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A totally organic and disposable electrochromic timer integrated with an enzymatic electrode and powered by
biofuel cells is developed. The cathode of the self-powered electrochromic timer consists of a composite elec-
trochromic film of poly(3,4-ethylenedioxythiophene) (PEDOT) and polyurethane (PU), while the anode is made
up of a fructose dehydrogenase (FDH) enzymatic electrode. The electrochromic changes over time (up to
100 min) can be displayed in the device, and the speed of color change can be controlled by changing the
resistance between the anode and the cathode. Automatic activation of the timer after placement on a skin is

achieved by integrating a porous microneedle array. The electrochromic timer would be used along with a skin
patch as a time-lapse display of medical and cosmetic treatments.

1. Introduction

Recent progress in printed electronics has opened up new possibi-
lities for personalized medicine and ubiquitous healthcare (Kuribara
et al., 2012; Sekitani and Someya, 2010; Rogers et al., 2010; Kim et al.,
2012; Gao et al., 2016; Hattori et al., 2014; Benight et al., 2013). The
flexibility of the printed electronic devices allows it to be used as skin
patches for sweat sensor, intracranial fluid sensor, and iontophoretic
drug delivery system (Dang et al., 2018; Griffith et al., 2018; Lee et al.,
2017; Bandodkar et al., 2017). While most of the skin patches proposed
so far focus on sensing vital information (Imani et al., 2016; Rose et al.,
2015), they can be equally valuable for electrically stimulated medical
treatments. For instance, induction of ionic current flow at a skin
wound is known to accelerate the healing process by increasing the
electromigration of keratinocytes towards the wounded surface (Funk,
2015; Song et al., 2002). Likewise, induction of ionic currents through
the skin helps facilitate drug delivery and wrinkle removal (Dixit et al.,
2007).

The electrical patches for sensing and stimulation need external
power to run. These power sources are usually heavy, rigid, non-dis-
posable, and hazardous (Saluja et al., 2013; Vikelis et al., 2012; Power,
2007). As a result, there is need for a built-in power source that is
patient-compliant and easy to use. Enzymatic biofuel cells (BFCs) show
some promise; they utilize the electrocatalytic properties of enzymes to
produce electricity from biochemicals in a physiological environment,
i.e., ambient temperature and at approximately neutral pH (Miyake
et al., 2011a, b; Barton et al., 2004; Cooney et al., 2008; Heller, 2004;
Meredith and Minteer, 2012; Kwon et al., 2014; Luckarift et al., 2014).
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Utilizing these properties of BFCs, we have recently fabricated a com-
pletely organic and disposable skin patch with a built-in BFCs for ac-
celerating wound healing (Kai et al., 2017b), and transdermal drug
dosing with iontophoresis (Ogawa et al., 2015a). These self-powered
medical patches composed of enzyme-modified carbon fabrics, con-
ducting polymer-based internal resistors, and hydrogel films containing
fructose as the biofuel. One of the major challenges of the organic skin
patch is the ability to measure and show the duration of elapsed time
after the application of the patch. For example, the drug dosage to the
skin depends on the duration that a drug was supplied through the skin
patch (Lee et al., 2017). Thus, a visual cue to indicate when to dispose
the patches can be very useful for controlling the drug dose.

In the present study, we have developed an electrochromic timer
that works in conjunction with the system of enzymatic current gen-
eration. Limited flexibility of the existing electrochromic display (Yan
et al., 2014; Chen et al., 2014) makes them incompatible for integrating
into skin patches. However, by using a composite film of poly(3,4-
ethylenedioxythiophene) and polyurethane (PEDOT/PU) (Kai et al.,
2017a, b) we were able to make a stretchable electrochromic display
the color depth of which indicates the amount of charge generated by
the enzymatic skin patch. The enzymatic reaction-driven display in-
dicates the time that has elapsed since the application of the patch
(Fig. 1a). The electrochromic timer is composed of the PEDOT/PU film,
a carbon electrode modified with fructose dehydrogenase (FDH)
(Miyake et al., 2011a, b, 2013; Ogawa et al., 2015a, b), and hydrogel
containing fructose (Fig. 1b). Color change of the PEDOT/PU film oc-
curs when a current is generated from a redox reaction. A time lapse is
monitored by tracking gradual changes in color depth of the PEDOT/PU
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Fig. 1. Schematic of the organic electrochromic timer for enzymatic skin pat-
ches. (a) Concept of the electrochromic timer that displays a time lapse after
application of a skin patch. (b) Structure of the electrochromic timer activated
by closing an electric circuit with a resistance. (c) Structure of the electro-
chromic timer with an automatic activation switch after application to the skin.

