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Abstract 

We report on a hybrid bioelectrochemical system that integrates an energy converting part, viz. a 

glucose/oxygen enzymatic fuel cell, with a charge-storing component, in which the redox 

features of the immobilized redox protein cytochrome c (cyt c) were utilized. Bilirubin oxidase 

and pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQ-GDH) were employed as 

the biocatalysts for dioxygen reduction and glucose oxidation, respectively. A bi-protein PQQ-

GDH/cyt c signal chain was created that facilitates electron transfer between the enzyme and the 

electrode surface. The assembled supercapacitor/biofuel cell hybrid biodevice displays a 15 

times higher power density tested in the pulse mode compared to the performance achieved from 

the continuously operating regime (4.5 and 0.3 μW cm-2, respectively) with an 80% residual 

activity after 50 charge/discharge pulses. This can be considered as a notable step forward in the 

field of glucose/oxygen membrane-free, biocompatible hybrid power sources. 

Keywords: enzymatic fuel cell, bilirubin oxidase, glucose dehydrogenase, cytochrome c, hybrid 

bioelectrochemical system 
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1. Introduction 

Supercapacitive biofuel cells (SBCs) constitute a rapidly progressing segment of hybrid 

bioelectrochemical systems employing dual-function electrodes [1]. In these systems the internal 

electrode capacitance is actively utilized to accumulate electric charge generated by the 

bioelement (enzyme or microbial cells) directly immobilized on the capacitive segment of the 

SBC or physically separated, but electrically interconnected with this segment. Starting from the 

pioneering work that has disclosed the influence of electrode capacitance on power output of 

microbial fuel cells [2] and by employing cytochromes produced by living bacteria for charge 

storage [3,4], the SBC concept was further expanded to photobioelectrochemical cells [5,6] and 

enzymatic fuel cells (vide infra). Development of enzymatic SBCs (ESBCs) has become a field 

of special interest with regards to potentially implantable or wearable power sources operating 

under certain conditions, when established enzymatic fuel cells are unable to provide a robust 

power output to supply miniature electronics. Operation in pulse mode, when the charge 

accumulated during low-power continuous operation is extracted via short high-power bursts, 

allows overcoming these restrictions and an expanding application niche of enzymatic power 

sources [7]. 

The charge-storing components of ESBCs reported so far are mainly based on the 

supercapacitive features of carbon nanotube-based materials [8–11], metal [12] and metal oxide 

nanoparticles [13] or on the faradaic behavior of osmium-complex-modified redox polymers 

[14–16]. However, in spite of recent achievements in the development of ESBCs and the proof-

of-principle demonstration of a variety of approaches of fabrication and utilization of ESBCs, the 

biocompatibility and biodegradability of these materials remain a challenge, and most reported 

ESBC types require additional modification to become useable under implantable conditions or 

in contact with physiological fluids [17]. Moreover, the combination of a high-capacitive charge-

storing element with a low-performance enzymatic part could result in an unacceptably long 

equilibration time after each discharging pulse [9]. 

In view of these shortcomings, further development of SBCs and ESBCs requires introduction of 

redox active or pseudocapacitive proteins to build renewable and entirely biodegradable charge 

storing bioelements with a broadly variable capacitance. The recent reported example of an 
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ultrathin supercapacitor that incorporates the advantages of the pseudocapacitive features of 

immobilized myoglobin [18], substantiates the practical attainability of this concept. 

In earlier work, graphene paper (GP) based materials have shown unique properties, i.e. robust 

mechanical strength, high electrical conductivity, tunable flexibility, low weight and low cost, 

together with potential applications in biomimetic composites, electrocatalytic sensors and 

energy storage devices [19–24]. Moreover, the fabrication method of GP is scalable and 

reproducible. Employing freestanding GP as a current collector and enzyme loading material 

offers furthermore a wider application of ESBCs in implanted or flexible medical devices. 

In this work, we demonstrate, to the best of our knowledge, the very first functional ESBC in 

which biological materials are exploited for both energy conversion and charge storage. To 

convert this concept into action, bilirubin oxidase (BOx) and pyrroloquinoline quinone-

dependent glucose dehydrogenase (PQQ-GDH) were utilized as dioxygen reducing and glucose 

oxidizing bioelements, respectively. Notably cytochrome c (cyt c), a small redox protein (MW 

ca. 12 kDa), was employed simultaneously as an anodic electron transfer mediator and a charge 

storing component. 

