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A B S T R A C T

Glucose abiotic biofuel cell using gold nanoparticles (AuNPs) ink printed electrodes on bacterial nanocellulose
was developed with colloidal platinum (co-Pt) anode and silver oxide/multiwalled carbon nanotube (Ag2O-
MWCNTs) nanocomposite cathode. The co-Pt was electrodeposited to increase the conductivity of the printed
AuNPs electrode and enhance the oxidation of glucose at the anode. The Ag2O-MWCNT composite was synthe-
sized and modified on the cathode surface to provide a porous conductive network and increase the electrode
electrocatalytic activity. The surface morphologies and electrochemical properties were characterized using
scanning electron microscopy (SEM), cyclic voltammetry (CV), and linear sweep voltammetry (LSV). An open
circuit voltage (Voc) of 0.43 V, short circuit current density (Isc) of 0.405 mA/cm2, and maximum power density
(Pmax) of 0.055 mW/cm2 at 0.23 V were achieved in the presence of 5 mM glucose, whereas a higher Voc of
0.57 V, Isc of 0.581 mA/cm2, and Pmax of 0.087 mW/cm2 at 0.35 V were obtained in the presence of 20 mM
glucose. Using various glucose concentrations, the peak power density increased linearly and showed good per-
formance in serum containing glucose. This single abiotic biofuel cell generated adequate power via a voltage
booster circuit to illuminate an LED.
1. Introduction

Glucose biofuel cells convert the chemical energy stored in glucose
fuel into electrical energy through an electrochemical reaction and is
considered as one of the most promising technologies for generating
bioelectricity [1–7]. They are environmentally friendly, biocompati-
ble, small in form factor, and their use as analytical devices has
increased because of their capability to serve as diagnostic tools
[8–10]. A key advantage of glucose biofuel cells is that at ambient tem-
perature and neutral pH conditions, they demonstrate high conversion
efficiency and have been demonstrated to generate adequate bioelec-
tricity to power small electronic devices [11]. The two types of com-
monly developed biofuel cells are the enzymatic biofuel cell and the
non-enzymatic biofuel cell. Enzymatic biofuel cell uses complex
enzyme immobilization strategies to immobilize enzymes to the sur-
face of electrode material. The enzyme stability is widely affected by
pH and temperature, which can result in enzyme denaturation if the
microenvironment conditions are not optimal. To address the current
limitations associated with enzymatic glucose biosensors, conductive
materials such as carbon nanotubes [12,13], metal oxides [14,15],
nanostructured materials [16,17], and graphene [18] are being
explored as an alternative sensing material for glucose and molecular
oxygen oxidation and reduction, respectively. Noble metals such as
gold, platinum and silver nanoparticles have gained significant atten-
tion because of their unique electrocatalytic properties [19,20]. These
nanoparticles have been shown to improve the direct electron transfer,
signal transduction, and efficiency of sensors when used as the sensing
material. Platinum nanoparticles (PtNPs) and nanocomposites have
been shown to have the capacity to directly electrooxidize glucose
even in the absence of enzymes and mediators [21,22]. The large sur-
face area offered by nanoparticles, specifically colloidal platinum in
biofuel cells makes them attractive for the construction of glucose sen-
sors [21,22].

There is a growing demand for flexible electronics that integrate
miniaturized components to realize analytical devices on conformal
substrates. The application of bacterial nanocellulose (BNC) thin film
has garnered attention in biomedical, flexible electronics, separation,
and waste purification research due to its high mechanical strength
and flexibility [23]. BNC exhibits transferable tattoo-like properties,
such as good shape retention, high water-binding capacity, and higher
surface area when compared to native cellulose [24,25]. These unique
properties facilitate the use of BNC in the fabrication of several differ-
ent products like membrane, high-grade paper, speaker diaphragm,
diet food, and textiles. Current research on BNC focuses on the incor-
rch Way,
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poration of inorganic and/ or organic nanomaterials to provide
antibacterial, optical, electrical, magnetic, and catalytic properties
for use in biomedical research [26]. The use of BNC as substrate or
sensing material in the development of transferable tattoo-like biosen-
sors and bioelectronics could be achieved using screen printing and
inkjet printing strategies. These strategies offer several advantages
over cleanroom microfabrication strategies, such as low processing
costs, rapid processing rates, minimal waste generation, and low con-
tamination [24,25].

