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Herein, we present an overview of recent research progress in the development of micro/nanoelectro-
chemical probe and chip devices for the evaluation of three-dimensional (3D) cultured cells. First, we
discuss probe devices: a general outline, evaluation of O, consumption, enzyme-modified electrodes,
evaluation of endogenous enzyme activity, and the collection of cell components from cell aggregates
are discussed. The next section is focused on integrated chip devices: a general outline, electrode array
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devices, smart electrode array devices, droplet detection of 3D cultured cells, cell manipulation using
dielectrophoresis (DEP), and electrodeposited hydrogels used for fabrication of 3D cultured cells on chip
devices are discussed. Finally, we provide a summary and discussion of future directions of research in
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1. Introduction

Three-dimensional (3D) cell cultures have received consider-
able interest in drug discovery, cancer cell biology, stem cell
research, and tissue engineering, because unlike 2D cultured
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cells, 3D cultured cells show in vivo-like cellular responses." By
culturing cells three-dimensionally, cell-cell interactions, cell-
extracellular matrix (ECM) interactions, and cell populations
resemble those of in vivo organ tissues. Since 3D cell culture
systems provide a simple, fast, and cost-effective cell-based
assay tool, such assays are utilized as an alternative to animal
testing. For example, tumor spheroids mimicking a native cel-
lular environment are widely used for anti-cancer drug
testing.” In tissue engineering, cells are three-dimensionally
cultured to fabricate functional organ tissues. Recently, organ-
like structures, termed organoids, have been generated from
stem cells using 3D culture systems.® For these applications, it
is necessary to evaluate 3D cultured cells precisely and easily.

Mustafa Sen received his M.Sc.
degree in molecular biology and
genetics from Istanbul Technical
University in 2010 and Ph.D.
degree in bio-engineering from
Tohoku University, Japan in
2013. He is currently working as
an assistant professor in the
Faculty of Engineering and
Architecture, Izmir Katip Celebi
University. His main research
focus is development of micro-
and nano-biosensors and their
applications in single cell and
micro-tissue analysis.

Mustafa Sen

Analyst, 2017, 142, 4343-4354 | 4343


www.rsc.li/analyst
http://orcid.org/0000-0002-4750-4025
http://crossmark.crossref.org/dialog/?doi=10.1039/c7an01442b&domain=pdf&date_stamp=2017-11-14
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7an01442b
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN142023

Open Access Article. Published on 26 d’ octubre 2017. Downloaded on 27/1/2026 22:17:14.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Minireview

000000000000000000000000
(B) $3333333323983888°232008

g380809002 X

000 000 <3 o

<6

N 5
838%5 8 o0 008
00 00000000 O 0000 00000
88005658 °860808856066860

Fig. 1 Targets for evaluation of 3D cultured cells. (A) Chemical pro-
duction, e.g., secretion of neurotransmitters from neurons. (B) Chemical
consumption, e.g., oxygen and glucose consumption. (C) Enzymatic
activity. E: enzyme, e.g. alkaline phosphatase (ALP). S: enzymatic sub-
strate, e.g. p-aminophenyl phosphate (PAPP). P: enzymatic product, e.g.
p-aminophenol (PAP). (D) Gene expression. (E) Cell surface topography.

In addition, single-cell analysis of 3D cultured cells is necess-
ary to investigate the cell population in the culture and the
function of individual cells.

Several methods have been developed to evaluate cell func-
tions in 3D cultured cells, such as chemical secretion (Fig. 1A),
chemical consumption (Fig. 1B), enzyme activity (Fig. 1C), and
gene expression (Fig. 1D). In addition, cell density, cell
population, morphology, and cell surface topography (Fig. 1E)
in 3D cultured cells have been investigated. For the general
evaluation of 3D cultured cells, optical methods, such as
fluorescence methods, are widely used, because they provide
high sensitivity using commercially available reagents.
Electrochemical detection has also been proposed as an
alternative to fluorescence-based assays, because electro-
chemical devices show excellent analytical features. For
example, the electrochemical method mentioned later is a
non-labeling and non-invasive method for the evaluation of
respiratory activity in cells. In addition, micro/nanotechnology
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Fig. 2 Electrochemical probe (A) and chip (B) devices.

can provide highly sensitive electrochemical assays and the
incorporation of many sensors, among other benefits.

