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A B S T R A C T   

This work presents the development of an enzyme fuel cell, termed “BioBattery”, that utilizes multicopper ox-
idases as the anodic enzyme in a non-diffusion limited system. We evaluated various enzyme variants as the 
anode, including multicopper oxidase from Pyrobaculum aerophilum, laccase from Trametes versicolor, and bili-
rubin oxidase from Myrothecium verrucaria. Several combinations of cathodes were also examined, focusing on 
the reduction of oxygen as the primary electron acceptor. The optimal pairing used multicopper oxidase from 
Pyrobaculum aerophilum as the anode and amine reactive phenazine ethosulfate modified bovine serum albumin 
as the cathode. BioBattery was integrated with our previously developed BioCapacitor, proving capable of 
consistently powering a 470 μF capacitor, positioning it as a modular power source for wearable and implantable 
systems. This research work addresses and overcomes some of the fundamental limitations seen in enzyme fuel 
cells, where power and current are often limited by substrate accessibility to the active electrode surface. (152 
words).   

1. Introduction 

Over recent decades, enzyme cells have garnered significant atten-
tion, crossing paths with diverse fields such as green energy, nano-
technology, electrochemistry, material science, and beyond (Heller, 
2004; Kumar et al., 2018; Sharma et al., 2021; Xiao et al., 2019). These 
systems have found applications in wearable sensors, textiles, and even 
environmental setups, leveraging a range of fuels—from naturally 
occurring sugars in implantable systems to wastewater in treatment 
facilities (Jeerapan et al., 2020). However, despite their broad applica-
tions and versatility, enzyme fuel cells face significant hurdles in areas 
like stability, power output, and miniaturization potential. Recent 
achievements in enzyme fuel cells showed high power density but suffer 
from compromised stability, with performance deteriorating after sus-
tained use (A. Karim et al., 2021; Calabrese Barton et al., 2004; Slate 
et al., 2019; Xiao et al., 2019). Notably, the enzyme fuel systems offer 
notable advantages over traditional power sources, operating effectively 
in physiological conditions, catalyzing reactions at body temperature 
and pH, and mitigating many of the waste issues associated with con-
ventional power systems. 

One of the core limitations for many enzyme fuel cells is the need for 

fuel to diffuse from a bulk solution into the anode’s active region. This is 
a notable distinction from the conventionally utilized “coin batteries” 
embedded in several medical devices. This diffusion places inherent 
constraints on in vivo power density due to several factors. Firstly, 
typical physiological fuels are present in low concentrations in vivo, 
with glucose ranging from 4 to 7 mM, lactate between 1 and 3 mM, and 
oxygen at about 0.1 mM (Gough et al., 1982; Heikenfeld et al., 2019; 
Pucino et al., 2017). Secondly, many enzyme fuel cells that depend on 
their substrates encounter mass transport limitations, meaning their 
peak current or power output is restricted by the rate at which substrates 
diffuse from the bulk solution. Once implanted, this diffusion can be 
further inhibited by the body’s foreign response, potentially encapsu-
lating the device. Additionally, the voltage differences across enzymatic 
fuel cells are often much lower than the requirements of most contem-
porary microsystem electronics, typically staying below 700 mV due to 
ohmic losses across the system, whereas many microprocessors require 
between 0.8 and 1.2 V (Barelli et al., 2021; Harris, 2007). To address 
these challenges, several groups have employed strategies such as 
nanotechnology to amplify effective surface area or by placing the fuel 
cell in a location with sufficient convection to greatly enhance the mass 
limited power. While these solutions enhance power output and 
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applicability, they either confine the cell to specific scenarios (like 
implanting it within an artery or vein) or pose complications for mini-
aturization. Ideally the enzymatic biofuel cell would have the substrate 
built into the system, enabling non-diffusion limited power, as well as 
making miniaturization, and integration less burdensome, as this would 
resemble the form factor of modern coin cells. 

