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A B S T R A C T

Wearable biofuel cells with flexible enzyme/carbon nanotube (CNT) fibers were designed on a cotton textile
cloth by integrating two components: bioanode fibers for glucose oxidation and O2-diffusion biocathode fibers
for oxygen reduction. The anode and cathode fibers were prepared through modification with glucose dehy-
drogenase and bilirubin oxidase, respectively, on multi-walled carbon nanotube-coated carbon fibers. Both
biofibers woven on the cloth generated a power density of 48 μW/cm2 at 0.24 V from 0.1mM glucose (human
sweat amount), and of 216 μW/cm2 at 0.36 V, when glucose was supplied from a hydrogel tank containing
200mM glucose. Our fiber-based biofuel cell deformed to an S-shape without a significant loss in cell perfor-
mance. Furthermore, we demonstrated a series-connection involving the tying of biofibers on a cloth with batik-
based ionic isolation. The booster four cells generate power at 1.9 V that illuminated an LED on the cloth.

1. Introduction

There is increasing interest for the development of wearable elec-
tronic devices, including functional artificial electric skin (Hammock
et al., 2013; Sun et al., 2018), wearable displays (Park et al., 2009;
Sekitani et al., 2009), and health monitoring devices (Hattori et al.,
2014; Oh et al., 2018; Yamada et al., 2011). The production of such
electronic devices requires all components, including the power source
to be flexible and stretchable so that the devices can be transformed to
twisted, stretched, and folded forms. Conventional chemical batteries
are unsuitable for wearable electronics due to rigidity and toxicity.
Therefore, safe and comfortable power sources are required for wear-
able electronics.

Enzyme-based biofuel cells (BFCs) are prospective candidates for
wearable and sustainable power sources (Minteer et al., 2007; Willner
et al., 2009) because power generation originates from the carbohy-
drate biofuels produced by living systems (Akers et al., 2005;
Ramanavicius et al., 2005). Examples include power generation from
blood (Southcott et al., 2013), sweat (Bandodkar et al., 2017; Jeerapan
et al., 2016; Jia et al., 2013; Lv et al., 2018), tears (Falk et al., 2012),
and urine (Göbel et al., 2016). The strategy to develop BFCs involves
using new functional carbon-rich micro/nano-materials for enzyme
loading due to their large specific surface area. Ketjenblack (Miyake
et al., 2009) and carbon black (Tamaki et al., 2007) coated micro-
electrodes are commonly used to enhance enzymatic BFC performance.

Carbon electrodes with MgO template provide a large surface area with
precise control of the pore sizes for enzyme loading and sufficient
biofuel supply (Murata et al., 2014; Shitanda et al., 2015). The carbon
nanotube (CNT) is a cutting-edge material that provides high con-
ductivity, mechanical strength, and surface functionalization. Recently,
CNT-based films (Bandodkar et al., 2015; Miyake et al., 2011b), fibers
(Li et al., 2008; Sim et al., 2018), and yarn (Kwon et al., 2014) were
produced to enhance the output current (from the μA to the mA) from
artificial biofluids. However, the current from natural products such as
sweat and tears still remains at the μA level due to insufficient supply of
biofuel to nanostructured carbon electrodes. Furthermore, the wearable
cell voltage is around 1.0 V when powered from a BFC, and this output
voltage is insufficient to operate devices for some applications. The
output voltage can be boosted using the following: (1) a DC/DC boost
converter, or (2) a series connection of multiple BFCs on the textile
cloth. For examples, a single BFC was connected with a charge pump IC-
based circuit to boost the cell voltage from 0.6 to 2.0 V (Katz and
MacVittie, 2013). This circuit assisted in providing LED illumination
from grape (Miyake et al., 2011a) and snail (Katz, 2015), and for a
wireless biosensing system (Hanashi et al., 2011; Kassal et al., 2015). In
contrast, the use of a series connection of multiple BFCs produces a net
output voltage over 1.0 V. Examples include microfluidic BFCs with
superhydrophobic air valves (Togo et al., 2009); layered BFCs sequen-
tially laminating bioanode carbon sheets, a hydrogel tank, including
biofuels, and biocathode carbon sheets (Miyake et al., 2013); and
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screen-printed origami BFCs (Shitanda et al., 2017). Efforts, however,
were devoted on producing enzymatic cells on solid substrates or on
carbon fabric strips. Although mounting on planar surfaces of a textile
cloth for wearable skin devices is possible for such two-dimensional
BFCs, application on curvy surfaces like the eye lens, the ankle and the
elbow remains difficult. To this end, one-dimensional fiber BFCs are
suitable for designing 2D or 3D cells of complex curvatures by weaving
the enzyme fibers.