Due to the rapid progress in micro/nanofabrication tech-
niques, micro/nanometer-sized electrodes are easily fabricated.
Microelectrodes show several unique features,’ such as high
signal-to-noise ratio and electrochemical detection in local
Due to these features, micro/nanoelectrochemical
devices are widely utilized for evaluation of 3D cultured cells.
Electrochemical devices can be roughly categorized into probe
and chip devices (Fig. 2). In general, a probe device consists of
an electrode covered partially with an insulation layer, and the
electrode is exposed at the tip of the device (Fig. 2A). For
advanced detection, multi-electrodes and/or multi-capillaries
are incorporated into a single probe device. The probe devices
are utilized to image local areas in 3D cultured cells and/or
collect cell components. Chip devices are fabricated using
photolithographic technologies to incorporate electrodes and
some microstructures, such as microwells and microfluidics
(Fig. 2B). The chip devices are utilized for high-throughput
analysis of 3D cultured cells and detection of multiple ana-
Iytes. In this review, we summarize micro/nanoelectrochemical
probe and chip devices used for evaluation of 3D cultured
cells.
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2. Probe devices

2.1. General outline

Probe devices have been developed for scanning electro-
chemical microscopy (SECM).” In SECM, a micro/nanoelec-
trode is passed over a sample surface to detect local chemical
reactions. Although a probe device with a single electrode is
generally used for SECM, several types of probe devices have
been proposed. For example, multiple electrodes can be incor-
porated inside or outside a probe device for multi-analyte
detection, high-throughput imaging,® or the combination of
working and reference electrodes.” A glass capillary or dual
capillary is used for scanning ion conductance microscopy
(SICM).® When an organic solvent is introduced into a capil-
lary, the probe device is used as a syringe to collect an attoli-
ter-scale volume of solution.” Double-barreled capillary devices
were developed to combine SECM and SICM.'° Field-effect-
transistor (FET) sensors with dual carbon nanoelectrodes have
been used for ATP detection.'’ A flexible probe device has
been developed to map target materials on organ tissues.'?
Some of these probe devices are utilized for the evaluation of
3D cultured cells.

2.2. Evaluation of O, consumption of 3D cultured cells

Cell aggregates consume dissolved oxygen, resulting in O, con-
centration gradients near the cells. SECM is a powerful tool
that can measure O, concentrations; the probe can detect con-
centration as a function of position, and the resulting profile
allows us to calculate the O, consumption rate (fmol s™") of a
single cell aggregate.'® In general, a reference electrode should
be inserted into a solution in addition to the working electrode
(Fig. 3A). However, the process is complicated and unsuitable
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Fig. 3 Electrochemical detection of O, consumption by 3D cultured
cells using SECM.** (A) Conventional SECM system, working (WE) and
reference (RE) electrodes are inserted into a solution, and 3D cultured
cells are trapped in a microwell. (B) Probe devices containing both

working (WE) and reference electrodes (RE) for simplifying the detection
procedure. Reproduced with permission from Elsevier ©2012.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Minireview

Fig. 4 The concept of SECM-based assays for microtissues fabricated
in a microwell array.’® (A) Cells are seeded and centrifuged to set them
into the microwells. (B) Cell aggregates form after culture. (C) SECM
measurements are perfumed for the cell culture arrays. Reproduced
from Public Library of Science ©2014.

for measurements of small volumes. To solve these problems,
a probe device containing both working and reference electro-
des was developed (Fig. 3B)."* To incorporate these electrodes
into a single probe device, a Pt pseudo-reference was prepared
on the surface of the probe device. The device was successfully
applied to the evaluation of O, consumption of a single embry-
oid body (EB) from mouse embryonic stem (ES) cells. For
simple, array-based detection, cell aggregates were fabricated
in a microwell array (Fig. 4)."® In another study, hydrogels con-
taining cells were embedded in silicon microstructures, and a
microelectrode was passed above the sample to evaluate cell
respiratory activity.'®

The effects of glucose-depleted media on O, consumption
of EBs were investigated using SECM.'” According to the
results, the differentiated cells showed a stronger adaptation
to glucose deprivation than the undifferentiated cells.
Furthermore, the relationship between respiratory activity and
gene expression in EBs was investigated.'® Many differen-
tiation markers were positively correlated with respiratory
activity.

