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A B S T R A C T   

To realize direct power generation from biofuels in natural organisms, we demonstrate a needle-type biofuel cell 
(BFC) using enzyme/mediator/carbon nanotube (CNT) composite fibers with the structure Osmium-based 
polymer/CNT/glucose oxidase/Os-based polymer/CNT. The composite fibers performed a high current density 
(10 mA/cm2) in 5 mM artificial blood glucose. Owing to their hydrophilicity, they also provided sufficient ionic 
conductivity between the needle-type anode and the gas-diffusion cathode. When the tip of the anodic needle 
was inserted into natural specimens of grape, kiwifruit, and apple, the assembled BFC generated powers of 55, 
44, and 33 μW from glucose, respectively. In addition, the power generated from the blood glucose in mouse 
heart was 16.3 μW at 0.29 V. The lifetime of the BFC was improved by coating an anti-fouling polymer 2-meth-
acryloyloxyethyl phosphorylcholine (MPC) on the anodic electrode, and sealing the cathodic hydrogel chamber 
with medical tape to minimize the water evaporation without compromising the oxygen permeability.   

1. Introduction 

Wearable power sources are key elements in the development of skin 
electronics (Berchmans et al., 2014; Liu et al., 2017; Pu et al., 2017) and 
medical devices(Hung et al., 2004; Khan et al., 2016; Wei and Liu 2008). 
Wearable power sources are designed for continuous contact on the skin 
surface, where they can harvest energy from the human body. Examples 
include power generation from the heart (Zurbuchen et al., 2013), me-
chanical motion (Dagdeviren et al., 2014), and biochemical fuels (Katz 
et al., 2010). Additionally, as they are worn on the skin, the power 
sources must be safe and comfortable. 

Enzyme-based biofuel cells (BFCs) have attracted much attention as 
wearable power sources with high power output and guaranteed safety 
(Cosnier et al., 2016; Haneda et al., 2012; Willner et al., 2009). Two 
types of BFCs have been developed for wearable applications: i) 
non-invasive BFCs that directly contact with sweat, tears, and urine, and 
ii) minimally invasive BFCs that insert miniature needles into 
skin-covered natural organisms. Prototypes of non-invasive BFCs exist 
including enzyme-coated carbon fibers woven on textile fabrics (Miyake 
et al., 2013; Ogawa et al., 2015) and ink-jet-printed cloth (Cheng et al., 

2005; Taylor et al., 2007), which harvest energy from lactic acid (Ban-
dodkar et al., 2017; Reid et al., 2015), glucose (Cinquin et al., 2010a; 
Ivnitski et al., 2006) and ascorbic acid (Goto et al., 2014; Zloczewska 
et al., 2014) in sweat and tears. Another prototypes is a screen-printed 
diaper (Shitanda et al., 2019) that utilizes the uric acid in urine. 
Although the biofuels are produced at sufficiently high concentrations 
(μM to mM), they are produced at extremely low rates [0.4 μl min� 1 

cm� 2 from sweat (Vimieiro-Gomes et al., 2005) and 3 μl min� 1 cm� 2 

from tear (Reid et al., 2015)]. The theoretical maximum power outputs 
from glucose and lactic acid are only 5.79 μW and 48.24 μW, respec-
tively (Ikeda and Kano 2003). 

To overcome the inefficient flow of biofuels into the BFCs, re-
searchers have developed minimally invasive needle BFCs, which 
directly insert the needle into the skin. Needle-type BFCs are classified 
into two types: polymeric microneedles (Rasmussen et al., 2012; 
Vald�es-Ramírez et al., 2014) and metallic hollow needle BFCs (Miyake 
et al., 2011). A polymeric microneedle BFC is inserted approximately 75 
μm deep into soft, thin skin under a pressure of 466 MPa (Chua et al., 
2013; Donnelly et al., 2011). Recent microneedle-based BFCs have 
generated mW level power on the skin surface, sufficient for molecular 
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delivery into the skin. Meanwhile, metallic hollow needles are deeply 
inserted into blood vessels (Cinquin et al., 2010b) or the fleshes of 
hard-skinned fruits (Slaughter and Kulkarni 2015). Recently, we inser-
ted a needle BFC deeply into a rabbit ear vein and natural grape flesh. 
The glucose in the vein and fructose in the grape yielded 0.42 μW and 
6.3 μW, respectively (Miyake et al., 2011). These devices require high 
performance of the inserted anodic needle, and high ionic conductivity 
between the needle-type anode and the cathode. 