2. Experimental 

2.1. Chemicals and enzymes 

1,4-Piperazinediethanesulfonic acid (PIPES), D-(+)-glucose, and sodium dihydrogen phosphate 

dihydrate, sodium hydroxide, calcium chloride dihydrate, sodium monohydrogen phosphate 

dihydrate, hydrazine hydrate, and cyt c from horse heart were purchased from Sigma-Aldrich, 

Germany. Graphene oxide (GO) powder was either in-house prepared [25] or obtained from the 

Sixth Element Inc (China). PQQ-GDH (1020 U mg-1) from Acinetobacter calcoaceticus was 

purchased from Sorachim SA (Switzerland). BOx (167 U mg-1) from Myrothecium verrucaria 

was produced and purified by Novozymes A/S (Denmark) based on a reported protocol [26]. All 

chemicals were at least of analytical grade and used as received. All aqueous solutions were 

prepared using Milli-Q water (18.2 MΩ cm). Air-saturated 10 mM phosphate buffer (NaH2PO4, 

Na2HPO4 at pH 7.4) was used in all experiments, unless stated otherwise. 

2.2. Preparation of graphene paper 
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GP was prepared according to a previously reported method with some modification [21,24]. 

Briefly, 20 mL of a 1 mg mL-1 graphene oxide (GO) suspension was vacuum filtrated to 

assemble a GO film with a diameter of 45 mm. It was then reduced by a hydrazine steam in an 

autoclave at 99 °C for 2 h, followed by high temperature annealing at 600 °C for 1 h in an oven 

under a flow of Ar. An average thickness of the obtained GP was 64±20 µm measured by using 

Mitutoyo Thickness Gauge 547-321 (Mitutoyo, Aurora, IL, USA) Finally, the reduced GO films 

were cut into 0.5×1 cm rectangles for further biomodification. 

2.3. Preparation of bioanode and biocathode  

Bioanodes were fabricated by physical adsorption of cyt c and PQQ-GDH onto the electrodes. 

An aliquot of a 10 µL of a cyt c solution (2.5 mg mL-1 in 10 mM phosphate buffer, pH 7.4) was 

first drop cast onto the GP electrodes and kept in a moisturized chamber at 4°C for 2 h. The cyt c 

modified GP electrodes (GP-cyt c) were next rinsed three times with buffer to remove any 

unbound protein and further modified in order to prepare both the anode and the cathode 

electrodes. For preparation of the bioanode 10 µL of a PQQ-GDH solution (4 mg mL-1 in 20 mM 

PIPES buffer containing 3 mM CaCl2 as stabilizer, pH 7.0) was drop-cast onto the GP-cyt c 

electrode, then kept in a moisturized chamber at 4°C for 30-40 min, and then rinsed with 

phosphate buffer before use. For preparation of the biocathode 10 µL of a BOx solution (3.61 mg 

mL-1 in 20 mM Tris buffer, containing 100 mM Na2SO4, pH 8.0) was spread on the other side of 

the GP-cyt c electrode and kept in a moisturized chamber at 4°C for 30-40 min. After enzyme 

adsorption, the cathodes were rinsed with buffer to remove loosely bound enzyme. 

2.4. Electrochemical data 

All electrochemical measurements were performed at room temperature (23±2°C) using an 

Autolab PGSTAT30 potentiostat (Metrohm AG, Utrecht, The Netherlands), controlled by the 

GPES software. For half-cell tests, a three-electrode system was used, where the bioanode or the 

biocathode was used as the working electrode, a platinum plate and an AgAgCl (KClsat) as 

counter and reference electrode, respectively. All potentials in this work are referred to the 

AgAgCl, KClsat electrode (+197 mV relative to the standard hydrogen electrode). The 

electrochemical performance of the assembled membrane-less ESBC was evaluated by using a 

two-electrode system with the bioanode and the biocathode immersed in the same electrolyte 
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solution. The voltage changes during the charge/discharge cycling were monitored 

simultaneously with galvanostatic potentiometry using a digital multimeter (UNI-T, UT61 

Series, China). 

 

3. Results and discussion 

3.1. Electrochemical behavior of the bioanode 

Cyt c, a water-soluble redox protein, is crucial in the respiratory electron transport chain in 

microorganisms and animals. The heme group of cyt c is able to accept and donate electrons as a 

redox mediator, which makes cyt c a suitable intermediate molecule to facilitate electron transfer 

between electrode surfaces and certain enzymes. Biomimetic signal chains between cyt c and a 

variety of other biomolecules such as sugar dehydrogenases, blue multicopper oxidases, sulfite 

oxidase, isolated photosystems and bacterial cells have been reported, allowing efficient inter-

protein electron transfer [27–35]. 