A microwell method" and the hanging drop culture
method®® are widely used to fabricate cell aggregates. The
effects of these methods on cell function and density were
investigated using SECM. Spheroids of human breast cancer
cells (MCF-7) formed in microwells exhibited respiratory
activity 2-fold greater than did spheroids produced by the
hanging drop method.**

SECM was applied to the evaluation of 3D cultured cells
derived from Flk-1(+) and Flk-1(-) cells in EBs comprising
mouse ES cells.>* The cell aggregates derived from late stage
Flk-1(+) cells showed a relatively small size and low O, con-
sumption compared to those derived from Flk-1(—) cells.

2.3. Enzyme-modified electrode

Enzyme-modified electrodes have been utilized in selective
assays. For example, an electrode modified with lactate oxidase
was utilized to monitor the production of lactate by single
hepatic spheroids;*® in this report, both the production of
lactate and O, consumption were monitored using an inte-
grated probe device. In another study, glucose oxidase (GOx)

Analyst, 2017, 142, 4343-4354 | 4345
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was loaded onto a Pt nanoparticle-modified microelectrode to
monitor the glucose consumption of pancreatic hamster insu-
linoma tumor (HIT) spheroids in a self-referencing system.>*
The measurements were performed by self-referencing
between two different positions to remove large background
signals and drift. The probe was used to demonstrate the
influence of two different compounds (rotenone and
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP))
on glucose flux around a spheroid.

2.4. Evaluation of endogenous enzyme activity of 3D
cultured cells

Endogenous ALP is commonly used as an undifferentiated
marker of ES cells. SECM was applied as a noninvasive evalu-
ation method to detect ALP activity in EBs (Fig. 5A)."*>%2°

Additionally, SECM was applied in the non-invasive moni-
toring of osteogenic differentiation of C2C12 microtissues.””
Differentiation was assessed by measuring the activity of ALP,
which is known to be highly expressed during differentiation.
SECM was applied to the evaluation of senescence-associated
B-galactosidase (SA-B-Gal), which is expressed only in senes-
cent cells®® in MCF-7 spheroids (Fig. 5B).>°
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Several substrates have been developed for the electro-
chemical monitoring of endogenous components in cells. For
example, caspase-3 activity, an indicator of apoptosis, was
detected using enzymatic substrates such as Asp-Glu-Val-Asp-
p-nitroaniline DEVD-(pNA)** and Asp-Glu-Val-Asp-p-methoxy-
aniline DEVD-(pMA).*" pNA and pMA released by the caspase-3
enzyme reaction were electrochemically measured. These sub-
strates will be utilized for the evaluation of 3D cultured cells in
the future.

2.5. Collection of cell components from cell aggregates

Double-barreled carbon probes (DBCP) enable the local
collection and analysis of cell components (Fig. 6).**** Target
cells were punctured by an electric pulse between the two elec-
trodes in the DBCP, and the cellular lysates were aspirated
thorough the DBCP. The probe device was applied to the
evaluation of gene expression in angiogenesis and ES cell-
derived cardiomyocytes.

Capillary-type probe devices are widely utilized in SICM
detection for imaging at nanometer-scale resolutions. These
devices were applied to evaluate an unlabeled secretory protein
in living cells®® and nanoscale dynamics of microvilli.*”

2e-
. Yy
% H OH (o]

Fig. 5 Schemes of electrochemical detection for (A) endogenous ALP and (B) SA-p-Gal.
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Fig. 6 mRNA collection from cells using the DBCP.>? (A) General outline. (B) Phase contrast image of the 3D cultured ES cells differentiated into
cardiomyocytes. A dashed line indicates the beating area. (C) Relative gene expression of Actcl in the cells at the beating area and at the non-

beating area. Reproduced with permission from Springer ©2014.
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Fig. 7 Mille-feuille probe containing the lamination of the aqueous and
organic phases under voltage control for simultaneous detection of
multiple cDNAs collected with the mille-feuille probe.®” Reproduced
with permission from Springer ©2017.