Here, we develop flexible enzyme/CNT composite fibers for power
generation on a textile cloth using glucose biofuel (Fig. 1) and de-
monstrate a series connection by tying the enzyme fibers with batik-
based ionic isolation to boost the net output voltage and power. The
anode and cathode fibers were prepared by modifying multi-walled
CNT (MWCNT)-decorated carbon fibers with glucose dehydrogenase
(GDH) and bilirubin oxidase (BOD), respectively. We optimized the
performance in a nicotinamide adenine dinucleotide (NAD)-cofactor
GDH bioanode with hydrophilic CNT coating, and in an O2-diffusion
biocathode with multi-coating of the hydrophobic and hydrophilic
CNTs on the fibers. The flexible fiber-based BFC yields high power even
when deformed to an S shape at temperatures from 4 to 50 °C. Fur-
thermore, we demonstrate illumination of an LED device powered by a
BFC and boosted by four BFCs on the textile cloth with a glucose so-
lution input.

2. Material and methods

2.1. Reagents

The MWCNTs used were purchased from Cheap Tubes (> 95%
purity, 30–50 nm diameter, 10–20 μm length, functionalized COOH
group). Methylene green (MG) was purchased from MP Biomedicals,
and NAD+ was obtained from Oriental Yeast Co. GDH (30 U/mg), D
(+)-Glucose, Triton X-100, ethanol (99.5), HNO3, H2SO4, K2HPO4, and
KH2PO4 were purchased from FUJIFILMWako. The BOD was purchased
from Amano Enzyme Inc, and the carbon fiber was bought from FC-R&
D (0.1mm diameter). Textile cloth was purchased from UNIQLO.
Polytetrafluoroethylene (PTFE) was purchase from SIGMA-ALDRICH.

2.2. Acid-treatment for CNT

The MWCNT was heated at 400 °C for 11 h in an oven. This was
followed by treatment with a mixed acid solution (distilled water:
HNO3: H2SO4 with a volume ratio of 1:3:1) for 30min in an ultrasonic
bath at 4 °C and, subsequently, in a static bath for 5 h at room tem-
perature. After neutralizing the acid with NaOH solution, acid-treated
CNT (A-CNT) was dispersed in a solution, collected by vacuum filtra-
tion, and freeze-dried to prevent aggregation of the CNTs during drying.

2.3. Preparation of carbon fiber anode

A 500 μL aliquot of 5mg/mL A-CNT solution containing 1% Triton
X-100 was dropped onto carbon fibers and dried in an oven at 70 °C,
followed by washing of the A-CNT modified carbon fibers with distilled
water to remove excess A-CNT. The A-CNT carbon fibers were deco-
rated with a PolyMG mediator for NADH oxidation at a cyclic voltage
between −0.4 and 0.6 V vs. Ag/AgCl for five cycles to the fibers in the
PBS buffer (0.1M, pH 7) including 2mMMG. After washing with water,
we adsorbed GDH enzymes onto PolyMG/A-CNT carbon fibers in a
stirring solution, containing 0.4mg/mL GDH at 4 °C for 24 h to produce
a composite that we refer to as GDH/PolyMG/A-CNT/fibers. In addi-
tion, before loading the GDH enzymes into the CNT fibers, we coated
the A-CNT on the PolyMG/A-CNT carbon fibers and allowed subsequent
GDH enzyme adsorption on the electrode to produce GDH/A-CNT/
PolyMG/A-CNT/fibers. A geometric area of 0.12 cm2 was utilized for
the calculation of the current density in cyclic voltammetry.