In the current work, we intended to use cyt c for shuttling electrons between PQQ-GDH and the 

GP electrode. Cyclic voltammetry (CV) was first employed to investigate the electrochemical 

behavior of cyt c physisorbed on the GP electrode. A pair of redox peaks at E1/2 = 0.075 V 

(Figure 1A) reflects an efficient direct electron transfer (DET) reaction between cyt c and the GP 

electrode. PQQ-GDH was next immobilized on the cyt c layer to fabricate the glucose oxidizing 

bioanode (PQQ-GDH-cyt c-GP) and investigate the electrochemical communication between 

PQQ-GDH and cyt c in a glucose-containing electrolyte. Figure 1B shows that the 

bioelectrocatalytic currents increase with an increase in glucose concentration. Control 

experiments when only cyt c was immobilized on the GP electrodes show no oxidation response 

towards glucose (Figure 1A). Moreover, PQQ-GDH did not undergo DET in the absence of the 

redox protein. As a result, cyt c was concluded to establish an efficient electron transfer pathway 

connecting the redox center of PQQ-GDH and the GP surface. The PQQ-GDH-cyt c-GP 

bioanode displays an onset potential of 0.02±0.01 V and a catalytic current of about 0.3 µA cm-2 

at 0.3 V in the presence of 1 mM glucose. This current value is about 2 orders of magnitude 

larger than that obtained from PQQ-GDH coupled to cyt c/DNA-multilayer systems in the 

presence of glucose in the same concentration [28]. When the concentration reaches 3 mM, the 
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response of the immobilized PQQ-GDH towards glucose is close to the saturation value 

(Supplementary Figure S1). The calculated apparent Michaelis constant (Km) is around 0.92 mM 

obtained from the Michaelis-Menten kinetics (Supplementary Equation S1). This value is smaller 

than that for the solubilized enzyme (4.8 mM), which can be attributed to the limitation from the 

protein-protein electron transfer process [28]. 

 

Figure 1. (A) Cyclic voltammograms of bare (black) and cyt c modified GP electrodes in the 

absence (red) or presence of 3 mM glucose (green). (B) Cyclic voltammograms of PQQ-GDH-

cyt c bioanode operating at various concentrations of glucose: 0 mM (black), 1 mM (red), 2 mM 

(blue), 3 mM (green). Scan rate 5 mV s-1. 

 

Apart from functioning as an electron-transfer mediator, the cyt c layer can also be used to 

accumulate charge due to its faradaic behavior, similarly to that previously reported for redox 

hydrogels [10,14–16], carbon nanotube/conducting polymer composites [9] or the redox protein 

rusticyanin [36]. As we can see from the CVs (Figure 1A), biomodification of a bare GP 

electrode with cyt c resulted in an obvious enhancement of the capacitance due to the redox 

reactions of the electroactive cyt c. Cytochromes of c-type in the biofilms of live bacteria gave 

similar results [4]. Galvanostatic discharging of the PQQ-GDH-cyt c-GP bioanode using a 1 s 

pulse current of 12 μA cm−2 leads to a voltage change of 0.095±0.005 V (Figure 2B). The 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

-3.0

-1.5

0.0

1.5

3.0

j 
/ 


A
 c

m
-2

E / V (vs Ag|AgCl, KCl
sat

)

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

-3.0

-1.5

0.0

1.5

3.0

j 
/ 


A
 c

m
-2

E / V (vs Ag|AgCl, KCl
sat

)

A B 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 
 

corresponding capacitance is calculated as 126±0.7 µF cm-2 according to Supplementary 

equation (S2). This value is close to the capacitance value calculated from CV (131±0.6 µF cm-2) 

using Supplementary equation (S3). The self-charging process occurred spontaneously after 

completion of the discharging. The catalytic oxidation of glucose by PQQ-GDH thus provides 

electrons, which are in turn transferred to cyt c through interprotein electron transfer. As a result, 

the heme groups in cyt c were reduced, which corresponds to a stabilization of the electrode 

potential at its open circuit potential (OCP) in the fully charged state (Figure 2A, B). In the 

absence of PQQ-GDH, the cyt c-GP electrode displayed a higher OCP of 0.063 V and a 

gradually increasing OCP during the charge/discharge cycling (Supplementary Figure S2). A 

similar phenomenon was observed in a recent work regarding a self-charging biosupercapacitor 

employing a myoglobin-modified electrode [37]. 