Although the cell surfaces of 2D cultured cells have not been
compared by SICM to those of 3D cultured cells, such compari-
sons will be performed in the future.

A probe device with two capillaries was used to collect local
cell components and image cell surfaces.>® One of the capil-
laries was filled with an aqueous solution for SICM topogra-
phical imaging, and another filled with an organic electrolyte
was used as an electrochemical syringe® to collect cytosol from
living cells. The probe device was used to determine positions
and collect mRNA. Although the probe device was used only
for single-cell analysis in 2D culture, it will be utilized for the
evaluation of 3D cultured cells.

A mille-feuille probe allows the lamination of the aqueous
and organic phases in a nanopipette under voltage control
(Fig. 7).’ The mille-feuille probe was used for continuous col-
lection of different nucleic acid samples and sequential evalu-
ation of gene expression with mRNA barcoding tags. This
probe device is useful for multi-gene analysis of 3D cultured
cells.

A capillary probe was integrated with an organic electro-
chemical transistor (OECT) to monitor the integrity of Madin
Darby Canine Kidney I (MDCK I) 3D spheroids.*® Briefly, the
probe was first used for isolation of relatively small spheroids,
and then integrated with an OECT; an Ag/AgCl gate electrode
was inserted into the capillary tube. This system allowed
recording of electrical resistance through MDCK I spheroids
for quality control as well as quantitative toxicity analysis of
chemical compounds.

3. Chip devices

3.1. General outline

Chip devices containing multiple electrochemical sensors are
useful for high-throughput detection and imaging of 3D cul-
tured cells. In addition, combinations of micro/nanoelectrodes
on the devices can provide highly sensitive assays. For
example, a comb-type interdigitated microarray (IDA) electrode
on a planar device provides a unique system for signal amplifi-

This journal is © The Royal Society of Chemistry 2017
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cation based on redox cycling.*® In redox cycling, two sets of
electrodes are located in close proximity to one another. A
reacted redox species on the electrodes diffuses and is regener-
ated on another set of electrodes, so that the electrochemical
response can be enhanced. In addition to planar electrodes,
nanogap devices with electrode pairs have been proposed for
redox cycling-based signal amplification and selective
assays.’®*! In addition to electrodes, microwells and microflui-
dics are incorporated into the devices for trapping cells,
manipulating cells, and accumulating target molecules.

Several kinds of electrode array devices have been reported
for microarray detection,”® and the present review focuses on
the chip devices for evaluation of 3D cultured cells.

3.2. Electrode array devices

In addition to SECM probe devices, chip devices have been uti-
lized to evaluate the respiratory activity of single mouse
embryos.”>™*> In one such device, a single mouse embryo was
positioned in a microwell surrounded by electrodes (Fig. 8),
and the O, consumption of the two-cell, morula, and blasto-
cyst stages was successfully measured. In another device, elec-
trodes were arranged 120, 170, 220, 300, 400, and 500 pm from
the center of the pit, so that the O, concentration profile near
the cells could be acquired without complicated operations
such as scanning with a probe.** Additionally, cells were 3D
cultured directly on flat electrodes for long-term electro-
chemical monitoring. A screen-printed electrode was incorpo-
rated with A549 microtissues in a synthetic hydrogel for a cyto-
toxicity assay to determine the toxicity of a lung cancer drug.*®
Variations in the electrochemical signals acquired by square

Reference and
Counter electrode

PDMS micro well

\ Embryo
X
\

= N\

Micro electrode Micropit

Fig. 8 Chip device with three platinum working electrodes, a circular
SiO, insulator layer, and a cylindrical micropit for evaluation of respirat-
ory activity.*® Scale bars: 100 um. Reproduced with permission from
Elsevier ©2011.
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wave voltammetry in [Fe(CN),]>~ were used
assessments.