film. The time lapse begins when the resistance and the FDH electrode
are physically connected to the film. Further, the electrochromic timer
is activated by interstitial fluid of the skin (Fig. 1c). Moreover, we show
that the integration of a porous microneedle array (Liu et al., 2016;
Nagamine et al., 2017) to the organic electrochromic timer is an ef-
fective way to achieve automatic activation (switch-on) of the timer
immediately after applying it to the skin.
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2. Experimental
2.1. Materials and equipment

Carbon nanotubes (CNTs; Baytube) were purchased from Bayer.
Carbon fabric (TCC-3250) was purchased from Toho Tenax Co. Fructose
dehydrogenase (FDH; FCD-302) was purchased from Toyobo.
Polyurethane (PU; Gumthane AR650) was kindly provided by Okada
Engineering. 3,4-Ethylenedioxythiophene (EDOT; Clevios MV2) and
iron (III) tosylate (Fe(III)(TsO)s; Clevios C-B 40 V2) were purchased
from Heraeus. Polydimethylsiloxane (PDMS) pre-polymer and curing
agent (Sylpot 184) were purchased from Dow Corning. Irgacure® 184
was purchased from BASF. Other reagents were purchased from Sigma
Aldrich and Wako Pure Chemical, and were used as it is. All chemicals
were used without further purification.

2.2. Preparation of a PEDOT/PU film

The composite film of poly(3,4-ethylenedioxythiophene) and poly-
urethane (PEDOT/PU) was prepared following the same procedure as in
the previous study (Kai et al., 2017a, b). Briefly, glass slides (S1127,
Matsunami Glass Ind., Ltd.) were cleaned by sonication in acetone,
denatured ethanol, and distilled water three times; and then kept in
isopropanol. PU was dissolved in tetrahydrofuran (THF) by stirring
overnight at room temperature. EDOT, 1-butanol, and iron (III) tosylate
were mixed to the THF solution and spin-coated on the glass slide at
2000 rpm for 30s. The glass was heated to 90 °C on a hot plate to form
PEDOT in the PU matrix. The resulting PEDOT/PU composite was
washed in water on a shaker overnight to remove unreacted monomer
and excess iron (III) tosylate. The fabricated PEDOT/PU film was sub-
jected to electrochemical measurement as it was, or peeled off from the
glass substrate to be used as a free-standing film. For measurement of
color depth of the PEDOT/PU film in Figs. 2a, 1.667 ml of 10 wt% PU
solution in THF, 0.799 ml of 1-butanol, 0.352 ml of EDOT, and 2.598 ml
of 40 wt% iron(III) tosylate solution in 1-butanol were used. Otherwise,
5.000 ml of 10 wt% PU solution in THF, 0.286 ml of 1-butanol, 0.126 ml
of EDOT, 0.929 ml of 40 wt% iron(II) tosylate solution in 1-butanol
were used. Electric impedance of the fabricated PEDOT/PU electrode at
high frequency was low (< 100 ohms/cm?), and double-layer capacity
of the PEDOT/PU electrode was 6.51 mF/cm>.
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2.3. Preparation of an FDH electrode

The FDH-modified carbon fabric (CF) electrode was prepared ac-
cording to the previous study (Miyake et al., 2011a, b). CNTs (40 mg)
were heated to 400 °C in an oven for 11 h, then sonicated in a mixture of
distilled water, sulfuric acid, and nitric acid (volume ratio 1:1:3) for
30 min. The CNTs in the solution were left at the room temperature for
5h, neutralized by sodium hydroxide, and collected by filtration. The
CNTs were frozen for 1h, and dried in a freeze-dryer. The CNTs were
sonicated in 1 wt% Triton-X aqueous solution (4 ml) by a tip sonicator
to obtain the homogenous suspension. The suspension of CNTs (200 ul)
was dropped on to a piece of carbon fabric (1 cm X 1cm) and dried in
an oven at 70 °C for 15 min. This was repeated 2 times on each side of
the fabric. The carbon fabric was stirred in water for 1h to remove
excess CNTs and Triton-X. The fabric was immersed in a 50 mM Mcll-
vaine buffer (pH 5.0) containing 5 mg/ml FDH and kept for more than
8h at 4°C.