Here we demonstrate a needle–type BFC based on hydrophilic 
enzyme/CNT composite fibers, which harvests high power from the 
glucose in several fruits (grape, apple, and kiwifruit) and in mouse 
(abdominal cavity and heart) (Fig. 1). The glucose is oxidized by 
enzyme/mediator/CNT ensemble carbon fibers, which operate through 
molecular interactions between the π–π stacked CNT and mediator, and 
through electrostatic interactions between the enzyme and mediator 
(Fig. 1a). To penetrate the skin barrier in living organisms, we used the 
metallic-hollow needle filled with enzyme composite fibers. The anode 
fiber also serves as an ionic conductor between the anodic needle and 
the cathodic chamber (Fig. 1b). The chamber contains a gas-diffusion 
biocathode that reduces oxygen from air, and an ion-conducting acryl-
amide hydrogel (Fig. 1a). The present needle-type BFCs generate power 
from biochemical sources of glucose biofuel with a single needle inser-
tion (Fig. 1c). 

2. Materials and methods 

2.1. Materials 

Carbon fibers were obtained from FC-R&D Corp (Sagamihara City, 
Kanagawa, Japan, the diameter of 0.1 mm). The Single-walled carbon 
nanotubes were purchased from Cheap Tubes. TUBALL single wall car-
bon nanotube (SWCNT) solution was donated from Kusumoto Chem-
icals, Ltd (Tokyo, Japan), which is used commonly in commercially- 
available second battery. Polyvinylimidazole-[Os(bipyridine)2Cl] (PVI- 
[Os(bpy)2Cl] was donated by Research Core for Interdisciplinary Sci-
ences, Okayama University. Glucose oxidase (GOD, from Aspergillus sp., 
100 U mg� 1 solid), was purchased from Toyobo (Osaka, Japan). Bili-
rubin oxidase (BOD, from Myrothecium sp.) were purchased from 
Amano Enzyme Inc. Poly(tetrafluoroethylene) (PTFE) beads were pur-
chased from Sigma-Aldrich. Glucose (99.5%, solid), potassium dihy-
drogen phosphate (99.0%, solid), dipotassium hydrogen phosphate 

(99.0%, solid), acrylamide (95.0%, solid), N,N0-methylene-bis(acryl-
amide) (99.0%, crystal) were purchased from FUJIFILM Wako (Japan). 
Omnirad 1173 liquid was purchased from Toyotsu Chemiplas Corpora-
tion. Injection needles (NN-1838R, 1.2 mm outer diameter) were pur-
chased from TERUMO Corporation, and cotton cord was purchased from 
Amazon. 

2.2. Preparation of bioanode fiber 

The GOD-based bioanode for glucose oxidation was fabricated as 
described in our previous paper (Yin et al., 2019). In our previous works, 
we used a glucose dehydrogenase (GDH), but the GDH anode require the 
fuel supplies of both glucose and co-factors. To overcome this drawback, 
we designed GOD-based anode fibers. 

TUBALL SWCNT solution (200 μL) was dropped onto a 10� cm long 
carbon fiber and dried in an 80 �C oven. After drying, the 
SWCNT� modified carbon fibers were washed with distilled water to 
remove the redundant SWCNT. The CNT� coated fibers were soaked in a 
stirred phosphate buffer solution (PBS, 0.1 M, pH 7.0) containing 1.5 
mg/mL PVI-[Os(bpy)2Cl] at 4 �C for 2h. The resulting PVI-Osmium/ 
CNT/fibers were washed in distilled water for 30 min, then immersed 
in a stirred solution containing 5 mg/mL GOD at 4 �C for 2 h to adsorb 
the GOD. Finally, the GOD/PVI-[Os(bpy)2Cl]/CNT/fibers were soaked 
in a stirred 0.2% CNT aqueous solution containing 0.4 mg/ml PVI-[Os 
(bpy)2Cl] to produce PVI-[Os(bpy)2Cl]� CNT/GOD/PVI-[Os(bpy)2Cl]/ 
CNT/fibers. In the cyclic voltammetry (CV) tests, the current density was 
measured over a geometric area of 0.09 cm2. 