2.4. Preparation of O2-diffusion cathode

In the cathode preparation, we used two types of CNT solutions
including a 5mg/mL hydrophilic A-CNT solution containing 1% Triton
X-100 for BOD enzyme loading and proton flow, and a 5-mg/mL hy-
drophobic MWCNT ethanol solution with 1.0 wt% PTFE hydrophobic
particles to produce a PTFE-CNT layer for O2 diffusion from air. As in
the anode preparation, we coated A-CNT on carbon fibers, allowed
adsorption of the BOD enzyme onto the A-CNT/fibers in a stirred so-
lution containing 5mg/mL BOD at 4 °C for 12 h and termed it BOD/A-
CNT/fiber. We coated further PTFE-CNT layer onto the BOD/A-CNT/
fiber (PTFE-CNT/BOD/A-CNT/fiber) by drop-casting at room tem-
perature. Two additional BOD cathodes were prepared by coating the
carbon fibers BOD/A-CNT/PTFE-CNT/fiber and PTFE-CNT/BOD/A-
CNT/PTFE-CNT/fiber with PTFE-CNT. The current density was calcu-
lated using a geometric area of 0.12 cm2.

2.5. Preparation of hydrogel sheet

The preparation of the hydrogel sheet followed the procedures used
by Ogawa et al., (2015). The polyacrylamide prepolymer solution was
composed of 5 wt% acrylamide, 0.24 wt% N,N-methylene-bis-acryla-
mide, and 1mg/mL Irgacure 2959 (BASF Japan Ltd.). The prepolymer
solution was poured into a 50mm×100mm×5mm (w× l×h) si-
licone-rubber chamber on a glass substrate and then UV-irradiated
(LC8, HAMAMATSU) until polymerized. Each hydrogel sheet was im-
mersed overnight in 0.1 mM PBS buffer (pH 7.0), including 10mM
NAD+ and glucose varying from 0 to 200mM. The ionic conductivity of
the prepared hydrogel measured by AC impedance spectroscopy
(± 5mV, 1–10,000 Hz) was 2Ω.

2.6. Electrochemical measurements

The performance of the carbon fiber electrodes was analyzed by a
three-electrode system (BAS, 2325 model or Hokuto Denko, HSV-110
electrochemical analyzer) in solution using an Ag/AgCl reference and a
platinum counter electrode. The GDH-modified anodes were evaluated
in a glucose solution, whereas the BOD-modified cathodes were

Fig. 1. a. Schematic of enzyme/CNT composite fibers woven on a textile cloth.
b. Illumination of an LED device (charge pump IC, capacitor and red LED)
connected to enzymatic power fibers when a glucose solution is dropped on a
cloth. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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evaluated in a PBS solution. The performance of the biofuel cell was
evaluated based on the cell voltage upon connecting with a variable
external resistance between 0.9 and 80 kΩ before and after sewing
enzyme fibers on the cloth. The current and the power were derived
from the cell voltage and the resistance. The electrochemical mea-
surements were carried out at different temperatures: at 4 °C in a re-
frigerator and at 20, 30, and 50 °C in an oven.

2.7. Preparation of batik-based ionic isolation

Beeswax (Dharma Trading Co., melting point: 62 °C) was used as a
hydrophobic flame on the textile cloth. To melt the max, we heated it
with a gas burner, and the melted max was dropped on both sides of the
cloth to create four square flames. This was followed by placing the max
flamed cloth on a hot plate at 80 °C for 5min to create seamless and
smooth flames.

3. Results and discussion

3.1. Performance of GDH-CNT composite bioanodes

The GDH enzyme catalyzes the oxidation of glucose by reducing the
co-factor NAD+ to NADH so that NADH oxidation at the anodic elec-
trode sustains the continuous oxidation reaction. However, NADH
oxidation at conventional electrodes requires a large overvoltage of
0.35 V for gold (Neto et al., 2015) and 0.8 V for glassy carbon electrodes
(Pillai et al., 2018). Thus, a common strategy for reducing this over-
voltage involves adding a mediator (Bilgi et al., 2018) and/or the dia-
phorase enzyme (Dinh et al., 2016) on the electrodes. Here, we used
PolyMG as a mediator due to its excellent electrocatalytic activity and
stability toward NADH oxidation (Carucci et al., 2017). First, we in-
vestigated NADH oxidation at the electropolymerized MG on the A-
CNT/fiber. The results show that the oxidation current starts at a ne-
gative potential of−0.2 V, and the maximum current density of 15mA/
cm2 is reached at 0.2 V for a 10mM NADH solution (Supporting Fig. 1).
In the absence of NADH in a PBS solution, we observed only small redox
peaks from the adsorbed PolyMG mediator on the fiber electrode.