2.4. Preparation of double-network hydrogel

A double-network hydrogel (DN hydrogel), composed of gellan gum
crosslinked with Ca®*, and poly(acrylamide) crosslinked with N,N’-
methylenebis(acrylamide), was prepared as described in the previous
study (Miyake et al., 2011a, b). Acrylamide (450 mg/ml), N,N’-me-
thylenebis(acrylamide) (10 mg/ml), gellan gum (7.5 mg/ml), calcium
chloride dihydrate (35.3 mg/ml), and Irgacure 184 (10 mg/ml) were
mixed in water. The resulting mixture was heated in a microwave oven
to the point of boiling, and poured between glass slides with a silicone
rubber spacer of 0.5 mm thickness, followed by irradiation with 365 nm
ultraviolet light for 1 h under nitrogen atmosphere. The polymerized
hydrogel was washed in water on a shaker overnight, and further im-
mersed in a 1X phosphate buffer saline (PBS) solution (pH 7) with or
without 200 mM p-fructose on the shaker overnight.

2.5. Fabrication of a porous microneedle array

The porous microneedle array was prepared according to the pre-
vious report (Liu et al., 2016). The height and the diameter of each
microneedle were 700 um of 350 um respectively. The array was com-
posed of 6 X 6 conical needles with an interval of 1 mm. Briefly, a mold
of the microneedle array was fabricated by drilling an acrylic plate, and
molding it by PDMS (pre-polymer/curing agent with 10:1 w/w ratio,
vacuum degassed for 1h at room temperature). A mixture of 10 ml
glycidyl methacrylate (GMA), 5.23ml trimethylolpropane trimetha-
crylate (TRIM) and 15.7ml triethylene glycol dimethacrylate
(TEGDMA) was used as a monomer/cross-linker solution. 1 g of poly-
ethylene glycol (PEG) in 5ml of 2-methoxyethanol was used as a
porogen that can be removed afterward. A mixture of 3ml of the
monomer/cross-linker solution, 3.5ml of the porogen, and 9.7 mg of
Irgacure 184 was poured onto the mold, and degassed in a vacuum
chamber three times in 20 min to fill the mold with the solution. The
mold was exposed to 365 nm ultraviolet light for 1 h to polymerize the
mixture. After collecting the polymerized microneedle array from the
mold, the porogen in the microneedle array was removed by immersing
in ethanol/water (1:1 vol) at 50 °C for 4 h three times.

2.6. Electrochemical experiments

Electrochemical experiments were performed using a three-elec-
trode system (BSA, 730C electrochemical analyzer) in stirred solutions
at room temperature. The electrodes (PEDOT/PU film and FDH elec-
trode) were mounted by SUS316L fine tweezers whose outer surface
was insulated by resin, and electrically connected through a carbon
resistor. Electrochemical potentials were reported as the voltage against
Ag/AgCl in saturated KCl.
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2.7. Evaluation of the color depth of a PEDOT/PU film

The movies of the electrochromic timer were taken by a digital
camera (Canon EOS Kiss X7i), and RGB colors of every video frame
were converted to the CIE L*a*b* color scale. L* values representing
color depths were plotted against the time following the protocol used
in our previous report (Kai et al., 2017a). Error bars indicated standard
deviation between specimens.