Inkjet printing enables consistent large-scale production of arrays
of conductive materials. The range of nanoparticles to biomolecules
materials that can be printed with inkjet printers offer a means to mass
produce functional components for biofuel cell. Inkjet printing of con-
ductive and non-conductive materials enables the development of
ultra-thin and compact analytical devices that may continue to revolu-
tionize wearable and implantable devices in terms of cost, efficiency,
and reproducibility.

In this work, we demonstrate an ultra-thin tattoo-like glucose abi-
otic biofuel cell system capable of generating adequate bioelectricity
using a facile three-step fabrication process. The abiotic glucose bio-
fuel cell was constructed by first printing gold nanoparticles (AuNPs)
electrodes on 130 µm thin sheet BNC to serve as the anodic and catho-
dic base material, upon which we electrodeposited colloidal-Pt at the
anode and drop casted a mixture of multiwalled carbon nanotubes
(MWCNTs) and silver oxide nanoparticles (Ag2O) on the cathode.
The morphology of the electrode materials was characterized using
scanning electron microscopy (SEM) and the electrochemical charac-
terization was achieved via linear sweep voltammetry (LSV) and cyclic
voltammetry (CV). This combination of anodic and cathodic sensing
materials enables the direct oxidation of glucose at the anode and
reduction of Ag2O at the cathode to generate bioelectricity. The power
generated by the tattoo-like glucose abiotic biofuel cell was linear over
a concentration of 1 mM −10 mM. The electrical power generated
from the single abiotic fuel cell was supplied to a voltage boost con-
verter to amplify the voltage and illuminate a light emitting diode
(LED). This facile approach demonstrates a low-cost alternative to
mass producing analytical devices for biosensor and bioelectronics
applications.
2. Experimental

2.1. Materials

Silver nitrate, polyethylene glycol 3000 (PEG), sodium hydroxide,
D (+) glucose, potassium phosphate monobasic, sodium azide, and
Nafion were obtained from Sigma-Aldrich. The platinizing solution
was purchased from YSI Inc., and NGP-J gold nanoparticle ink was
acquired from Iwatani Corporation of America. The multiwalled car-
bon nanotube NINK-1000 was obtained from Nanolab, Inc. Gluconace-
tobacter xylinus (ATCC 10245) was purchased from ATCC.
Hydrosulphite of sodium medium (HS medium) was purchased from
Himedia Laboratories. All the solutions were prepared with 18.2
MΩ-cm Milli-Q water. Platinum counter electrode, Ag/AgCl reference
electrode, and PalmSense4 potentiostat were purchased from BASI Inc.
The S882Z charge pump integrated circuit (IC) was obtained from
Seiko Electronics.
Fig. 1. (A) Design pattern of electrodes. (B) Fabricated Au-co-Pt anode and
Ag2O-MWCNTs cathode. (C) Schematic illustration of the anodic and cathodic
reaction mechanisms.
2.2. Bacterial nanocellulose synthesis

Gluconacetobacter Xylinus culture was maintained in sterile HS
medium as static cultures at 30 °C. Briefly, the cell pellet was rehy-
drated in HS medium and transfer to 50 mL conical tube containing
5 mL broth at 30 °C to establish a good growth for 72 h. To generate
the inoculum, the pellicle was removed to disperse the cells by vortex-
ing at maximum speed for 1 min. The suspended bacteria (1 mL each)
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solution was transferred to a fresh 50 mL HS medium in sterile
100 mm crystallization dishes. The inoculated crystallization dishes
were incubated at 30 °C undisturbed for 1 week. The bacteria were
fed at 1-week intervals by carefully adding 50 mL of HS medium to
enable the formation of subsequent pellicles for a total of 6 weeks to
form 6 uniform pellicles. To harvest the bacteria nanocellulose, the
pellicles were incubated at 90 °C in 0.5 M NaOH for 1 h to denature
the bacteria. The pellicles were extensively washed in Milli-Q water
for 48 h to remove the NaOH and achieve neutral pH. The washed pel-
licles were stored 0.02% sodium azide solution at 4 °C prior to use.