 

Figure 2. (A) Representative OCP curves and (B) charge/discharge curves of the BOx-GP-cyt c 

(black) and the PQQ-GDH-cyt c-GP (red) electrodes in the presence of 3 mM glucose in the air-

saturated buffer solution. Discharge was carried out by applying a pulse current of 12 μA cm−2 

for 1 s. 

 

3.2. Electrochemical behavior of the biocathode 
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To create a dual-function biocathode (BOx-GP-cyt c), BOx was immobilized on one side of the 

GP electrode as energy converting component catalyzing dioxygen reduction, while cyt c was 

adsorbed on the other side to create a charge storing part. A similar approach of employment 

charging/capacitive compartments, e.g. enzyme-charging/polyaniline composite-storing and 

thylakoid membranes-charging/gold nanoparticles-storing patterns, was successfully applied in 

the construction of hybrid bioelectrochemical systems [5,9]. The BOx modified GP electrode 

exhibits a stable OCP of 0.50±0.02 V after equilibrating for 50 s in an air-saturated electrolyte 

(Supplementary Figure S3). The high OCP value indicates a favorable orientation of the type I 

Cu center facing the electrode surface, and BOx is therefore able to accept electrons directly 

from the electrode. When cyt c was deposited on the other side of the BOx-GP electrode, its 

initial OCP dropped to 0.26 V, followed by a subsequent increase (Figure 2A). The OCP 

fluctuations are related to the charge distribution of the biocathode, in other words the dynamic 

equilibrium between cyt c and BOx. The OCP of the biocathode finally stabilized at 0.40±0.02 

V. As shown in the CVs of the BOx modified electrodes, the presence of a capacitive cyt c layer 

also results in a slight decrease in the cathodic limiting current (Supplementary Figure S4). 

Comparing the discharge results of the BOx-GP (Supplementary Figure S5) and the BOx-GP-cyt 

c electrodes (Figure 2B), we found that a twice-smaller voltage drop was achieved for the latter, 

which corresponds to a significant enhancement in the electrode capacitance. The observed 

increase in the electrode capacitance in the presence of cyt c confirms the practical 

implementation of the proposed concept that the capacitance of the cyt c layer may ensure a 

sufficient charge-storing ability of the hybrid biodevice. 
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Scheme 1. Schematic representation of the assembled ESBC. The structures of cyt c (rust red), 

PQQ-GDH (purple) and BOx (green) correspond to PDB 1hrc, 1c9u and 2xll, respectively. Not 

drawn to scale. 

3.3. Electrochemical behavior of the hybrid ESBC 

We have finally constructed a hybrid ESBC (Scheme 1) by combining the PQQ-GDH-cyt c-GP 

bioanode with the BOx-GP-cyt c biocathode. The fabricated device has an open circuit voltage 

(OCV) of 0.38±0.03 V and a peak power density of 0.29 µW cm-2 at a voltage of 0.16 V in the 

continuous mode (Figure 3A). As shown in the polarization curve, in order to polarize the 

electrode, the voltage drops fast at the beginning due to kinetic, activation and charge transfer 

losses. After that, the voltage decreases slowly and linearly over a wide range of the current 

density, resulting from the intrinsic resistance of the system as well as the resistance from the 

flow of ions in the electrolyte. The mass transport limitation, which usually happens at a 

potential close to zero, is not a critical factor for determining the current density in our ESBC 

due to the relative slow kinetics of the enzymes especially at the anode. 
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The OCV value achieved is typical for all Nernstian hybrid bioelectrochemical systems with the 

same charge-storing component at both electrodes [9,15,16]. This is indicative of a limited 

ability to increase the relative amount of oxidized and reduced redox active molecules during the 

self-charging process. The hybrid ESBC was evaluated by applying different current pulses over 

a period of 1 s, and the corresponding voltage drops were recorded in Figure 3B. Higher currents 

applied resulted in larger voltage drops as well as a longer recovery time back to the initial OCP. 