To prevent electrode fouling, it is necessary to choose a
proper measurement solution. Since serum is adsorbed on an
electrode, serum-free medium might be suitable for long-term
electrochemical detection. A serum-free solution is commer-
cially available for embryo respiration assay (ERAM-2, Research
Institute for the Functional Peptides, Japan). Although the
solution contains nutrients such as glucose, there are no
chemicals fouling electrodes.

Microfluidics are very useful when different organs are
simulated, especially in drug screening. A microfluidic device
with an amperometric sensor unit was designed and tested in
real-time monitoring of metabolic functions of 3D spheroids,
and thus in tracking the dynamics of drug-induced mitochon-
drial dysfunction.?” The use of an off-chip microfluidic switch-
board with pressure-controlled mechanical valves allowed
time-resolved sampling and contiguous electrochemical moni-
toring of glucose uptake and lactate production of multiple
HepG2/C3A spheroids over 24 h.

In addition to those using voltammetry, chip devices using
electrochemical impedance spectroscopy (EIS) for analysis of
3D microtissues were also reported.*® Because EIS is a non-
invasive and label-free method, it has received growing atten-
tion for monitoring and evaluating 3D microtissues. In a
recent study, multiple electrodes were incorporated into a
microfluidic system to construct fully integrated human livers
(cancer)- and hearts-on-chips for automated drug screening.*’
The surface of the gold microelectrodes were modified with
specific antibodies for detection of the liver biomarkers
albumin and glutathione S-transferase o (GST-a), as well as the
cardiac biomarker creatine kinase MB (CK-MB). The microflui-
dic system allowed the regeneration of the electrode surface
upon saturation with the captured antigens first using H,SO,,
and then [Fe(CN)e]*". The constructed immunobiosensors
were successfully used for long-term monitoring of doxo-
rubicin (DOX)- and acetaminophen-induced organ toxicity in a
dual-organ platform. In a similar study by the same group, the
surface of the gold electrode was functionalized with aptamers
specific to CK-MB for monitoring DOX-induced damage to
cardiac spheroids in a heart-on-chip platform.>® Successful
detection of trace amounts of biomarkers secreted by the
spheroids was demonstrated using EIS, and the results were in
agreement with the cell viability and beating rate results. A
similar sensing platform was also designed for hepatotoxicity
assessment and applied to human liver organoids for continu-
ous monitoring of metabolic activity by measuring secreted
biomarkers (human albumin and GST-a) for up to 7 days.*’ In
another study, an interdigitated electrode and microcavity
arrays were combined in an impedimetric, real-time measure-
ment system for the comparison of immunotoxin efficacy in
2D and 3D tumor models. The microcavity array comprising 15
cavities with edge lengths of 300-400 pm was successfully
used to assess the cytotoxic effects of several immunotoxins on
MCF-7 spheroids.” An optimized design of the microcavity
array was later used to construct a 96-well multi-electrode array

in toxicity
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for impedimetric comparative analysis of the efficacy of several
drugs on the same tissue models.** The multi-electrode array
was inserted into a printed circuit board (PCB) comprising 288
electrodes (three electrodes for each well) and 8 counter-elec-
trodes to contact a multiplexer adapter board, to thus individu-
ally address each well. The device allowed high-throughput
real-time monitoring of the efficacy of DOX and etoposide
effects on T98G and SHSY5Y spheroids; the relative thera-
peutic efficacy was found to be higher for 3D than for 2D
tumor models. In addition, a microfluidic device with electro-
des embedded into the top and bottom of the microfluidic
channel was used for trapping and monitoring
MCF-7 microtumor spheroids.>® Spheroids induced changes in
the magnitude of the solution resistance consistent with
increases in spheroid diameter. This device is suitable for fab-
rication of multiple channels and electrodes for high-through-
put analysis. A similar device with six detection chambers was
used by another group for real-time and non-invasive monitor-
ing of human oral cancer cell (OEC-M1) growth on a 3D
agarose scaffold.>® The device was then used to monitor the
effect of cisplatin, an anti-cancer drug, under continuous per-
fusion of the medium for 2 days. In addition to drug screen-
ing, impedance analysis has also been applied to monitor
stem cell differentiation; a significant change in the impe-
dance spectra due to osteogenic differentiation of human
mesenchymal stem cells (MSCs) was observed.”® The EIS
systems mentioned so far are not suitable for simultaneous
monitoring of multiple spheroids over an extended period in
an automated fashion. To address the issue, a multiplexed EIS
platform was presented in a microfluidic setting.”® This device
allowed monitoring the effect of a cancer drug (Fluorouracil)
on fifteen HCT116 cancer spheroids simultaneously over four
days. Measurements were continuous with a time resolution of
2 min. Due to their low cost and easy fabrication, these devices
are very useful for cell analysis. However, it is difficult to incor-
porate a large number of electrode sensors into a small chip-
based device when electrodes are simply arranged. To over-
come this difficulty, smart electrode array devices have been
proposed.