2.3. Electrode fabrication

The bacterial nanocellulose pellicles were placed on 3-inch PET
wafers, smoothened in Milli-Q water to remove all air bubbles, and
allowed to dry at room temperature overnight prior to printing on
the BNC substrate. Fig. 1A provides the illustration of the electrode
pattern with an overall dimension of 15 mm × 10 mm designed using
CoralDRAW. A semicircle and a larger circle (r = 5 mm) shape design
were implemented for the cathode and anode, respectively. The .bmp
file was exported to the Fujifilm Dimatix 2850 Materials Printer to be
converted to a.tf file for printing. The software then was configured
with the thickness of the substrate (130 µm bacterial nanocellulose
on PET), printing layers (2 layers), and jetting speed (50 Hz) for print-
ing the electrodes. The NGP-J gold ink (650 µL) was injected into a
DMC-11610 cartridge (10 pL drop-size) tank using a syringe followed
by capping of the cartridge with the nozzle head. The platen and car-
tridge temperatures were set at 45 °C and 28 °C. A printing resolution
of 1016 DPI was used, with the jetting voltage range between 22 and
25 V and all 16 jets were used. After printing, the substrate was dried
in a conventional oven for 90 min at 85 °C to dry the ink, and then
cooled to cool temperature overnight before the preparation of the bio-
fuel cell.

2.4. Synthesis of silver oxide nanoparticles

Silver oxide nanoparticles (Ag2O) solution was prepared by dissolv-
ing 20 g of PEG in 1 L of Milli-Q water, which was then heated to 75 °C
under constant stirring for 1 h to ensure that all the PEG was com-
pletely dissolved to form a homogeneous solution. The resulting PEG
solution was filtered using Whatman ashless filter papers to remove
any impurities. Under constant stirring, silver nitrate solution was pre-
pared from 0.5 g of silver nitrate and was added to the prepared PEG
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solution at 75 °C for 1 h. The pH was maintained at pH 9.8 to 10
throughout the reaction process using 0.1 M NaOH solution. Subse-
quently, the Ag2O particles precipitated to the bottom of the solution
and the solution was centrifuged to extract the particles from the orig-
inal solution. A 20 µL of MWCNTs solution was mixed in with the Ag2O
particles using ultra-sonication for 30 min to form the Ag2O-MWCNTs
solution.
2.5. Preparation of glucose abiotic biofuel cell

The dried printed electrodes were rinsed with isopropanol (IPA) for
5 min and dried with nitrogen gas to remove any impurities from the
surface. Colloidal platinum (co-Pt) was electrodeposited on the anodic
electrode using a three-electrode configuration consisting of the ano-
dic working electrode, platinum counter electrode, and Ag/AgCl refer-
ence electrode immersed in platinizing solution. The co-Pt was
electrodeposited onto the surface on the printed gold electrode at an
applied potential of − 225 mV vs. Ag/AgCl for 1500 s. The electrode
was then washed with Milli-Q water and dried a 80 °C for 30 min, fol-
lowed by cooling in ambient air as shown in Fig. 1B. The Ag2O-
MWCNTs solution was drop-casted onto the cathode surface, followed
by soft baking at 60 °C for 30 min. Fig. 1C provides a schematic illus-
tration of the process involved in preparation of the anodic and catho-
dic functional components of the glucose abiotic biofuel cell. For easy
handling and device testing, a tungsten wire was attached to the elec-
trodes using carbon wire glue.
2.6. Characterization of printed electrodes

Scanning electron microscopy (SEM) images were taken using a
Hitachi FE-SEM Su-70. The cyclic voltammograms (CV) and linear
sweep voltammograms of the fabricated abiotic biofuel cell responses
to phosphate buffer solution (PBS) and glucose or oxygen were
observed using a PalmSense4 electrochemical system. The inkjet-
printed electrode on BNCs served as working electrodes. A platinum
wire and Ag/AgCl served as the counter electrode and reference elec-
trode, respectively. All measurements were carried out in 0.1 M PBS
solution, pH 7.4 using an electrochemical cell.
3. Results and discussion

