models and the band electrodes were placed on the bottoms of the
microwells. B-D) Amperograms of 1.0 mm redox species constructed by calculating redox currents. Currents at the
anode and cathode electrodes in models 1, 2, and 3 in B) single mode and C) dual mode. Detailed information is
provided in Figure S2 in the Supporting Information. D) Time-course analysis of a cathodic current on a steady-state
current. The percentage in the graph was calculated by dividing the current by that obtained after 2 s. E) Cross-
sectional images on the oxidants after reaching the steady-state current in single (E, after 180 s) and dual modes

(E,, after 2's).

Thus, the present LRC-EC device can be used for quantitative
determination of PAP (Figure 3 C). The LRC-EC device can
also be applied to detect neurotransmitters such as dopamine,
a redox compound showing reversible electrochemical behav-
ior. The sensitivity of the LRC-EC device will further be
improved by incorporating nanogap electrodes which
enhance the efficiency of redox cycling."? We now plan to

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3 IMiModels and introduced onto

the LRC-EC device.
As a preliminary
experiment, a large
EB was introduced on
the LRC-EC device,
and electrochemical
images were acquired
every 0.5min (Fig-
ure 4 A). The electro-
chemical images con-
sisted of 256 pixels
with background-cor-
rected currents. The
image shows that the
EB size was approxi-

0.5 1.0 1.5
Time (s)

mately 600 um in
diameter, which was
similar to that

observed by conven-
tional optical imaging.
The current signal
originates from the redox cycling of PAP generated by the
ALP-catalyzed reaction at EBs; therefore, the image does not
directly reflect the size of the EB. The EB image becomes
broad because the PAP diffuses to the neighboring sensors
(Figure 4 Ayy).

Cross-talk because of enzymatic products can be avoided
by confining an EB in a single microwell with tall walls. Single
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Figure 3. Evaluation of the LRC device performance. Amperograms for
0 and 1.0 mm PAP in A) single and B) dual modes. In single mode, all
electrodes were stepped from —0.30 to 0.30 V at the time indicated by
the arrow and responses were acquired without PAP solution (blue)
and with 1.0 mm PAP solution (green). In dual mode, the column
electrode was stepped from —0.30 to 0.30 V at the time indicated by
the arrow, while the other electrodes were held at —0.30 V, as shown in
Figure S6 in the Supporting Information. Responses from the PAP
solution at the column electrode (0 mm: blue; 1 mm: red) and the row
electrode (0 mm: aqua; 1 mm: pink). C) Dependence of the electro-
chemical signals on the PAP concentration (0.001-1 mm). The signal
was detected at the row electrodes 2 s after the potential step of the
column electrode from —0.30 to 0.30 V. The signal before the potential
step (background) was subtracted from the signal after 2 s of the
potential step. Data points represent mean values (+ standard devia-
tion) of five independent experiments.

EBs were placed into designated single microwells with 50 um
walls. Figure 4 B shows that the image followed the position of
the EBs on the device. The EB fitted the microwell size, so
that the signal was only acquired from sensor microwells
where the EBs were trapped. The tall walled microwells were
useful to prevent the redox compounds from diffusing toward
neighboring microwells, which resulted in the acquisition of
a clear electrochemical image. It is also important to reduce
the time to reach steady-state for rapid acquisition of
electrochemical signals from sensor microwells. An electro-
chemical image consisting of 256 pixels was acquired in 10.3 s
by applying fast scanning detection (0.64 s per row), although
the electrochemical image was less clear than that by slow
scanning detection (90.4s per image; Figure 4 By;). The
imaging time can be further shortened by using a device with
narrow IDA electrode gaps. These results demonstrate that
the LRC-EC device can be applied for real-time monitoring
of 3D culture cells.

The EBs cultured for 1, 2, and 4 days were detected on the
LR-EC device (Figure 4 C). The electrochemical signals due
to ALP activity of the EBs increased with the culture period
(Figure 4C). However, the electrochemical signal did not
increase as expected from the increase in the size of the EBs
(Figure 4 D, and Dy;), which indicates that the ALP activity
per cell may be reduced and the EBs may be differentiated
during culture. A culture medium (pH 7.4) containing PAPP
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Figure 4. Electrochemical imaging of the EBs. Hanging droplets

(1000 cells, 20 pL) were incubated for 6 days and the large EBs were
then electrochemically detected (A,: optical image; A,: detection
image; A,: time-course electrochemical image). Hanging droplets
(150 cells, 20 pL) were incubated for 4 days and the small EBs were
then electrochemically detected (B,: optical image; B, and By, electro-
chemical image). The scanning times for acquiring one electrochem-
ical image were 90.4 s (B,) and 10.3 s (B,), respectively. Hanging
droplets (150 cells, 20 pL) were incubated for 1-4 days to detect the
EBs. C) Day 1: N=38; Day 2: N=6; Day 4: N=19; Day 4: Medium,

N =4. Tris-HCl or culture medium containing 4.7 mm PAPP was used
as a substrate to investigate the effect of buffer on the electrochemical
signal. Optical images of the EBs were acquired after culturing for
1day (D)) and 4 days (D,). After the EBs cultured for 4 days were
electrochemically detected in the culture medium, the EBs were
collected and cultured on a gelatin-coated dish for 2 days (E).

was also used for electrochemical measurements. Under these
conditions, the electrochemical signal was reduced (Fig-
ure 4C), because ALP shows lower activity in neutral pH
values compared with the optimal pH9.5. Although the
signals were lowered, the collected EBs were cultured
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successfully after electrochemical detection (Figure 4E).
Therefore, we propose that the LRC-EC device is useful for
high-throughput cell screening. Although the standard devia-
tion in Figure 4 C was very large, the results also showed that
the differentiation level of the EBs varied considerably even
if the culture period was the same because the EBs were
formed from a small amount of ES cells that have hetero-
geneities. Therefore, it is necessary to sort EBs for quality-
controlled differentiation induction culture. Since the present
LRC-EC device can be used to evaluate EBs through their
ALP activity and the designated EBs can be collected, the
LRC-EC device will be useful to sort EBs. This strategy is
much reliable and effective compared to conventional
morphological observations with optical method.

In conclusion, deep microwells were incorporated into an
LRC-EC device to trap single 3D culture cells and evaluate
the cell activity. Simulations and the corresponding experi-
ments were carried out to clarify the effect of the deep
microwells on the LRC-EC system. Simulations using micro-
well models demonstrated that deep microwell arrays and
fine IDA electrodes for electrochemical detection result in
a high sensitivity and low cross-talk influence compared with
conventional devices that employ electrode arrays for com-
prehensive detection. The time to reach steady-state was
short, so that an electrochemical image consisting of
256 pixels was acquired in 10.3 s using the LRC-EC device.
In this study, the LRC-EC device was applied to evaluate EBs
through their ALP activity and the ALP activity on the EBs
was successfully detected. Furthermore, the collected EBs
were successfully cultured. These results indicate that an

LRC-EC chip device with deep microwells is useful for the
evaluation of 3D organ tissues.
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