2.3. Preparation of O2-diffusion biocathode 

The O2-diffusion biocathode was fabricated as described in our 
previous paper (Yin et al., 2019). Hydrophobic SWCNT ethanol solution 
(200 μL, 5.0 mg/mL) containing PTFE particles (1.0 wt%) was dropped 
onto a 10� cm long carbon fiber and oven� dried three times at 80 �C, 
yielding a PTFE� CNT layer for O2 diffusion. The PTFE� CNT/fibers 
were washed in distilled water for 30 min, then coated with hydrophilic 
TUBALL CNT to immobilize the BOD enzyme. The CNT/PTFE� CNT/-
fibers were soaked in a stirred solution containing 3.0 mg mL� 1 BOD at 
4 �C for 12 h. Another PTFE� CNT layer was coated on the BOD/-
CNT/PTFE� CNT/fiber by drop-casting at room temperature. The cur-
rent density in the CV tests was calculated over a geometric are of 0.18 

Fig. 1. Schematic of needle-type biofuel cells for direct power generation from glucose in natural organisms. (a) Schemes of oxygen reduction and glucose oxidation 
at the enzymatic cathode and anode fibers, respectively. (b) The assembled needle cell using the needle anode and the cathode chamber. (c) The assembled cell 
inserted into an apple and a mouse. 
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cm2. 

2.4. Electrochemical measurements 

The performances of the enzyme-coated fiber electrodes were 
analyzed by a three-electrode system (BAS, 2325 model or Hokuto 
Denko, HSV-110 electrochemical analyzer) in solution using an Ag/AgCl 
reference electrode and a platinum counter electrode. The GOD-
� modified anodes were evaluated in a glucose solution, while the BOD- 
modified cathodes were evaluated in PBS solution. The performances of 
the biofuel cells were evaluated by their cell voltages when connected 

with a variable external resistance (between 100 Ω and 100 kΩ). The 
current and the power were derived from the cell voltage and resistance. 
Unless otherwise stated, all data were measured at room temperature 
(22 �C), and all solutions were based on PBS (pH 7.0). 

3. Results and discussion 

3.1. Performances of the bioanode and biocathode 

The GOD enzyme catalyzes the glucose oxidation by reducing oxygen 
to water, but this process greatly minimizes the electron transfer from 
GOD to the collective electrode (Ivnitski et al., 2006). To improve such 
low electron transfer, we previously applied a PVI–[Os(bpy)2Cl] medi-
ator on a collective CNT sheet electrode, and achieved a high turnover 
rate and large catalytic current (Yoshino et al., 2013). The present paper 
further investigates the performance of GOD-coated composite fibers. 
The second coating of PVI� [Os(bpy)2Cl] on the GOD/PVI–[Os 
(bpy)2Cl]/CNT fibers was expected to increase the amount of PVI–[Os 
(bpy)2Cl] around GOD, further improving the turnover rate and 
enhancing the performance. Here, the PVI–[Os(bpy)2Cl] concentration 
was ranged from 0.1 to 0.5 mg/ml in 0.2% CNT aqueous solution 
(Supporting Fig. 1). The 0.2% CNT solvent was selected to improve the 
power performance of the electrodes. As the PVI� [Os(bpy)2Cl] con-
centration increased from 0 to 0.4 mg/ml, the maximum current density 
was enhanced from 10 mA/cm2 (900 μA) to 17.8 mA/cm2 (1600 μA) in 
PBS containing 100 mM glucose. Increasing the PVI–[Os(bpy)2Cl] con-
centration to 0.5 mg/ml did not raise the current further, implying that 
17.8 mA/cm2 was the saturation current. After determining the optimal 
method for anode fabrication, we tested the optimized anode PVI–[Os 
(bpy)2Cl]–CNT/GOD/PVI–[Os(bpy)2Cl]/CNT fibers in PBS containing 
glucose at different concentrations (Fig. 2a). In the presence of 5 mM 
glucose [similar to blood glucose levels (Wang 2008)], the oxidation 
current of the PVI–[Os(bpy)2Cl]–CNT/GOD/PVI–[Os(bpy)2Cl]/CNT 
was 8.3 mA/cm2 at 0.6 V. The performance enhanced to 17.8 mA/cm2 at 
100 mM glucose. At higher glucose concentration, the performance was 
saturated by GOD enzyme activity (Bankar et al., 2009). 

To calibrate the performance of the gas-diffusion BOD cathode, we 
measured the reduction current supplied from oxygen in air. During the 
measurement, the BOD fibers were partially immersed in solution (10 
mm of their length in the solution; 50 mm in air). Because dissolved 
oxygen has low solubility and a small diffusion coefficient in aqueous 
solutions (Weiss 1970), highly catalytic BOD cathode requires a 

Fig. 2. (a) Cyclic voltammograms of glucose oxidation at 20 mV s-1 in buffer 
solution containing glucose at different concentrations (0–150 mM). (b) Cyclic 
voltammograms of oxygen reduction at 20 mV s-1 in N2-saturated, air-saturated 
and O2-saturated buffer solution. 