To perform the glucose oxidation, we modified the GDH on the
PolyMG/A-CNT/fiber electrode (Fig. 2a). The oxidation current density
was 1.8mA/cm2 at 0.17 V in the presence of 10mM NAD+ and 200mM
glucose at 50 °C. This value was obviously small as compared with pre-
measurements of NADH oxidation at the PolyMG/A-CNT/fiber elec-
trode (Supporting Fig. 1). We assume that the electropolymerized MG
blocked the GDH loading onto the A-CNT fiber. In fact, when we
measured the glucose oxidation at the GDH/A-CNT/fiber without the
PolyMG mediator (Fig. 2a), the current density was 6.4 mA/cm2 at the
same condition, whereas this mediator-less electrode required an
overvoltage of 0.42 V. To resolve this issue, we added a layer of A-CNT
for GDH loading onto the PolyMG/A-CNT/fiber electrode. The perfor-
mance was enhanced dramatically to 7.6mA/cm2 at 0.16 V, which is
4.2 times that obtained with the GDH/PolyMG/A-CNT/fiber. We opti-
mized the amount of additional A-CNT coating (Supporting Fig. 2) and
found that the performance increased to five times the coating due to
large GDH biocatalysts. The five times increase in the A-CNT coating
maintain the performance.

To calibrate the performance of our GDH-based fiber at different
temperatures, we measured the oxidation current at 4 °C, 20 °C, 30 °C,
and 50 °C (Fig. 2b). Understanding the temperature dependency is im-
portant because of the environmental temperature difference between
locations as well as between the inside and outside of buildings. We
assumed that a wearable cell functions on the body due to the tem-
perature gradient between the body temperature (around 36 °C) and the
ambient environmental temperature. The oxidation current using the
GDH/A-CNT/PolyMG/A-CNT/fiber electrode at 0.16 V was 1.4 mA/
cm2 at 4 °C, 4.9mA/cm2 at 20 °C, 5.7 mA/cm2 at 30 °C, and 7.6mA/cm2

at 50 °C. Increasing the temperature of the solution enhanced the

performance because the GDH activity depends on temperature. The
optimum temperature for the GDH activity was 50 °C (Yasuhira et al.,
2010), and therefore, further decrease in the oxidation current was
possible by raising the temperature to 60 °C.

3.2. Performance of the BOD-CNT composite biocathode

The BOD enzyme catalyzes the reduction of oxygen to water ac-
cording to + + →

+ −O H e H O4 4 22 2 and receives an electron directly
from the supporting electrode (Nishizawa, 2019). In general, the low
solubility and small diffusion coefficient of dissolved oxygen in aqueous
solutions (Weissenborn and Pugh, 1996) cause the performance of
BOD-based electrodes to be measured in stirring solutions (Ikeda,
2012), but such electrodes are incompatible for practical use. Instead,
engineering a gas-diffusion electrode allows performing the BOD re-
action by supplying oxygen from ambient air. Although efforts to pro-
duce a BOD-based gas-diffusion electrode on a planer substrate are
well-known, there are no reports on a gas-diffusion fiber production
from enzyme catalysts.

As in the case of the anodic electrode, we coated the BOD on the A-
CNT/fiber electrode (BOD-fiber 1) and measured the performance of
the 40-mm–long BOD-fiber 1 with the three-electrode system in a static
PBS solution (Fig. 3a). During the measurement, we exposed most of the
BOD-fiber to a solution (35mm length in the solution and 5mm length
in air). The current density of 0.1mA/cm2 at 0 V changed to 2mA/cm2