Inkjet printing was performed to pattern gold nanostructures on the
BNC thin film. The gold surface on the BNC was characterized by scan-
ning electron microscopy (SEM). Fig. 2A shows the printed gold elec-
trode surface. The gold electrode surface exhibited a plain surface with
nanostructures (ϕ = 22.4 ± 6.2 nm), thereby making it ideal for use
as electrode substrate material. From Fig. 2B, the electrodeposition
was performed to deposit co-Pt on the printed gold electrode. The elec-
trodeposited co-Pt presented a fractal-like distribution of microstruc-
tures, measuring on average 3.8 ± 1.1 μm in diameter. The co-Pt
structures were found to be uniformly deposited on the printed gold
surface. They also exhibited a porous morphology with a high surface
area to volume ratio and appear to be composed of nanostructures. The
co-Pt structures act as an inorganic catalyst at the electrode–electrolyte
interface to improve the catalysis of glucose at the anode when com-
pared to the bare printed gold electrode. Fig. 2C shows the Ag2O-
MWCNTs nanocomposite drop casted on the printed gold electrode.
A network of MWCNTs (ϕ = 53 ± 0.8 nm) intertwined with the
Ag2O nanostructures with diameters ranging from 12 nm to 389 nm
was observed. Smaller Ag2O nanostructures were observed to be
directly attached to the MWCNTs surface. This interconnected network
of Ag2O-MWCNTs nanocomposite is essential in creating a porous
environment to enable Ag2O reduction at the cathode [6].
3

3.1. Electrochemical characterization

The cyclic voltammogram in Fig. 3 shows the electrooxidation of
glucose in the presence of co-Pt electrodeposited on printed gold
nanostructures to produce gluconic acid and electrons according to
Eq. (1) [27].
Glucose + Au � co � Pt ! Gluconic Acid + 2Hþ + 2e� ð1Þ
At the anodic electrode, hydrogen adsorbed to the co-Pt electrode

surface and the co-Pt acts as the dehydrogenation site wherein the gold
nanostructure surface facilitates the regeneration of co-Pt from poison-
ing due to adsorbed intermediates from the oxidation of glucose. At
the onset potential of −0.428 V, surface Pt-OH particles are formed
which oxidizes the intermediates produced by the absorption of glu-
cose, and thus frees up active Pt sites for direct oxidation of glucose
[28]. During the electrooxidation of the glucose, a well-defined peak
was observed around a potential of−0.052 V with higher current den-
sity of 1.435 mA/cm2 in comparison to the current density of
0.85 mA/cm2 in the absence of glucose. The presence of an oxidation
peak is attributed to the electron transfer occurring at the gold co-Pt
surface in the presence of glucose. This shows that co-Pt exhibits a cat-
alytic effect in the direct oxidation of glucose. Therefore, the electrode-
position of co-Pt on the gold printed BNC provides large surface area
decorated with nanostructures to enhance the electrocatalytic perfor-
mance of the anode. The offset panel in Fig. 3 shows the linearity of
the peaks from 2 mM to 28 mM glucose (r2 = 0.9883) with a sensitiv-
ity of 35.01 μA/mM-cm2 and a limit of detection of 0.88 mM (3 S/N).

In general, oxygen reducing enzymes such as bilirubin oxidase and
laccase are used at the cathode to catalyze the reduction of oxygen to
produce water and transfer the electrons generated to the current col-
lector [7,8]. The possibility of the enzyme becoming denatured under
environmental conditions and the low solubility of dissolved oxygen in
solution causes the enzyme-based cathodes to exhibit a low perfor-
mance in air and, and thus require measurements to be taken under
stirring conditions [29]. The Ag2O-MWCNT composite is used here
as an alternative cathode material and thus serves as the cathodic elec-
tron acceptor in the biofuel cell. Ag2O accepts the electrons generated
at the anode and is reduced to Ag. As Ag2O is reduced to Ag, hydroxyl
(OH–) is generated as depicted in Equation 2.
Ag2O + H2O + 2e� ! 2Ag + 2OH� ð2Þ
Fig. 4 shows the electrocatalytic behavior of the Ag2O-MWCNT

