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A flexible sensor based on SU-8 photoresist was fabricated and its electrochemical performance was investigated using
cyclic voltammetry. The device consisted of interdigitated array (IDA) electrodes on an SU-8 layer. It exhibited a clear
electrochemical response during redox cycling of ferrocenemethanol at the IDA electrodes. Since the device was flexible,

it could be inserted into a narrow bent space to monitor electrochemical responses.

The observed electrochemical

behavior was found to be consistent with that predicted by simulations based on redox compound diffusion.
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Introduction

Several kinds of flexible sensors have been developed for
bioapplications,'® with parylene or poly(dimethylsiloxane)
(PDMS) most commonly being used as the flexible substrate.
For highly sensitive comprehensive assays, a CMOS-based
sensor and an electrode array device have been fabricated on
flexible substrates.’ Because of their flexibility and
biocompatibility, such devices have been used to stimulate
nerves and detect synaptic activity, and also as amperometric
sensors for purposes such as glucose detection in the human
body.

During in vivo amperometric detection, the analytes often
need to be measured in narrow spaces. However, conventional
amperometric sensors are not suitable for such measurements
because in narrow confined spaces, the redox compound is
rapidly consumed during electrochemical detection. Therefore,
processes involving signal amplification and regeneration of the
redox compound are preferable for reliable measurements. One
method of signal amplification is redox cycling on interdigitated
array (IDA) electrodes. Such electrodes have two interdigitated
comb-type arrays consisting of planar parallel fingers.>'® When
a suitable potential is applied to each electrode, species that
become oxidized at one electrode finger are regenerated at
neighboring fingers, resulting in redox cycling for amplification
of the electrochemical signal. Such IDA electrodes have been
applied for electrochemical detection of enzyme activity,®!3 and
have also been fabricated on a gas-permeable membrane to
produce a gas-sensing system.!”
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In the present study, IDA electrodes were incorporated into a
flexible device for electrochemical detection in narrow spaces.
An epoxy-based negative photoresist (SU-8) was chosen for the
flexible substrate because it is a common material with well-
known properties. As a demonstration toward bioanalysis in
small spaces, the device was bent and inserted into a groove in
an acrylic resin block, and ferrocenemethanol (FcCH,OH) in the
groove was then detected using redox cycling. The results were
compared with those obtained from simulations, in order to
evaluate the utility of such a sensor in small spaces.

Experimental

Device fabrication

A schematic of the device fabrication process is shown in
Fig. 1.  First, SU-8 3025 (MicroChem Co., USA) was
spin-coated at 3000 rpm for 30 s onto a glass slide (Matsunami
Glass Ind. Ltd., Japan). The substrate was then heated in two
steps on a hotplate (65°C, 1 min; 95°C, 15 min). After cooling,
the substrate was irradiated with UV light for 28 s through a
patterned chromium mask. After exposure, the substrate was
again heated in two steps on the hotplate (65°C, 1 min; 95°C,
5 min). Following cooling, the pattern was developed using an
SU-8 developer (MicroChem) to appear the SU-8 layer (length,
28 mm; width, 16 mm; thickness, 25 um), and the substrate was
hard baked at 145°C for 20 min. Ti/Pt (thickness: 75 nm/110 nm)
was then sputtered onto the SU-8 layer to fabricate IDA
electrodes and a Pt counter electrode on the device. The
additional electrodes were masked with ELEGRIP tape
(thickness, 80 um; DENKA, Japan) to form a rectangular
window (10 mm X 5.0 mm) that exposed only the IDA
electrodes. The SU-8-based device with the IDA electrodes was
peeled from the glass slide with tweezers. The IDA electrodes
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Fig. 1 Schematic illustration of device fabrication process. (1)
Glass slide. (2) SU-8 layer. (3) IDA and counter electrodes. (4) The
device could be peeled off from the glass slide. The additional

electrodes were masked with tape in order to insulate them.

Fig. 2 (A) Photograph of the device and optical micrograph of the
IDA electrodes. The thickness of the device was 25 um. The width of
the electrodes and the gap between them were 16 and 14 pum,
respectively. (B) Device being bent with a tweezers. (C) Device
attached to a curved surface.

had two interdigitated comb-type arrays consisting of 193
fingers with widths and lengths of 16 um and 5.0 mm,
respectively, and separations of approximately 14 pm.