3.3. Smart electrode array devices

Semiconductor technology has been employed to incorporate
multiple electrochemical sensors into a small chip device. For
example, we developed a large-scale integration (LSI)-based
amperometric sensor for electrochemical imaging, which was
designated the Bio-LSI device.>’"®* This device was applied to
the electrochemical evaluation and real-time monitoring of
dopamine release from 3D-cultured PC12 cells®® and ALP
activity of EBs.”® As shown in Fig. 9, the chip device allowed us
to monitor multiple EBs simultaneously, indicating its utility
in high-throughput analysis. In addition, gene silencing by
siRNA was monitored to investigate the effects of genes in cell
differentiation via the detection of endogenous ALP activity
and immunostained sarcomeric a-actinin.>®> When the sensor
density of the device is low, the distance between sensors and
cells affects redox signals. Therefore, the relationship between

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 LSl-based electrochemical device. (A) Device image.®® (B) Real-
time monitoring of ALP activity of EBs on the device.>® Reproduced with
permission from Elsevier ©2013 and 2016.

signals and position should be investigated. A simulation ana-
lysis was performed to reveal the positional relationship
between the EBs from ES cells and sensor electrodes in order
to obtain more precise measurements.®’ That study showed
that simulation analysis can be applied to the precise electro-
chemical imaging of 3D cultured cells by normalization of the
current signals.

Consumption or production of compounds by amperometry
may affect cell viability. For this reason, potentiometry is
superior to amperometry, because redox compounds are not
consumed or produced during the detection of open circuit
potential. ALP activity of EBs from ES cells was successfully
imaged by potentiometry using the LSI device.®?

A novel electrochemical approach based the molecular
electrochemical switching system was reported as another
smart electrode array device.®®”’" In this system, two arrays of
electrodes (n rows and n columns of electrodes) are orthog-
onally placed to produce n® crossing points. By applying
proper potential at these electrodes, desired electrochemical
reactions can be induced at the target crossing points, such
that the crossing points can be used as individual electro-
chemical sensors. Therefore, n* electrochemical sensors can
be easily incorporated with only 2 n connector pads. This
system can be used to measure the ALP activity of ES cells in
the evaluation of cell differentiation®” and respiratory activity
of MCF-7 spheroids.”*

3.4. Droplet detection containing 3D cultured cells

Droplet arrays are useful not only for fabrication of 3D cul-
tured cells, but also for electrochemical detection in compart-
mented volumes. Several chip devices have been proposed for
detection, such as integrated electrode arrays’> and microflui-
dics.”? Misun et al reported a droplet array device with
enzyme-modified electrodes for body-on-a-chip applications
(Fig. 10).”> The microfluidic platform is based on hanging-
drop networks for cultivation and analysis of 3D cultured cells.
The device monitored both lactate and glucose from single
human colon cancer microtissues through amperometry. An
EIS readout function was also integrated into the microfluidic
hanging-drop platform for microtissue spheroid analysis.”*
Briefly, two pairs of microelectrodes were placed directly into
the ceiling substrate of each hanging drop to simultaneously
control the drop size and the size of spheroids or the beating
of cardiac microtissues. The device allowed in situ and con-