cathode in a non-stirring air-saturated PBS. The shape of the voltam-
mogram is consistent with those previously reported [30]. The elec-
trode was then placed under oxygen purging for 5 and 10 min to
achieve oxygen saturation conditions. From the voltammogram, the
reduction current density of Ag2O-MWCNT cathode increases in the
presence of oxygen with an onset potential of 0.231 V in a similar man-
ner to oxygen reduction at noble metal or enzyme-based cathodes [4].
The reduction peak observed is due to the presence of silver, which
results from the reduction reaction of Ag2O in the Ag2O-MWCNT elec-
trode and is independent of the electrolyte environment and can be
described by the reaction mechanism in Eq. (2). In addition, the
Ag2O can then be slowly regenerated through exposure to air/oxygen
at room temperature, thereby slowly restoring Ag2O to be reduced
again in PBS electrolyte [31]. The electrocatalytic behavior observed
can also be attributed to the improved porosity provided by the inte-
gration of MWCNTs with Ag2O to enable the reduction and facilitate
electron transfer [32]. This anodic and cathodic reactions also indicate
successful direct electron transfer for the co-Pt and Ag2O-MWCNTs
electrodes. The co-Pt glucose oxidation anode and the Ag2O-MWCNTs
Ag2O reduction cathode were assembled as a two-electrode system to
evaluate the biofuel cell performance. The oxidation reaction at the



Fig. 2. Scanning electron micrographs of (A) bare printed gold nanoparticles (AuNPs) on bacterial nanocellulose sheet, (B) colloidal platinum (co-Pt)
electrodeposited on printed gold nanostructures, (C) sliver oxide-multiwalled carbon nanotubes (Ag2O -MWCNTs) nanocomposite drop cast on printed Au
electrode.

Fig. 3. Cyclic voltammogram of gold co-Pt anode in the absence and presence of 2–20 mM glucose. The offset panel shows the linearity of the anodic peaks for the
co-Pt anode. 0.1 M PBS pH 7.4 and 50 mV/s against Ag /AgCl.
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anode produces electrons that travels through the external circuitry
and the ions move through the electrolyte and recombines at the cath-
ode for the reduction of Ag2O to generate a stable current.

3.2. Biofuel characterization

The abiotic biofuel cell was constructed with the co-Pt anode and
Ag2O-MWCNT composite cathode arrange side by side on a PET sub-
strate to provide structural support for characterization. The biofuel
4

cell was placed in a beaker containing various concentrations of glu-
cose. The open circuit potential of the anode and cathode measured
against Ag/AgCl were −0.436 V and 0.218 V, respectively. The anode
potential was lower than the cathode potential and were similar to the
onset potentials in the CVs of Figs. 3 and 4. The membraneless biofuel
cell was assembled as shown in Fig. 5A insert. Glucose electrolyte solu-
tions ranging from 1 mM to 20 mM were prepare with in PBS. The
polarization performance of the biofuel cell is shown in Fig. 5A. The
co-Pt anode was used as the negative electrode and the Ag2O-MWCNTs



Fig. 4. Cyclic voltammogram of CNT-Ag2O cathode in PBS with O2 saturated
PBS for 5 min and 10 min. 0.1 M PBS pH 7.4 and 50 mV/s against Ag /AgCl.
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cathode was used as the positive electrode. The polarization curves
were measured using linear sweep voltammetry (LSV) and power den-
sity curves were acquired to determine the peak power of the abiotic
biofuel cell. The open-circuit voltage (Voc) of the biofuel cell was
0.43 V and the short current density was 0.405 mA/cm2 when operat-
ing on 5 mM glucose, although the Voc was smaller than the expected
maximum theoretical thermodynamic redox potential for glucose oxi-
dation and Ag2O reduction [33]. However, the high current observed
is attributed to the increased surface area caused by the incorporation
of nanostructures on the printed gold substrate.

Fig. 5B presents the power density profiles. The peak power densi-
ties achieved in 5 mM and 20 mM glucose were 0.055 mW/cm2 at a
cell voltage of 0.23 V and 0.087 mW/cm2 at 0.35 V, respectively.
The obtained power densities were the result of the decoration of
the highly conductive printed AuNPs with electrodeposited co-Pt or
Ag2O-MWCNTs on the surface of the electrodes, which further
improve the overall conductivity of the electrodes and provide a por-
ous structure to enable the catalysis of glucose and Ag2O. The glucose
biofuel cell output power response was collected in triplicates and the
calibration curve is shown in Fig. 6A. The biofuel cell exhibited a curve
that has a linear response over a range of glucose concentrations from
1 mM to 10 mM (r2 = 0.9458) with a detection sensitivity of 7.84 μW/
mM-cm2. Although the linear response to increasing glucose concen-
tration is narrow, this result illustrates that the biofuel cell can be used
as a glucose indicator [34,35]. Most glucose biosensors and other elec-
Fig. 5. (A) IV characteristic and (B) Power density curves of glucose biofuel cell ope
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trochemical devices require interfacing to bulky electrochemical work-
stations, which make them not well-suited for wearable applications.
This alternative glucose indicator reduces the number of circuit com-
ponents and complexity of the measuring circuit, thereby the overall
cost. An attractive advantage of this type of glucose indicator is that
it can serve as a power source to a low-powered wireless communica-
tion electronics while at the same time sensing glucose.