This article introduces a design for enzyme fuel cells that embeds fuel 
within the anode materials, a concept we have designated as ‘Bio-
Battery’. As shown in Fig. 1, the substrate is co-immobilized with the 
enzyme, allowing for sufficient power generation, eliminating the 
dependence on the bulk mass transfer of a specific fuel by having no 
outer membrane. This proposed system also maintaining both biocom-
patibility and environmental friendliness. The anode is functionalized 
by immobilizing a hyper-thermostable multicopper oxidase, specifically 
one derived from the hyper-thermophilic archaeon Pyrobaculum aero-
philum (McoP) (Sakuraba et al., 2011), onto carbon paper using glutar-
aldehyde. It has been well established that during the cross-linking of 
glutaraldehyde, the reaction often polymerizes, producing varieties of 
complex structures, including polyphenolic compounds (Migneault 
et al., 2004). We serendipitously found that McoP can oxidize 
cross-linked glutaraldehyde, acting as a “fuel”, and can generate elec-
tricity when it is combined with cathodic materials harboring 
oxygen-sensitive redox-compounds, such as phenazine ethosulfate 
(PES). The cathode is, therefore, functionalized by the immobilization of 
bovine serum albumin (BSA) modified with amine-reactive PES 
(arPES-BSA). This enzymatic biofuel cell is then paired with our previ-
ously developed BioCapacitor, which our group has used to power 
glucose sensors, microprocessors, and step motors (Hanashi et al., 2011; 
Lee et al., 2021; Sode et al., 2016). We assessed this system using a 
variety of multicopper enzymes and paired it with various cathodes to 
gauge the resultant power and current output. 

2. Methods 

2.1. Reagents and materials 

In this study, several multicopper oxidases were utilized: multi-
copper oxidase from Pyrobaculum aerophilum (McoP), laccase from 
Trametes versicolor, and bilirubin oxidase (BOD) from Myrothecium ver-
rucaria. McoP was recombinantly produced using the expression vector 
peT-11a-pae1888 and purified as previously described (Satomura et al., 
2021). The vectors were transformed into Escherichia coli strain 
BL21-CodonPlus (DE3)-RIPL and cultivated as previously described. 
Laccase from T. versicolor, BOD from M. verrucaria, and bovine serum 
albumin (BSA) were purchased from MilliporeSigma (Burlington, MA, 

USA). Gold disk electrodes (GDE) were purchased from BAS Inc. (Tokyo, 
Japan). arPES was purchased from Dojindo Molecular Technology, Inc. 
(Rockville, MD, USA). Toray carbon paper (TCP) was purchased from 
FuelCellEarth (Woburn, Massachusetts, USA). Glutaraldehyde, 25% 
aqueous solution and Triton X-100 was purchased from MilliporeSigma 
(Burlington, MA, USA). Ketjen black (KB) powder was purchased from 
Mitsubishi Chemical Corp. (Tokyo, Japan). The ADP5090 Ultralow 
Power Boost Regulator with MPPT and Charge Management circuit was 
purchased from Analog Devices (Wilmington, MA, USA). The Eisco 6 
Decade Resistance Box was purchased from Amazon. All electro-
chemical measurements were performed on the VSP-3e Potentiostat 
from BioLogic. 

2.2. Preparation of McoP: recombinant expression and purification 

McoP was prepared as previously described (Satomura et al., 2021). 
Recombinant production was performed using the expression vector 
pET-11a-pae1888 plasmid. These vectors were transformed into E. coli 
BL21-CodonPlus (DE3)-RIPL. The transformed E. coli were cultured in 
200 mL conical flasks on a rotary shaker at 37 ◦C for 30 h. Cells were 
subsequently harvested via centrifugation. The collected wet cells were 
disrupted through ultrasonication in 10 mM Tris-HCl buffer with a pH of 
7.2. The lysate was centrifuged at 12,000 rpm for 15 min and then 
incubated in 1 mM copper sulfate for 16 h. After this, the enzyme so-
lution was heated to 80 ◦C for 10 min. The enzyme medium was then 
exchanged for 10 mM Tris-HCl buffer (pH 8.0). 