Electrochemical measurements

Before the device was peeled from the glass slide, it was
characterized by cyclic voltammetry in single and dual modes.
The device was connected to a multichannel potentiostat
(HA-1010 mM4, Hokuto Denko, Japan) and a 500-mM
Tris-HCI1 buffer (pH 9.5) containing 1.0 mM FcCH,OH was
then introduced onto the device. An Ag/AgCl reference
electrode and a Pt wire counter electrode were inserted into the
solution. Measurements were carried out using the external Pt
counter electrode. In single mode, both electrodes were scanned
from 0.00 to 0.50 V and the response was acquired from one
electrode. In dual mode, one electrode (generator) was scanned
from 0.00 to 0.50 V, while the other electrode (collector) was
held at 0.00 V. After peeling the device from the glass slide, the
device was then inserted into a 1.2-mm-wide bent groove in an
acrylic resin block (AP-1000, Acrysunday Co., Ltd.). The bent
groove in the acrylic resin block was fabricated using a CO,
laser system (Universal Laser Systems Inc.). The groove was
filled with the Tris-HCI buffer containing 1.0 mM FcCH,OH,
and cyclic voltammetry in single and dual modes was performed.
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Fig. 3 Electrochemical detection using a device on a glass slide.
Cyclic voltammograms for 1.0 mM FcCH,OH in single (A) and dual
(B) modes. In single mode, both electrodes were scanned from 0.00 to
0.50 V at 20 mV/s and the response was acquired from one electrode.
In dual mode, one electrode (generator, red) was scanned from 0.00 to
0.50 V at 20 mV/s, while the other electrode (collector, blue) was held
at 0.00 V. (C) Dependence of the generator (red) and collector currents
(blue) at 0.50 V on the FcCH,OH concentration (0, 0.10, 0.50, 1.0, 2.0,
and 4.0 mM).
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Fig. 4 Electrochemical detection using a flexible device peeled from a glass substrate in a narrow
groove. (A) Photograph of acrylic resin block with groove. The depth and length of the groove were
9.1 and 11 mm, respectively. (B) Photograph of device inserted into the groove. Cyclic voltammograms
for 1.0 mM FcCH,OH in single (C) and dual (D) modes. In single mode, both electrodes were scanned
from 0.00 to 0.50 V at 20 mV/s and the response was acquired from one electrode. In dual mode, one
electrode (generator, red) was scanned from 0.00 to 0.50 V at 20 mV/s, while the other electrode

(collector, blue) was held at 0.00 V.

All electrochemical experiments were performed in a Faraday
cage to reduce electromagnetic interference.

Simulation of current due to redox compound diffusion

The redox current at the IDA electrodes was calculated using
COMSOL Multiphysics 4.3b (COMSOL, Inc., Sweden) using
the method described in our previous paper.’ Briefly, IDA
electrodes were arranged at the bottom of 3D models with
different channel heights, in order to investigate the effect of
confined spaces. The electrochemical system was assumed to
correspond to a reversible one-electron-transfer reaction. As an
initial condition, the model was filled with 1.0 mM of the
reduced analyte (FcCH,OH). The diffusion coefficients of the
oxidized (FcCH,OH*) and reduced forms (FcCH,OH) of the
analyte were set to the same value (7.0 x 107'° m%s),'® indicating
that the sum of the concentrations of the oxidized and reduced
forms was equal to the initial concentration of the analyte.'*2°
The concentrations of the oxidized and reduced forms at the
electrode during the electrochemical reaction were calculated
using the Nernst equation. The standard electrode potential of
the redox compound was set to 0.216 V.

Results and Discussion

As shown in Fig. 2A, the device was successfully peeled from

the glass slide. Since the device was very flexible, it can be
bent without fracturing (Fig. 2B) and attached to a rounded
surface (Fig. 2C). However, the SU-8 layer exhibits lower
mechanical stability than a parylene layer, and adheres more
strongly to glass than does parylene. In particular, it was found
that reducing the time and temperature of the hard bake made it
easier to peel the device from the glass. This was why baking
was carried out for 20 min at 145°C, rather than 30 min at
180°C. Compared to a parylene-based device, it is easy to
fabricate a thick SU-8-based device (>100 wm) by changing the
spin speed for coating an SU-8 resist. In addition, several kinds
of SU-8 patterns can be easily fabricated using only conventional
lithography. The SU-8 3000 data sheet describes that the tensile
strength and Yong’s modules of SU-8 are approximately 73
MPa and 2.0 GPa, respectively, and the thermal stability (5%
weight loss temperature) of SU-8 is approximately 300°C.
Since SU-8 is used as an etch mask in both wet and dry
processes, its chemical resistance is excellent.

Figures 3(A) and 3(B) show cyclic voltammograms for
FcCH,0H in single and dual modes, respectively, using the
SU-8-based device with the IDA electrodes before peeling it
from the glass slide. It can be seen that the oxidation current of
FcCH,OH is higher in dual mode than in single mode, indicating
that the electrochemical signals were successfully amplified by
redox cycling. For a current of 0.50 V, the collection efficiency
and the signal amplification ratio were calculated to be 71.9%
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Fig. 5 Results of current simulation based on redox compound diffusion. (A) IDA electrodes were
placed on the bottom of models with heights of 1000 and 10 um. Cyclic voltammograms for 1.0 mM
FcCH,OH in single (B) and dual (C) modes. In single mode, both electrodes were scanned from 0.00
to 0.50 V at 20 mV/s and the response was acquired from one electrode when the channel heights were
1000 (red) and 10 pm (blue). In dual mode, one electrode (generator: 1000 um, red; 10 um, blue) was
scanned from 0.00 to 0.50 V at 20 mV/s, while the other electrode (collector: 1000 wm, pink; 10 pm,
aqua) was held at 0.00 V. (D) Dependence of simulated current on channel height for single (blue) and
dual (red) modes. All values are normalized by the value for 1000 um. (E) Dependence of collection

efficiency on channel height.

and 3.30, respectively. From the single-mode cyclic
voltammogram, the separation between the oxidation and
reduction peaks (AEp) was found to be approximately 60 mV.
Figure 3C shows that the electrochemical signals in dual mode
were proportional to the concentration of FcCH,OH. Therefore,
the device can be used for quantitative detection.