under stirring and oxygen-rich conditions. To improve the oxygen

Fig. 2. a. Cyclic voltammograms of glucose oxidation at 20mV s−1 in a 100mM
buffer solution (pH 7) containing 200mM glucose and 10mM NAD+. The
PolyMG/A-CNT/fiber electrodes were modified using 0.4 mg/mL GDH (black
line) or using both 5mg/mL A-CNT and 0.4 mg/ml GDH (red line). The data
from the mediator-less electrode (GDH/A-CNT/fiber, broken black line) was
added. b. Current density using GDH/A-CNT/PolyMG/A-CNT/fiber at different
temperatures when we applied the cyclic potential vs. Ag/AgCl. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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supply to the electrode, we added a hydrophobic layer of PTFE-CNT on
the bare fiber (BOD/A-CNT/PTFE-CNT/fiber, BOD-fiber 2) or on the
BOD/A-CNT/fiber electrode (PTFE-CNT/BOD/A-CNT/fiber, BOD-fiber
3). The performance was enhanced to 1.2mA/cm2 using BOD-fiber 2
and to 2.7 mA/cm2 using BOD-fiber 3, compared to that using BOD-
fiber 1. In the BOD-fiber 2 structure, the internal hydrophobic PTFE-
CNT and the outer hydrophilic BOD/A-CNT layers supply the oxygen
from the air and the proton from the solution, respectively. In contrast,
the outer PTFE-CNT and the internal BOD/A-CNT layers in the BOD-
fiber 3 structure supply the oxygen and the proton, respectively.
Moreover, placing a hydrophilic proton transporting BOD/A-CNT layer
between consecutive hydrophobic gas-diffusing PTFE-CNT layers to
support the carbon fiber (PTFE-CNT/BOD/A-CNT/PTFE-CNT/fiber,
BOD-fiber 4) enhanced its performance by 60 to 6mA/cm2 at 0 V, re-
lative to that using BOD-fiber 1. This is because the multilayered
structure provided efficient proton transfer through the hydrophilic A-
CNT layer and oxygen diffusion from the air through the hydrophobic
PTFE-CNT double layers to the BOD catalysts in contact with the fiber
electrode. We also measured the performance of BOD-fiber4 at 4 °C,
20 °C, 30 °C, and 50 °C. The current density at 0 V was 2.5mA/cm2 at
4 °C, 2.8 mA/cm2 at 20 °C, 3.4 mA/cm2 at 30 °C, and 6mA/cm2 at 50 °C.
As in the case of the anode performance, a higher performance was
possible by increasing the temperature.

3.3. Performance of GDH/BOD fibered biofuel cells

A biofuel cell was constructed with the GDH-CNT composite fiber
anode and the gas-diffusing BOD-CNT composite fiber cathode. Both
fibers were placed on the surface of the hydrogel tank containing
200mM glucose and 10mM NAD+ (Fig. 4a and b). The open-circuit
voltage of the cell was 0.51 V, which reflected the difference between
the potentials at which glucose oxidation and oxygen reduction started
in cyclic voltammograms (−0.01 V in Figs. 2a and 0.5 V in Fig. 3a). The
maximum power density was 216 μW/cm2 at 0.36 V, and even when
both fibers were deformed to an S-shape (Fig. 4b), we observed no
significant loss of output power (Fig. 4c). Furthermore, we measured
the cell performance at glucose concentrations, from 0.1 to 200mM
(Supporting Fig. 3) and temperatures from 4 °C to 50 °C (Fig. 4d). A
decrease in the glucose concentration and in the temperature reduced
the cell performance to 85 μW/cm2 at 0.32 V under 4 °C and 200mM
glucose, or to 48 μW/cm2 at 0.24 V under 50 °C and 0.1 mM glucose.
Additionally, we confirmed the lifetime of the present cell on the cloth
(Supporting Fig. 4). When we dropped a glucose solution at 1mL/min,
the cells retained the output above 90% at 72 h. However, when the cell
was placed on the hydrogel tank, its initial performance (216 μW/cm2)
reduced dramatically to 62 μW/cm2 in 2 h due to drying of the hydrogel
tank. In fact, when we dropped a glucose solution, the reduced power
output returned to its original value (204 μW/cm2).