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Design of the droplet array microfluidic device with enzyme-
modified electrodes.”® Reproduced from Springer Nature ©2016.

tinuous monitoring of the growth of cancer spheroids over two
days. Compartmented droplets are useful for accumulating
target molecules, and evaporation of droplets is utilized for
concentrating target molecules. Accumulation of the enzy-
matic products from EBs of ES cells were monitored during
the evaporation process (Fig. 11).°

3.5. Cell manipulation using dielectrophoresis (DEP)

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 uncharged particles.
Fig. 12 shows the manipulation of the EBs of ES cells using
positive DEP (pDEP).”® As shown in Fig. 12A, an AC electric
field was applied between the top and bottom electrodes to
guide an EB into the microwell by DEP (Fig. 12B). The excess
EBs were flushed away with solution. Since a single EB array
was easily fabricated using the DEP technique, this electro-
chemical system is useful for cell analysis. DEP can also be
used to form 3D spheroids.”® Interdigitated, oppositely placed,
castellated electrodes were used to pull Jurkat cells into an
aggregate via 15 min of pDEP, which allowed the cells to
adhere to one another. To demonstrate the reproducibility of
the technique, spheroid formation of a different cell line was
also shown; in both cases, the cell viability was maintained
during aggregation. The technique was later applied to the for-
mation of EBs from ES cells.”” In addition to pDEP, negative
DEP (nDEP) was also used for the formation of 3D cell aggre-
gates into arrays.”® In that study, nDEP was employed to gather
cells into multiple cell aggregates, which were then encapsu-
lated with a synthetic hydrogel for peeling. Additionally, a
microfluidic test system capable of 3D co-culturing with DEP
was also reported.”® This microfluidic system featuring cell
chambers and interdigitated electrodes was used for the 3D
co-culture of hepatocytes and endothelial cells in multiple
chambers for liver toxicity assessments.

3.6. Electrodeposited hydrogels for fabrication of 3D cultured
cells on chip devices

An electrochemical device was utilized to fabricate microwell
hydrogels, and the microwells were utilized for the 3D culture
of cells (Fig. 13).5%" Acidification-based alginate hydrogel fab-
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Fig. 11 Evaporation-based electrochemical detection of ALP activity in EBs.®® Illustrations of the outline (top row). Time-course analyses of electro-
chemical images of an EB (middle and bottom row). Redox compounds were accumulated as the incubation time increased. Reproduced from the
Royal Society of Chemistry ©2012.
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Fig. 12 Manipulation of EBs using DEP. (A) Scheme. (B) Optical images of the EBs on the device during DEP and fluidic manipulations.”®
Reproduced with permission from the Royal Society of Chemistry ©2015.

(B)

* .« , < Alginate solution

*S— CaCO;, particles

Fig. 13 Electrodeposited hydrogel microwells used for 3D cell culturing. (A) Fabrication scheme. (B) HepG2 spheroids in the microwells.5
Reproduced with permission from the Royal Society of Chemistry ©2013.
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rication®* was adapted for the method. Thus, this electro-
chemical device is useful for preparing 3D cultured cells. In
another method using microwells and electrodes, cells were
cultured on a self-assembled monolayer (SAM) of alkane-
thiol.*> The SAM was reductively desorbed from the gold elec-
trodes, allowing 3D cultured cells to be harvested from the
microwells.

4. Summary and future directions

In this review, we summarized recent studies on micro/nanoe-
lectrochemical probe and chip devices for evaluation of 3D cul-
tured cells. A summary classifying the target cells and target
molecules is shown in Tables 1 and 2. Although several kinds
of cells have been evaluated using electrochemical devices as
shown in Table 1, it is difficult to discuss which devices/tech-
niques are suitable for each cell type. For high-throughput ana-
lysis, electrode array devices and microfluidic devices are suit-
able. In contrast, probe devices containing a nanoelectrode
and a capillary are suitable for imaging of nanometer-sized
constructions and collections of cell components, respectively
(Table 2). As shown in Table 2, bare electrodes are utilized for
evaluation of O, consumption, endogenous ALP, and dop-
amine release. In contrast, it is necessary to modify bare elec-
trodes with enzymes for detection of glucose and lactate.
Impedimetric analysis is preferred when determining the size
of microtissues or constructing immunobiosensors for pro-
teins secreted by microtissues, such as albumin and GST-o.