Figures 4(A) and 4(B) show the configuration of the groove in
the acrylic resin block and a close-up of the peeled device
within the groove, respectively. Single- and dual-mode cyclic
voltammograms for FcCH,OH are shown in Figs. 4(C) and
4(D), respectively. It can be seen that successful redox cycling
occurred when the device was inserted into the bent groove in
the acrylic resin block. The collection efficiency and the signal
amplification ratio were 81.8% and 4.36, respectively. From the
single-mode cyclic voltammogram, AEp was found to be about
110 - 180 mV. The current for the bent device was similar to
that for the device on the glass slide in dual mode, and it is clear
that electrochemical measurements can be successfully
performed in narrow spaces using such a flexible device. In
contrast, the AFEp increased and the currents decreased by
bending the device strongly, indicating that the electrodes were

cracked. It might be necessary for electrodes to use a metal
having high ductility, such as gold.

Compared to other IDA electrodes,'* the signal amplification
and the collection efficiency of the present device are low. For
improving the signal amplification and the collection efficiency,
it is necessary to modify the geometric features of the electrodes,
including their spacing, width, and aspect ratio because the
signal amplification and the collection efficiency of IDA
electrodes depends on the geometric features.'

To analyze the behavior of redox cycling in small spaces
precisely, current simulations were performed. Simulations
were carried out to determine the effects of confinement on the
redox current by varying the channel height in the model, as
illustrated schematically in Fig. 5(A). Simulated single- and
dual-mode voltammograms are shown in Figs. 5(B) and 5(C),
respectively, for channel heights of 1000 and 10 um. As shown
in Fig. 5(B), when the channel height in the model was changed
from 1000 to 10 pm, the single-mode current response at 0.50 V
decreased from approximately 5.4 to 0 LA because almost all of
the redox compound was rapidly consumed during the
electrochemical process. In contrast, in dual mode, the current
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response at 0.50 V decreased only slightly from approximately
36 to 27 pA, as seen in Fig. 5(C). This is because the redox
compound consumed at the generator electrodes was regenerated
at the collector electrodes. Thus, IDA electrodes are useful for
electrochemical detection in small spaces because of redox
compound regeneration.

The dependence of the peak current at 0.50 V on the channel
height is shown in Fig. 5(D). In single mode, the current
dramatically decreased for channel heights of less than 200 pm,
because the FcCH,OH/FcCH,OH* diffusion layer produced by
the electrodes extended to the roof of the channel, so that the
electrodes received an insufficient supply of FcCH,OH during
the electrochemical reaction. No current was generated in
single mode when the channel height was below 50 um. In
contrast, in dual mode, the current decreased by only 8% for a
channel height of 50 um although the diffusion layer produced
by the generator electrodes extended to the roof of the channel.
A steady-state concentration gradient of FcCH,OH/FcCH,OH*
was rapidly formed between the generator and collector
electrodes in dual mode, which gave rise to a steady-state
current. When the height was 10 - 25 um, the diffusion layer
became thinner and the electrochemical reaction took place
mainly at the edges of electrode fingers that were facing each
other, leading to a decrease in the current response. Figure 5(E)
shows the dependence of the dual-mode collection efficiency at
0.50 V on the channel height. It dramatically increased as the
channel height decreased from 1000 to 5 um, showing that the
narrow space is effective at improving the collection efficiency.
Thus, the above results indicate that the proposed device is
highly promising for electrochemical detection in small spaces.

Comparing Fig. 5(B) and Fig. 3(A), it can be seen that for
single mode, the simulated peak current of 14 WA was very
similar to the experimentally obtained value of 15 pA.
Comparing Fig. 5(C) and Fig. 3(B), the simulated generator
current of 36 LA at 0.50 V was very similar to the experimental
value of 37 UA in dual mode. Thus, the observed electrochemical
behavior was found to be consistent with that predicted by the
simulations.

We have previously reported electrochemical imaging devices
consisting of IDA electrodes fabricated on glass slides,’!* with
up to 1024 electrochemical sensors integrated on a single slide.!!
We are now attempting to fabricate similar devices on flexible
substrates in order to realize electrochemical imaging of soft
materials.

Conclusions

In the present study, an SU-8 layer was used as the substrate for
a flexible amperometric device, which incorporated IDA
electrodes for electrochemical detection in narrow spaces.
During an experimental test in which the device was inserted
into a narrow groove, it exhibited a clear electrochemical
response based on redox cycling of FcCH,OH/FcCH,OH*.
Simulations were also carried out, and the results confirmed that
effective redox cycling occurred in small spaces. The flexibility
of the device makes it highly promising for electrochemical
detection in narrow complicated structures.
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