Since the maximum power density of the ESBC in the beginning of the discharge process is 

calculated from the OCV and the applied current pulse (4.5 μW cm-2 for 12 μA cm-2), it does not 

describe the performance during the discharge process. Alternatively, the voltage in the end of 

the discharging pulse can be used as a characteristic parameter, as was demonstrated by Agnes et 

al. [8]. The corresponding power curve profile calculated from the end-point voltage is presented 

in Figure 3C. The highest power density of 2.6±0.1 µW cm-2 at a current density between 12-15 

μA cm-2 was obtained.  

Appling a discharging current pulse of 12 μA cm-2 for 1 s on the two-electrode system ESBC 

leads to a voltage drop of 0.14±0.01 V. The voltage drop remained constant for at least 52 cycles 

of continuous self-charge/discharge operation, indicating no desorption of the biomolecules 

(Figure 3D). The overall capacitance of the ESBS calculated from fast galvanostatic discharge 

was 85±1 µF cm−2, which is slightly higher than that reported for a conventional 

biosupercapacitor based on the copper protein rusticyanin as the charge-storing redox protein 

[36]. 
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Figure 3. Representative electrochemical performance of the assembled ESBC in the presence of 

3 mM glucose. (A) Voltage-current (black) and power-current curves (blue) obtained in 

continuous mode. Scan rate 1 mV s-1. (B) Charge/discharge curves. Voltage drops were 

measured by applying different current pulses: (a) 6 μA cm−2, (b) 12 μA cm−2, (c) 15 μA cm−2, 

(d) 18 μA cm−2 and (e) 21 μA cm−2 over a period of 1 s. (C) Power-current profile in a pulse 

mode from the end-point voltage values obtained by applying various current pulses. (D) Long-

term charge/discharge behavior. Discharge was carried out using a pulse current of 12 μA cm−2 

for 1 s.  
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The self-charging process was followed until a stable OCV was achieved and it took around 4 

min and 1 min for the bioanode and the biocathode, respectively (Figure 2B). The bioanode 

therefore determined the rate of the self-charging process in the assembled ESBC. A similar 

effect was reported in a glucose/O2 biosupercapacitor based on an Os redox polymer [14]. There 

is a slight fluctuation in the recharged voltage of the ESBC, which accords with the OCP and 

charging/discharging curve of the BOx-GP-cyt c electrode due to the dynamic equilibrium 

between BOx and cyt c. After 50 cycles of discharging pulses, an OCV of the ESBC with a 

constant self-charging time applied up to 0.31 V was recovered, which can be compared with the 

initial value of 0.38 V. The OCV achieved even after more than 4 h of operation, however, 

outperforms a recent example of a glucose/O2 ESBC employing non-biological capacitive 

elements [13]. The operational stability is significantly better than that of other reported hybrid 

bioelectrochemical systems, in which the energy-converting bioelement is interconnected with a 

charge-storing component with a disproportionately high capacitance [9]. 

The main operational characteristics of the ESBC achieved in this work, viz. maximum power 

output, OCV and operational stability, are comparable to those for the analogous hybrid and 

conventional systems employing potentially implantable electrodes of similar morphology and 

operating in solutions containing glucose, lactate and ascorbate as fuels (Supplementary Table 

S1). Taking into account that overall stability of the developed ESBC is mainly determined by 

the stability of the anodic enzyme, utilization of cyt c as a mediator results in a better stability 

compared to the direct immobilization on the carbon surface but is inferior to the bioanodes 

based on osmium-complex-containing polymer matrix. 

 

4. Conclusions 

In conclusion, we have demonstrated the very first example of a self-charging ESBC hybrid 

system, in which solely biomolecules (enzymes and a redox protein) are employed to convert 

and store energy within a single device. Cyt c facilitates the electron transfer between PQQ-GDH 

and the GP electrode and simultaneously stores charge at both the anode and the cathode. 

Compared to the low power output in classic biofuel cells, the new ESBC offers a notably higher 

power output via the pulse mode, while the capacitance was continuously recharged through the 
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biocatalytic energy conversion. The introduction of flexible electrode materials makes this new 

construction principle promising as a real implantable or wearable power source, considering 

that redox proteins from the hosting organism can be employed in biocompatible charge storing 

electrodes to overcome the safety issue for operation under both in vitro and in vivo conditions. 
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Highlights 

 The device employing biomolecules for energy conversion and storage was 

developed. 

 PQQ-GDH and BOx were utilized as anodic and cathodic bioelements, respectively. 

 Cyt c was used as an anodic mediator and as a redox active charge-storing unit. 

 The main characteristics were comparable to those for analogous systems. 
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