Table 1 Cell types

Cell types Ref.

Mouse ES cells 14,17, 18, 22, 32, 33, 58, 59,

61, 63, 66-70 and 77

MCF-7 cells 16, 21, 29, 43, 51, 53 and 71
PC12 cells 62

Mouse embryos 44 and 45
Frozen-thawed human embryos 43

Bro (human melanoma) cells 2
Pancreatic hamster insulinoma 24

tumor spheroids

C2C12 cells 27
MDCK I 38
HepG2/C3A 47

Rat cardiomyocytes 2

Human colon carcinoma cell line 56 and 73
HCT 116

HelLa cells 15 and 78
Human breast carcinoma cells 48
HepaRG cells (HPR116) 23
Human ES cell-derived 50
cardiomyocytes

Jurkat cells 76

Human myelogenous leukemic cells 78

Primary human hepatocytes 49 and 79
Primary human endothelial cells 79
Human glioblastoma 52
Human neuroblastoma 52
Human oral cancer cells 54
Human lung adenocarcinoma 46

epithelial cells (A549)
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Table 2 Target analytes

Target analytes Ref.

O, consumption 13-18, 21-23, 44, 45 and 71

Endogenous ALP 14, 27, 58, 59, 61, 63 and 66-70
HRP for immunostaining 59

Glucose 47 and 73

Lactate 23,47 and 73
Electochemical collection and PCR 32,33 and 36
Dopamine 62

SA-p-Gal 29

Albumin 49

GST-a 49

Creatine kinase MB (CK-MB) 49 and 50
Impedance 38, 48, 51-56 and 74

Although it is difficult to compare sensitivity of each tech-
nique, chip devices might be suitable for highly sensitive
assays, because micro/nanofluidics and micro/nanowells can
be easily incorporated into the devices to accumulate and/or
amplify redox signals. For example, single molecules were suc-
cessfully detected using a redox cycling-based nanofluidic
device.®*® As described in another review,** chip devices will
be utilized in organ-on-a-chip systems, which mimic organs in
microfluidics.®® Several materials, such as hydrogels and flex-
ible polymers, have been proposed for device fabrication in
these applications.

SICM is being prepared for sales or is commercially avail-
able from several companies, e.g. Hokuto Denko (Japan) and
HEKA Elektronik (Germany). As described in the section of
2.5, the SICM system was applied to extract cell contents,
which was described as an emerging trend for collecting cell
components in a perspective.®”” Although these methods
possess great advantages, further investigations are needed to
apply the system for high-aspect-ratio structures. Some of the
LSI-based amperometric devices are being prepared for sales,
e.g. Bio-LSI (Japan Aviation Electronics Industry, Ltd, Japan)
and BioCMOS (BioCMOS Co., Ltd, Japan). For popularizing
LSI-based electrochemical devices for bioassays, it is necessary
to lower the cost, because these devices are disposable due to
electrode fouling during electrochemical detection. Although
plasma ashing is effective for cleaning the devices, some modi-
fications are investigated to prevent electrode fouling.

According to a citation analysis, a citation on SICM rapidly
increases, and some of the papers focused on bioanalysis,
because cell topology can be monitored without cell damage
using the technique. There are a few reports focusing on evalu-
ation of 3D cultured cells, but the number of reports will
increase. A citation on electrode arrays gradually increases;
however, the number of citation to LSI devices for bioanalysis
is low. However, the LSI devices will become a trend for cell
analysis, because some devices for electrochemical bioanalysis
will become commercially available. Notably, integration of
microfluidics into such devices is attracting more attention
because it facilitates the construction of organ-on-a-chip
systems for a variety of applications ranging from toxicity
assessment to drug screening.

Analyst, 2017, 142, 4343-4354 | 4351
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Although electrochemical methods are useful for evaluation
of 3D cultured cells, they must be combined with other
methods, such as optical-based image analysis,*®**® to improve
their analytical features.
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