2.3. Preparation of KB ink 

The KB ink was prepared by combining 15 mg of KB powder with 
670 μL of Milli-Q water and 30 μL of Triton X-100. The resulting mixture 
was sonicated for a duration of 1 h and subsequently stored in a dark 
environment. Prior to each application, the solution underwent re- 
sonication for an additional 30 min to ensure a homogeneous ink 
formulation. 

2.4. arPES conjugation 

For the modification of BSA with arPES, a mixture was prepared 
using the following reagents: 140 μL of 50 mg/mL BSA, 100 μL of 100 
mM potassium phosphate buffer (PPB) buffer, and 10 μL of 50 mM 
arPES. This mixture was subjected to shaking at 1200 rpm for 30 min at 
a temperature of 4 ◦C to facilitate conjugation. Afterwards, a buffer 
exchange was performed via centrifugation under the conditions of 
14,000 g, 4 ◦C, and a 5-min duration; this step was repeated 10 times. 

Fig. 1. An overview of the proposed BioBattery design. The anode utilizes a multicopper oxidase from Pyrobaculum aerophilum, oxidizing polyphenols to poly-
quinones. Concurrently, the cathode employs an amine reactive phenazine ethosulfate modified bovine serum albumin, facilitating the reduction of O2 to H2O. 
Notably, the substrate is co-immobilized with the anodic enzyme, thereby dramatically reducing substrate transport diffusion limitations. 
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2.5. Preparation of enzyme mixes 

For the anodes, the following enzyme inks were mixed: McoP (10 μL 
of 40 mg/ml McoP, 3 μL of KB ink, and 17 μL of PPB), BOD (10 μL of 5.4 
mg/ml BOD, 3 μL of KB ink, and 17 μL of PPB), and Laccase (10 μL of 40 
mg/ml laccase, 3 μL of KB ink, and 17 μL of PPB). For the cathodes, the 
following enzyme inks were mixed: arPES-BSA (10 μL of 50 mg/ml 
arPES-BSA, 3 μL of KB ink, and 17 μL of PPB), BOD (10 μL of 5.4 mg/ml 
BOD, 3 μL of KB ink, and 17 μL of PPB), and Laccase (10 μL of 40 mg/ml 
Laccase, 3 μL of KB ink, and 17 μL of PPB). 

2.6. Preparation of GDE BioBattery 

GDEs (Φ = 2 mm) were polished using 0.3 and 0.05 μm alumina 
powder, then washed with piranha (H2SO4: 30%, H2O2 = 3:1) for 1 h. 
These electrodes were then subjected to electrochemical purification 
through cyclic voltammetry sweeps ranging from 0.0 V to 1.2 V in a 50 
mM KOH solution. The resulting anode/cathode enzyme ink is subse-
quently dropcast onto the surface of the GDE. After this step, the elec-
trode undergoes glutaraldehyde vapor deposition using a 25% 
glutaraldehyde solution, followed by incubation in 10 mM Tris-HCl for 
20 min. The electrode is ultimately stored in 100 mM PPB until needed 
for use. 

2.7. Preparation of TCP BioBattery 

A section measuring approximately 1 inch by 1 inch is cut from a 
larger piece of TCP. This cut section is then sprayed with deionized 
water to cleanse its surface of any accumulated dirt or grime. Following 
this, the anode or cathode enzyme ink is dropcast onto the surface of the 
TCP. Following this, the electrode is subjected to vapor deposition using 
a 25% glutaraldehyde solution and then incubated in 10 mM Tris-HCl 
for a period of 20 min. Ultimately, the electrode is stored in 100 mM 
PPB until it is required for use. 