The “flexible and fiber-shaped” character of the enzyme electrode is
an attractive advantage as a wearable power source because it allows
sewing and tying of the fibers on textile cloth (Figs. 1b and 5). In
Fig. 1b, our W-shaped BFC (single cell) woven on a cloth successfully
powered the LED device with a charge pump (LED blinking at 1.33 Hz
(Movie 1). Illuminating the LED without a charge pump requires the
series connection to supply a voltage over 1.6 V, which is an operating
voltage of the red LED. In Fig. 5, we demonstrated a series connection of
four BFCs tied between the anode and cathode fibers on a cloth with
batik-based ionic isolation. First, we created four-square units by ap-
plying melted wax to the fabric cloth with a paintbrush to confine the
diffusion of electrolytes to the waxed square unit. We designed the

Fig. 3. a. Cyclic voltammograms of oxygen reduction at 20mV s−1 in a 100mM
buffer solution (pH 7). The A-CNT/fiber electrode was modified with 5mg/mL
BOD (broken black line, BOD/A-CNT/fiber, BOD-fiber 1). A hydrophobic layer
of PTFE-CNT was added on bare fiber (black line, BOD/A-CNT/PTFE-CNT/
fiber, BOD-fiber 2) or on the BOD/A-CNT/fiber electrode (blue line, PTFE-CNT/
BOD/A-CNT/fiber, BOD-fiber 3). Furthermore, we designed the sandwich
structure of the GDH/A-CNT layer between the PTFE-CNT layers (red line,
PTFE-CNT/BOD/A-CNT/PTFE-CNT/fiber, BOD-fiber 4). b. Current density
using BOD-fiber 4 at different temperatures when we applied the cyclic po-
tential vs. Ag/AgCl. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 4. a. Photograph of a biofuel cell operating on GDH- and BOD-based fibers.
b. The deformation to S-shape. c. Performance of the fiber biofuel cell with and
without the deformation at 50 °C. Hollow and solid circles denote the power
densities of the undeformed and deformed cells, respectively. Hollow and solid
triangles denote the current densities of the undeformed and deformed cells,
respectively. d. Temperature dependency of the cell performance.
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hydrophobic wax flame on the top surfaces of the cloth to avoid a short
circuit between the cells on the cloth and through sweat electrolytes on
the body when wearing the cloth (Supporting Fig. 5). After that, we sew
both the anode and cathode fibers on the cloth inside each unit and
then connected four cells in a series by tying both their anode and
cathode fibers (Fig. 5a–e). An LED was connected to a BFC (Fig. 5b) or
to a series of cells using double (Fig. 5c), triple (Fig. 5d), or quadruple
BFCs (Fig. 5e). When we dropped a solution containing dye, 200mM
glucose, and 10mM NAD+ on the waxed cloth, the dye solution was
confined to each unit. We observed a continuous LED light only when
connected to the four series cells (Fig. 5e, Movie 2). We evaluated the
performance of each cell to confirm these behaviors (Fig. 5f). The open-
circuit voltage increased to 0.98 V for the double BFCs, 1.45 V for the
triple BFCs, and 1.9 V for the quadruple BFCs, compared to 0.51 V
obtained from a single BFC. The output voltage in quadruple BFCs ex-
ceeds the operating voltage of the red LED (over 1.6 V). These results
indicate that we succeeded in establishing a series connection of four
BFCs on a textile cloth, and its maximum power of 0.38mW surpassed
the 0.026mW for a single BFC by a factor of 15.

4. Conclusions

We developed a wearable, high-powered biofuel cell using a glu-
cose-oxidizing GDH-based anode and an O2-diffusion BOD-based
cathode on a textile cloth. To improve the performance of the anode
and the cathode, we used two types of CNT layers: an acid-treated
hydrophilic CNT layer for the mediator and the enzyme coating, and a
PTFE-based hydrophobic CNT layer for adequate oxygen diffusion.
Moreover, we optimized multiple CNT layer structures on carbon fibers
in the bioanode and the biocathode. Using the optimized bioanode and
biocathode, the maximum power density reached 216 μW/cm2 at
0.36 V, even when the structure was deformed to an S-shape. To boost
the output voltage of BFCs, we designed a series connection of four
BFCs tied between their anode and cathode fibers with batik-based
ionic isolation on the cloth. The open-circuit voltage was enhanced to
1.9 V for the quadruple BFCs as compared to 0.51 V for a BFC. We
demonstrated illumination of a red LED connected with four BFCs in

series. Such a flexible, soft power source highlights potential for com-
bination in the future with wearable electronics.
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