3. Results and discussion

3.1. Electrochromism of PEDOT/PU driven by fructose oxidation at FDH
electrodes

Fig. 2a shows the color depth of PEDOT/PU as a function of elec-
trical potential (blue) and the CV current of oxidation of fructose at
FDH electrode (red) at 10 mV/s, which were measured separately. Ca-
pacity of electric double layer of the FDH electrode was calculated from
Fig. 2(a) as 9.64 mF/cm?. The capacity charge of the wet electrode was
relatively high compared to conventional dry metal electrodes. The
PEDOT/PU composite film showed reversible electrochromism upon
redox reactions as we previously reported (Kai et al., 2017a). The in-
trinsic conductivity of a PEDOT/PU composite eliminates the necessity
of the underlying electrode for the color change of the entire film. The
L* value of the PEDOT/PU film was a sigmoidal function of the applied
voltage, and the midpoint of the sigmoidal shape that corresponded to
the redox potential was around 0.1 V vs Ag/AgCl, which is in agreement
with the previous findings (Kai et al., 2017a). The film under reduction
reaction had a dark blue appearance when the supply voltage was
below 0.1 V while the oxidized film appeared pale blue when voltage
supply was above 0.1 V. On the other hand, the CV of the FDH-modified
electrode showed that the oxidation of fructose started at — 0.2 V. The
comparison of the reduction potential of PEDOT/PU (0.1 V) and the
oxidation potential of fructose at FDH-modified electrode (— 0.2 V)
indicated that the electrochromic color change of PEDOT/PU can be
induced by FDH-catalyzed oxidation of fructose, in principle.

The PEDOT/PU film and an FDH-modified carbon fabric electrode
were immersed in a 1 X PBS (pH7.0) containing 200 mM fructose, and
externally connected as illustrated in Fig. 2b. Fig. 2c shows the system
and the time lapse of the color change of the PEDOT/PU film in re-
sponse to the addition of 200 mM fructose, where the external circuit
was directly connected without a resistor. The color depth of the
PEDOT/PU film was stable before the addition of fructose, and a sudden
change to dark blue was observed within 2 min, indicating a smooth
conjugation of the oxidation of fructose and the reduction of the
PEDOT/PU film. The color depth of the PEDOT/PU film was stable even
after addition of fructose when the external circuit was not connected.
These results indicate that the direct reduction of PEDOT/PU by fruc-
tose is not possible (very slow), and the electrode catalyst, FDH in this
case, is necessary for this conjugated redox system.

The enzymatic reaction-driven electrochromism of PEDOT/PU film
was investigated by changing the external resistances (1, 10, 100,
330kQ) in 200 mM fructose in PBS. Fig. 2d shows the typical time
courses of the variation of L* values from the initial (AL*) after the
connection of a PEDOT/PU film and an FDH-modified electrode. The
rate of color change of the PEDOT/PU film showed an inverse corre-
lation with the resistance because the reaction speed of the system was
controlled by the resistance value. Importantly, the change in speed for
each resistance value was roughly constant, indicating the possible
application of our system as the timer of which the range of measure-
ment can be set using different resistance values.

3.2. Electrochromic timer in a skin patch format

To study the performance of the electrochromic timer in skin patch
format, we integrated PEDOT/PU film and FDH-modified electrode on a
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Fig. 3. The organic electrochromic timer in a skin patch format. (a) Schematic of the timer connected to various resistances, and activated by a drop of fructose
solution. (b) Time course of color change of the PEDOT/PU in the skin patch. (c¢) Elapsed time for AL* = 10 as a function of connected resistances in bulk solution and
in the form of a patch, respectively. (d) The totally organic electrochromic timer packed with internal biofuel in the hydrogel. (e) Time-lapse photographs of the timer

after activation by connecting to a resistance.

piece of medical tape with two through holes for supplying fructose to
the FDH-modified electrode and observing the PEDOT/PU film, re-
spectively (Fig. 3a). The patch was placed on a DN hydrogel (0.5 mm
thick) and various resistances (1, 10, 100, 330 kQ2) were connected. A
droplet of 200 mM fructose in PBS was pipetted onto the FDH-modified
electrode and AL* values of the PEDOT/PU film was monitored. Fig. 3b
shows typical results obtained in the skin patch format, which were
similar to the previous experiment in the stirred bulk solution (Fig. 2d).
Especially, the color change in the early stage, the elapsed time for
AL* = 10, was nearly identical (Fig. 3c). It is also shown here again that
the range of measurable time can be set with the external resistance
(n = 3 for each value of resistance).