Furthermore, the glucose abiotic biofuel cell was setup using serum
solution as an electrolyte and the polarization curve and power output
were recorded (Fig. 6B). The glucose concentrations of serum were
1 mM and 5 mM. The peak power output was observed to be
0.045 mW/cm2 at 0.21 V in serum as shown in Fig. 6B. This value
was obviously smaller as compared with the oxidation of 5 mM glu-
cose solution. The fall in power from the 0.055 mW/cm2 at 0.23 V
observed for 5 mM glucose could be due to the interaction of protein
molecules present in the serum electrolyte solution with the electrode
surfaces, thereby inhibiting the catalytic reaction [36]. The porosity of
the nanocellulose enables the vertical wicking of glucose fluid from the
source to the active area of the electrodes to enable the redox reaction
to take place in the presence of glucose. As it is seen in Fig. 6C, the fab-
ricated abiotic biofuel cell was moistened with Milli-Q water and
placed on the skin with the electroactive side in direct contact with
the skin to form a tattoo-like substrate on the skin. As soon as the
water dried up, the sensor conformed to the skin (lower arm). In addi-
tion, the biofuel cell assembly was connected to a charge pump inte-
grated circuit (S-882Z) through resistor, capacitor, and light emitting
diode (LED). The voltage generated by the single biofuel cell was fed
into the charge pump circuit, which then charges and discharges the
charge pump through an output capacitor (0.1 µF) to increase the nom-
inal input voltage to 1.8 V and illuminate the LED as shown in Fig. 6C.
These results confirm that the fabricated co-Pt and Ag2O-MWCNTs
decorated printed gold electrodes are promising and desirable for abi-
otic glucose biofuel cell applications.

4. Conclusion

We fabricated an abiotic biofuel cell that consists of a glucose oxi-
dizing co-Pt anode and Ag2O reducing Ag2O-MWCNTs cathode fabri-
cated on the surface of gold inkjet-printed on a thin-film of
nanocellulose synthesized via bacteria G. xlyinus. The electrode-
posited co-Pt and the Ag2O-MWCNTs composite were incorporated
on the inkjet-printed gold nanoparticles electrodes to promote the
catalysis, direct electron transfer, and improve conductivity in the
electrodes. The results show that the fabricated electrodes could oxi-
dize glucose and reduce Ag2O, thereby producing good power density
under physiological conditions as well as generating a stable voltage
output to illuminate an LED circuit. The electrodeposition of co-Pt
on printed gold improved the catalysis of glucose and the Ag2O-
rating on increasing concentration of glucose [0–20 mM] in 0.1 M PBS pH 7.4.



Fig. 6. (A) Calibration curve for abiotic biofuel cell with error bars (triplicates). (B) Polarization and power curves in serum and glucose solutions. (C) The abiotic
biofuel cell electrodes perfectly conform to the skin without any adhesives. (D) A single biofuel cell serving as the power source to the charge pump integrated
circuit (S882Z) connected to a load resistor and 0.1 µF capacitor and an LED.
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MWCNTs composite drop-casted on the printed gold improved the per-
formance of the abiotic biofuel cell. The biofuel cell exhibited high
power output of 0.087 mW/cm2 at 0.35 V in 20 mM glucose. The
results also show a high output power performance in the 1 to
10 mM range with a sensitivity of 7.84 μW/mM-cm2, which correlated
to good glucose sensing performance and exhibit good power output
profile. The maximum power output obtained were 0.055 mW/cm2

in 5 Mm glucose and 0.045 mW/cm2 in serum containing 5 mM glu-
cose. The facile method presented for the fabrication of the electrodes
has the potential to enable the realization of printed abiotic biofuel cell
devices that provides a path to the mass production of cost-effective
biofuel cells.
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