Fig. 3. (a). Schematic of the demonstrated 
needle-type biofuel cell. (b) Photograph of 
the needle-type biofuel cell inserted into a 
mimic blood vessel. (c) Performance of the 
needle BFC inserted into a mimic blood 
vessel containing 5 mM glucose. Hollow and 
solid dashed circles denote the power with 
and without pores drilled in the wall of the 
needle (pore area: 10 mm2). Dashed circles 
are the results of a control experiment using 
a metallic hollow needle as the anode. (d) 
Lifetimes of the needle BFCs with and 
without the sealing tape. A 1.0 ml aliquot of 
PBS was dropped on the cathodic chamber 
of the non-sealed BFC at 3.5 h.   
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gas-diffusion electrode (Haneda et al., 2012). In our previous works (Yin 
et al., 2019), we found that layered structures of hydrophobic 
CNT/BOD–hydrophilic CNT/hydrophobic CNT fibers enhanced the ox-
ygen reduction. In this paper, we demonstrate a new type of hydrophilic 
SWCNT that immobilizes BOD biocatalysts. The reduction current of 
PTFE–CNT/BOD/SWCNT/PTFE–CNT/fiber in static PBS solution was 
6.1 mA/cm2 at 0V, similar to that obtained under oxygen-rich stirred 
conditions (6.8 mA/cm2). In the multilayered structure of BOD com-
posite fibers, an efficient oxygen supply was provided from the air 
passing through the hydrophobic PTFE–CNT layers; meanwhile, protons 
were transferred through the hydrophilic SWCNT layer to the BOD 
catalyst in contact with the fiber. 

3.2. Performance of the needle-type BFCs 

The needle-type BFC for fruits contained a needled GOD bioanode for 
glucose oxidation and an oxygen-diffusion BOD cathode (Fig. 3a). Both 
electrodes were mounted in a plastic chamber (volume ¼ 0.3 ml) filled 
with acrylamide hydrogel. When the needle tip was inserted into the 
fruit, the glucose inside the organism was oxidized at the GOD bioanode, 
while the oxygen from air was reduced to water at the BOD electrode. 
During these faradaic reactions, the electrons and ions flowed between 
the anode/cathode through the external electric circuit and the internal 
ionic conductor, respectively. 

Fig. 3c compares the performances of cells using anodic needles with 
and without side pores. A 10 mm2 area pore was drilled by a rotary 
(ARGOFILE Japan) in the sidewall of metallic hollow needles to act as 
effective windows for fuel supply. 

The open-circuit voltage (OCV) of both cells was 0.62 V, the differ-
ence between the initial potentials of glucose oxidation and oxygen 
reduction in the CVs (-0.1 V in Fig. 2a, 0.52 V in Fig. 2b). When the side 
pores were closed, the maximum power in 5 mM glucose solution was 
12.5 μW at 0.29 V (Fig. 3c, hollow circles). Opening the side pores (to 10 
mm2) enhanced the performance to 20.4 μW at 0.31 V (Fig. 3c, solid 
circles). This improvement was attributed to the high flows of glucose 
biofuels and gluconic lactone products through the opened apertures in 
the needle tip. Furthermore, due to the needle was made up with metal, 
it was necessary to clarify the interference of metal in the anodic reac-
tion. We confirmed no power was generated in a cell containing a BOD 
cathode and a metallic hollow needle anode without the GOD fiber 
(Fig. 3c, dashed circles). 

The lifetime of the needle BFC was investigated with and without 
waterproof tape (Fig. 3d). For the lifetime measurements, we connected 

a 6.8 kΩ resistance between the anode/cathode in the needle BFCs to 
maximize the power generation, and evaluated the power stability over 
time. Without the waterproof tape, the power dramatically decreased to 
62% of its initial level after 3.5 h. This decrease was attributed to water 
evaporation from the hydrogel chamber rather than enzyme deactiva-
tion. In fact, the power recovered to its original level after dropping 1.0 
ml PBS solution on the hydrogel chamber. The evaporation problem was 
resolved by covering the hydrogel chamber with waterproof tape, which 
minimized the water loss without compromising the gas permeability. 
The initial power of the sealed cell was sustained over several hours of 
operation, and 86% of the initial power remained after continuous 
operation for 7.0 h (Fig. 3d). By the comparison between with and 
without waterproof tape, we could conclude the main reason for the 
power decrement was water evaporation, which indicated that the 
enzyme could keep a high activity during 7.0 h. 