2.8. Calculation of TCP electrode surface area 

Anodic enzyme was immobilized onto TCP electrodes as detailed 
above. An image of the surface was then taken and uploaded into 
ImageJ, where the oval tool was used to determine the surface area of 
the enzyme spots. These were then averaged across 18 enzyme spots and 
used to calculate the associated power and current density of the biofuel 
cell (Supplemental Fig. S3). 

2.9. BioBattery characterization 

The selected anode and the cathode are positioned in a cell con-
taining 100 mM PPB. Subsequently, they are connected to a potentiostat 
and a Decade Resistance Box to apply varying loads. During the mea-
surement of the open-circuit potential (OCP), different resistances (200 
Ω, 500 Ω, 800 Ω, 2000 Ω, 5000 Ω, 8000 Ω, 20,000 Ω, 50,000 Ω, 80,000 
Ω, 200,000 Ω, 500,000 Ω, 800,000 Ω, and 1,000,000 Ω) are applied 
across the enzyme biofuel cell, and the resultant potential across the fuel 
cell is recorded. Utilizing the known resistance values (applied through 
the Eisco 6 Decade Resistance Box) and the potential values (obtained 
from the OCP measurements), the current flow and power output of the 
cell are calculated. 

2.10. Application of BioBattery in power generation 

The anode (TCP-McoP electrode) and the cathode (TCP-arPES-BSA 
electrode) are positioned in a cell containing 100 mM PPB, which are 
then connected to the ADP5090 charge pump circuit. To this circuit, a 
selected capacitor, either 47 μF or 470 μF, is connected. The potentiostat 
is attached to both leads of the capacitor, enabling the measurement of 
the open circuit potential. 

3. Results and discussion 

To validate the enzymatic biofuel cell, we investigated several 
different anodic enzymes (laccase from T. versicolor, BOD from 
M. verrucaria, and McoP from P. aerophilum) which can oxidize poly-
phenol groups into polyquinones (Supplemental Figs. S2 and S4) to 
drive current, along with several possible cathodic electrodes to opti-
mize the power and current produced (BOD, laccase, and arPES – BSA 
mixed with ketjen black). Fig. 2 shows our proposed BioBattery system, 
emphasizing the effects of stacking in series and parallel configurations 
and the influence of increasing immobilized anodic layers. All electro-
chemical characterizations were conducted using gold disk electrodes 
(GDEs, Φ = 2 mm). Fig. 2a and b illustrate the power and current den-
sities of various anodic enzymes immobilized on GDEs. Of the three 
anodic enzymes tested for peak power and current outputs—laccase 
(0.016 W/m2 ± 0.006 W/m2, 0.032 A/m2± 0.008 A/m2), BOD (0.22 W/ 
m2 ± 0.03 W/m2, 0.48 A/m2 ± 0.04 A/m2), and McoP (0.45 W/m2 ±

0.02 W/m2, 0.56 A/m2 ± 0.08 A/m2)—McoP produced the highest 
power and current density in comparison to the others. All these anodes 
were assessed in conjunction with an arPES-BSA cathode. Fig. 2c and 
d presents the power and current outputs when using cathodes 
employing either BOD, arPES-BSA, or Laccase, each mixed with ketjen 
black, and paired with an McoP anodic electrode. Of the three cathodic 
enzymes tested for peak power and current densities—laccase (0.057 
W/m2 ± 0.007 W/m2, 0.058 A/m2 ± 0.009 A/m2), BOD (0.13 W/m2 ±