Fig. 3d shows the structure of the totally organic enzymatic timer
patch with a built-in power source. The electrochromic display of the
PEDOT/PU film was exposed by a hole, while the FDH electrode was
totally covered. A resistance made of PEDOT/PU film was externally
placed on the device to connect PEDOT/PU film and the FDH electrode,
and to set the range of the timer. In addition, to make the color change
easily recognizable , the color references made of PEDOT/PU films with
different degrees of oxidation (top: initial state, left: AL* =10, bottom:
reduced state) were adhered around the window of the display
(Fig. 3e). The color of exposed PEDOT/PU timer was nearly the same as
the top color reference at Os (before connection). As the electro-
chemical reaction proceeded after connecting to the resistance (10 k<),
the color of the PEDOT/PU film changed, appeared to be the same as
the left (AL*= 10) color reference at 180 s, and finally had the same
color as the bottom (reduced state) color reference at 540s. The re-
lationship of the time and color change was in agreement with the re-
sults in Fig. 3c. With this setup, a user can roughly know the time even
without any external complex equipment for the measurement of color.
In addition, the change of L* values can be monitored in real-time by a
mobile phone application (Kai et al., 2017a), therefore the time after
skin patch application would be quantitatively measured using the or-
ganic, disposable electrochromic timer, benefiting on-site healthcare

fields and cosmetic products. The FDH-modified electrode itself can be
freeze-dried and stored for one week before use, however, when the
FDH electrode is integrated in the patch device, it can be used for
several hours (1-6 h) as far as we confirmed. The current configuration
of the skin patch will be not suitable for long-term use but will be useful
for one-day use disposable devices.

3.3. The timer with an automatic activation switch

The electrochromic timer in the skin patch format described above
allowed measuring a time lapse after applying the fructose solution or
an external resistance. Such mechanism of an activation switch (the
application of fuel solution or the resistance) would be cumbersome for
medical and cosmetic uses. For a more practical and smart switching
mechanism of a timer, an electrochromic display integrated with a
porous microneedle array was designed to directly activate the timer by
closing the transdermal electric circuit when the patch is applied to the
skin (Fig. 4a). A PEDOT/PU timer, a PEDOT/PU color reference, an
FDH-modified electrode, two blocks of DN hydrogels, and a carbon
electrode were packaged onto a medical tape with through holes and
two PDMS sheets with holes. Two porous microneedle arrays were
placed under the holes of the PDMS sheets. The PDMS sheets insulated
the PEDOT/PU film and FDH-modified electrode such that they in-
hibited the on-skin ionic current (Nagamine et al., 2017). The porous
microneedle array, which we reported previously (Liu et al., 2016),
penetrates the stratum corneum of the skin and bypasses its high and
variable resistance, resulting in a more controlled ionic current through
the skin. The device was placed on the human skin, and the color
change of the PEDOT/PU film was observed (Fig. 4b). The electro-
chromic timer showed nearly the same color as the color reference at
350 s after applying on the skin, as examined in the time course of L*, in
which the color depth of the timer reached the value of the color re-
ference after applying on the skin. On the other hand, the color depth of
the timer placed on a piece of paper showed a constant value (black line
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Fig. 4. The electrochromic timer integrated
with porous microneedle arrays for automatic
activation after applying on human skin. (a)
Exploded view of the timer with porous mi-
croneedle arrays. (b) Left: Photographs of the
timer after applying it on human skin im-
mediately (top), and after 350 s (bottom), re-
spectively. Inset shows the magnification of the
timer. Right: Time courses of the color depth of
the timer on human skin (red), a piece of paper
(black), and the color reference (blue).
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in the Fig. 4b). These results show that the integration of porous mi-
croneedle arrays to the electrochromic display helped realize the au-
tomatic activation switch of the timer.

4. Conclusions

In the present study, a totally organic and disposable electrochromic
timer that can be used along with a skin patch was developed. This
sensor is able to measure the time that elapsed since patching it to the
skin. The comparison of the reduction potential of PEDOT/PU film and
the oxidation potential of fructose at FDH electrode demonstrated that
the electrochromic color change of the PEDOT/PU film can be induced
by FDH-catalyzed oxidation of fructose. The starting time and the range
of measurement of the timer can be modulated by a resistance con-
nected between the PEDOT/PU film and the FDH electrode within a
patch. A porous microneedle array integrated in the timer allowed
automatic activation of the timer by closing the transdermal electric
circuit when the patch is applied to the skin. The stability of the FDH
electrode in a skin patch format was limited within one day, thus the
electrochromic timer should be suitable for a disposable device. The
electrochromic timer fabricated in this study looks promising for ap-
plications in healthcare/medical fields and cosmetics. Our future works
will include integration of the electrochromic timer with drug dosing or
wound healing skin patches to prove the device can be a versatile
platform for displaying end time of the disposable skin patches.
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