3.3. Power generation from fruits 

Power generation by the designed needle BFCs was demonstrated on 
three different fruits (grape, apple, and kiwifruit). When the BFCs were 
inserted to a depth of 10 mm into the fruits, their OCVs were consistent 
(0.62 V), but their power generations were 55 μW, 33 μW, and 44 μW in 
grape, apple, and kiwifruit, respectively (Fig. 4a–c). Data from “The 
Paleo Diet” website [https://thepaleodiet.com/fruits-and-sugars/] list 
the glucose levels in grape, apple, and kiwifruit as 6.5 g, 2.3 g and 5.0 g 
per 100 g, respectively. Thus, the different cell powers from the fruits 
were attributed to the different glucose concentrations in the fruits. To 
monitor these glucose concentrations, we combined the needle BFC with 
a light-emitting diode (LED) device consisting of a charge pump inte-
grated circuit, a 1.0 μF ceramic capacitor and a red LED. As we described 
in our previous works (Miyake et al., 2011), the frequency fblink from 
LED blinking was proportional to the power of the BFC. If this power is 
wholly supplied by glucose reactions, the glucose concentration in the 
fruit could be evaluated from fblink. Therefore, before measuring the fruit 
glucose contents, we calibrated the fblink from LED device in PBS solu-
tions containing different glucose concentrations (1–100 mM). From 1.0 
to 10 mM glucose, fblink linearly increased from 2.4 Hz to 5.1 Hz (Sup-
porting Fig. 2). At higher contents, the fblink was saturated by the 
capacitance limit of the LED device. When inserted into the fruits, the 
LED device blinked at 4.3 Hz in the grape, 3.4 Hz in the apple, and 3.9 Hz 
in the kiwifruit. From these fblink values, the glucose concentrations in 
the grape, apple, and kiwifruit were determined as 7.5, 4.3, and 6.1 mM, 
respectively. These data well correspond with “The Paleo Diet” data. 

Fig. 4. (a-c) Photographs and performances of the BFC inserted into different fruits: (a)grape, (b) apple, and (c) kiwifruit. (d) LED blinking from the hybrid device 
(needle BFC combined with an LED system) inserted into grape, apple, and kiwifruit. 
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3.4. Power generation from mouse tissue 

Similar to the fruit experiments, the needle BFCs were inserted into 
the abdominal cavities and hearts of female mice (Fig.5a, c). Prior to the 
needle insertion, the mice were anesthetized with ketamine hydro-
chloride (35 mg kg-1) and xylazine hydrochloride (5 mg kg-1), and 
awoke from anesthesia after 1 h. The anesthesia time was sufficient for 
inserting the cell anode into the abdominal cavity of the mouse and 
measuring the cell voltage. The OCV of the needle BFCs was 0.5 V in 
both the abdominal cavity and heart murine tissue (Fig. 5 b, c), lower 
than in fruits. This result can be explained by the high chloride level of 
mouse body fluids, which causes a shift of the reduction current from the 
BOD cathode to a negative potential in the murine tissue (De Poulpiquet 
et al., 2017). 

The BFC power generations from the abdominal cavity and hearts 
were 8.5 μW at 0.20 V and 11.8 μW, respectively, although the glucose 
concentrations were almost identical in the cavity (116 mg/dm3) and 
the heart (100 mg/dm3). The probable main reason or the different 
power generations was the lower volume of interstitial fluid in the 
abdominal cavity than of blood in the heart. The high fluid volume 
would increase the internal resistance of the BFC. To improve the power 
output from heart tissue, we coated an anti-biofouling MPC polymer on 
both needle tip and anode, as described in our previous paper (Miyake 
et al., 2011). The MPC polymer improved the maximum power output to 
16.3 μW at 0.29 V (Fig. 5d, red dots). 

4. Conclusion 

A needle-type BFC that harvests the glucose in fruits and mouse and 
directly converts it to power was developed from composite fibers of 
enzyme/mediator/CNT. When the tip of the needle-like anode was 
inserted into grape, kiwifruit, and apple, the needle BFC harvested 55 
μW, 44 μW and 33 μW from fruit glucose, respectively. A hybrid BFC- 
LED device also generated power, and blinked at a frequency that 
depended on the fruit glucose concentration. The hybrid device was a 
good demonstration of a self-powered glucose indicator. Furthermore, 
the needle BFC generated power from the glucose in different locations 
of murine abdominal cavity (8.5 μW) and heart (16.3 μW) tissue. To 
improve the power output and lifetime, we coated the anodic needle 

with an anti-biofouling MPC polymer and sealed the cathodic chamber 
with waterproof tape. The present harvesting power source can poten-
tially realize wearable electronics inserted into body fluids. 
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