0.02 W/m2, 0.38 A/m2 ± 0.07 A/m2), and arPES-BSA (0.46 W/m2 ±

0.03 W/m2, 0.56 A/m2± 0.05 A/m2)—arPES-BSA produced the highest 
power and current density when paired with a McoP anode. Fig. 2e and f 
displays the power and current outputs across various anodic layers. 
Specifically, a 1-layer produced densities of (0.25 W/m2 ± 0.04 W/m2at 
250 mV ± 42 mV,0.18 A/m2 ± 0.04 A/m2), 2-layers produced (0.23 W/ 
m2 ± 0.03 W/m2 at 141 mV ± 34 mV, 0.16 A/m2 ± 0.03 A/m2), and 3- 
layers yielded (0.28 W/m2 ± 0.05 W/m2 at 265 mV ± 34 mV, 0.19 A/m2 

± 0.03 A/m2). Notably, the minimal variations observed between the 
1–3 anodic enzyme layers (GDE-McoP) suggest potential cathodic lim-
itations of the system (GDE-arPES-BSA), influenced by surface area 
constraints. The curves represented reflect mean values derived from 
three individual GDE experiments (n = 3). Fig. 2g and h displays the 
power and current densities of configurations ranging from 1 to 3 cells. 
Specifically, Fig. 2g, denoting series configurations, is color-coded: red 
for 1 cell (0.27 W/m2, peak potential: 292 mV), green for 2 cells (0.52 
W/m2, peak potential: 324 mV), and blue for 3 cells (0.91 W/m2, peak 
potential: 380 mV). This emphasizes the enhancement in potential dif-
ference as more cells are connected in series. Conversely, Fig. 2h, rep-
resenting parallel configurations, follows the same color-coding—1 cell 
(0.30 A/m2), 2 cells (0.64 A/m2), and 3 cells (0.95 A/m2)—highlighting 
the increase in peak current densities with more cells connected in 
parallel. Within this system, McoP serves as the anode, and arPES-BSA 
functions as the cathode. Evidently, increasing the number of cells in 
the biofuel system significantly improves both the potential difference 
(in series) and the current output (in parallel). Additionally, we further 
characterized the polarization behavior of our biofuel cell by measuring 
the open circuit potential of a GDE-McoP anode paired with a GDE- 
arPES-BSA cathode. This measurement showed no signal decay until 
approximately 3200 s (Supplemental Fig. S1). 

From the results in Fig. 2, we opted for the biofuel cell configuration 
utilizing McoP as the anodic electrode and arPES-BSA for the cathodic 
electrode. McoP demonstrated a superior response (Fig. 2) using 
glutaraldehyde. McoP was originally derived from extremophile 
(Sakuraba et al., 2011), and then engineered (Satomura et al., 2021) to 
improve its catalytic activity without losing its hyper-thermostability. 
The original enzyme has already been demonstrated to be stable in 
biofuel cell format and the stability of the electrode was maintained at 
70 % after 14 days of continuous use (Sakamoto et al., 2015). 

This enzymatic biofuel cell was then integrated with our previously 
developed BioCapacitor to power various systems (Sode et al., 2016). 
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Past work from our group has already showcased the Bio Capacitor’s 
capability to power systems such as actuators and microprocessors 
(Hanashi et al., 2014; Lee et al., 2017). Fig. 3 shows the enhanced 
performance achieved by shifting from GDEs to TCP electrodes. As 
demonstrated in Fig. 3a and b, a marked increase in both peak power 
and current output is observed upon this transition—GDE (0.26 W/m2 

± 0.02 W/m2, 0.64 A/m2± 0.04 A/m2) and TCP (0.85 W/m2 ± 0.05 
W/m2, 0.89 A/m2 ± 0.07 A/m2). The intrinsic properties of the TCP 
electrodes, particularly its augmented surface area, are pivotal to this 
amplification, highlighting the importance of electrode material choice 
in fabricating biofuel cells. Using TCP electrodes has led to substantial 
advancements in power generation capabilities. To demonstrate this, we 
leveraged our previously utilized charge pump circuit to repeatably 
charge a 47 μF capacitor (Fig. 3c) from a cold start and a 470 μF (average 
charge/discharge time of ~23 s across 10 cycles) capacitor (Fig. 3d). The 
generated power was able to accomplish approximately 35% efficiency 
as defined in Figs. 3 and 7 for the AD5090 specification sheet (Datasheet 
revision c), using a Vin = 0.2 V, and an absolute current of 10 μA which is 
attainable based on our power curves shown in Fig. 3b. 

The interest in alternative power sources for wearable and 
implantable devices has surged over the past decade. Conventional 
batteries, with their environmental waste, incompatibility with the 
human body, and finite lifespan, have inherently limited the develop-
ment of implantable systems. Enzyme biofuel cells have emerged as a 
promising alternative, spurring research on developing modular enzyme 
biofuel cells for metabolite detection, powering low-energy Bluetooth 
devices, and even creating entirely self-powered systems. Several groups 
have developed enzymatic fuel cells utilizing glucose and lactate as 
fuels, harnessing enzymes to convert these fuels into useable power. 
Bollela et al. developed an enzymatic biofuel cell by immobilizing 
cellobiose dehydrogenase from Corynascus thermophilus on the anode, 
while the cathode employed Trametes hirsuta laccase (Bollella et al., 
2018). This cell utilized glucose and oxygen as the anodic and cathodic 
fuels, respectively, achieving a power density of 1.57 μW/cm2 with just 
100 μM of glucose. Rewatkar et al. conceived a paper-based enzymatic 
fuel cell using glucose oxidase as the anodic enzyme paired with a 

mediator, and laccase as the cathodic enzyme. In various configurations, 
this setup yielded a power density of 46.4 μW/cm2 at an open circuit 
potential of 0.8 V (Rewatkar et al., 2020). Both these works are stellar 
examples of enzymatic biofuel cells which can be leveraged to power 
wearable systems. However, these designs still grapple with power 
limitations due to diffusion when put into practice. Our proposed model 
addresses these issues by embedding the fuel directly within the anode’s 
matrix, whereas the cathode relies upon ambient oxygen which is 
readily available. This enables ease in miniaturization, and integration, 
as the system can be fabricated in a similar manner to oxygen type zinc 
oxide coin cells. 

4. Conclusion 

The work provided outlines the development of an enzyme fuel cell 
using multicopper oxidase as an anodic enzyme, which derives power 
without relying on substrate diffusion from the bulk environment. This 
innovative design paves the way for more comprehensive, closed 
enzyme fuel systems, termed as a BioBattery. In such systems, both the 
enzyme and fuel are encapsulated on the anode, while the cathode might 
utilize ambient electron acceptors like oxygen, which is abundant in 
nearly all bodily compartments. BioBattery not only integrates the 
anodic substrate directly, giving it a battery-like structure, but also pairs 
with our BioCapacitor to achieve higher voltages, broadening its po-
tential uses. This work showcases the characterization of a system using 
several enzymes that oxidize phenolic compounds, achieved through the 
vapor deposition of glutaraldehyde, to power our previously developed 
BioCapacitor. The system consistently charged a 470 μF capacitor in 
under 25 s, enabling the powering of other modular systems. 
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Fig. 3. (a-b) Comparative analysis of power and current output from BioBatteries using GDEs and TCP electrodes. Panels (c) and (d) depict successful charge/ 
discharge cycles of capacitors connected to a charge pump circuit from a cold start, utilizing BioBatteries with TCP anodes and cathodes. Specifically, panel (c) shows 
cycles for a 47 μF capacitor from a cold start, while panel (d) demonstrates cycles for a 470 μF capacitor. 
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Abbreviations 

PES Phenazine ethosulfate 
arPES amine-reactive PES 
BSA bovine serum albumin 
McoP multicopper oxidase from Pyrobaculum aerophilum 
BOD bilirubin oxidase 
GDE gold disk electrode 
TCP toray carbon paper 
KB Ketjen black 
PPB potassium phosphate buffer 
OCP open-circuit potential 
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