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ABSTRACT: We reported a straightforward and low-cost method to fabricate stretchable biofuel cells by using liquid metal-based
metal-polymer conductors. The liquid-metal-based metal-polymer conductors had a conductivity of 2.7 x 10° S/m and a stretchabil-
ity larger than 200 %, giving the biofuel cell good conformability to the skin. The glucose biofuel cells (BFCs) yielded a maximum
power density as 14.11 pW/cm? at 0.31 V with 0.2 mM glucose, while the lactate BFCs reached 31.00 uW/cm? at 0.51 V with 15

mM lactate. The results of 24-hour short circuit current density showed that, with enough biofuel, this patch could be used over the

course of an entire day for wearable sensors.

Alongside the integration of medicine and electronics into a
digital era, a large number of wearable analytical devices for
healthcare are emerging.!"® The power supply is the heart of
such wearable analytical devices, determining their longevity.’
Currently, power supplies include energy storage devices (bat-
teries and supercapacitors) and energy harvesting devices.!®!!
Energy harvesting devices are renewable and sustainable for
long-term work, including radiofrequency (RF), photovoltaic
energy harvesting, thermoelectric energy harvesting, piezoelec-
tric energy harvesting, triboelectric energy harvesting, and bio-
fuel cells.!>!> However, the RF, photovoltaic, and thermoelec-
tric energy harvesting technologies are limited by surrounding
environments (extra RF transceiver, light sources, and temper-
ature differences, respectively). The piezoelectric and triboelec-
tric energy harvesting technologies require users to complete
certain actions to convert mechanical energy into electrical en-
ergy.'S Biofuel cells are an ideal long-term power supply for
wearable analytical devices because they take advantage of nat-
ural metabolites to convert biochemical energy into electrical
energy.'”!® Theoretically, as long as the organism keeps pro-
ducing metabolites that serve as fuel, the biofuel cell can con-
tinuously generate energy. If biofuel cells are applied to weara-
ble analytical devices, it would largely prolong the lifespan of
devices and expand the diversity of point-of-care testing.!®2
Also, as the increasing demand for green energy,?! fuels and ac-
tive materials of biofuel cells are biodegradable and eco-
friendly, which would not contaminate the environment and
could be artificially regenerated.?? Besides, biofuel cells have
unique advantages, which can be used for biosensors, toxic de-
tection, or drug delivery.?

To enhance the efficiency of power conversion, wearable
biofuel cells need to be largely conformal with biological inter-
faces.?*?* Researchers used nanoscale wavy gold and copper as
conductors of wearable analytical devices to adapt to the

deformation of biosurface.?**° However, the fabrication is com-
plex, and high in cost (Table S1). Printable silver inks offer a
stretchable conductor for biofuel cells to resist deformation.’!
Nevertheless, silver itself can easily cause allergic reactions in
localized areas of contact and is toxic.*? Carbon-based conduc-
tors are easy to prepare and low in cost. But their low stretcha-
bility and conductivity limit their applications.

To enhance the stretchability and conformability of the bio-
fuel cells, we used highly stretchable, compatible, and conduc-
tive liquid metal-based metal-polymer conductors (MPC) to in-
terconnect the biofuel cells.**** The MPC can come into con-
formal contact with the skin, offering a stable bio-interface be-
tween the device and the skin.3* Here, we report a strategy for
fabricating skin-attachable biofuel cells with MPC to largely fit
the epidermal deformation.

EXPERIMENTAL SECTION

Materials and Devices. Unless otherwise noted, all reagents
were from Shanghai Aladdin Biochemical Technology Co.,
Ltd. The eutectic Gallium and Indium (EGaln, 4:1, 100 g) were
from Haoke Technology Inc., Beijing, China. Carboxymethyl
cellulose (CMC, M.W. 250000) and hydroxypropyl chitosan (>
80%) were from Macklin Inc., China. Carbon Mediator Paste
C2070424P2 was from SunChemical, U. K. SYLGARD™ 184
Silicone Elastomer, from Dow Corning, America. 1x PBS was
from Solarbio, China. Glucose oxidase (G2133) and Nafion so-
lutions were from Sigma-Aldrich, America. Lactate oxidase
(LCO-301) was from Toyobo, Japan. Bilirubin oxidase was
from Yuanye, China. Albumin bovine (BSA) was from West
Gene Biotech. Inc.

SEM images were captured by Hitachi-SU8220 with an ac-
celerating voltage of 5 kV. The electrochemical tests were per-
formed by a chemical workstation (Metrohm autolab/M204).
The spindle-shaped sample was loaded on a
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Figure 1. Scheme of a biofuel cell. (a) the structure of a biofuel cell; (b) cross-section view of the scheme of electrodes; (c) the mecha-
nism of the biofuel cell (i: the glucose biofuel cell, ii: the lactate biofuel cell)

Universal Testing Machine (XLD-100E, Guangjing, China)
with a speed of 50 mm/min. Low-power energy harvesting
module (BQ25504), blood oxygen module (MAX30102), tem-
perature module (MAX30205), and heart rate module
(SON1205) were from Taobao, China.

Fabrication of MPC. To prepare EGaln ink, we added 4 g
of liquid metal and 1 mL of 1-deconal) in a 5 mL epoxy resin
(EP) tube. We sonicated the mixture at 25 % amplitude with 5
s pulses and 5 s rest for a total time of 90 s by the sonicator
(Sonifier SFX 20:0.55, Branson, America). Immediately, the
EGaln ink was printed on the polyethylene terephthalate (PET)
film by a screen-printing method. The printed EGaln ink was
dried in an oven at 80 °C for 5 min. We covered a layer of
PDMS on the printed EGaln inks to fabricate MPC. After mix-
ing PDMS and its curing agent at a ratio of 10:1, 5 ml of the
mixture was added to the printed PET film and spin-coated at
200 rpm for 30 s and 400 rpm for 30 s. Then PDMS films were
cured in an oven at 80 °C. To enhance the mechanical strength
and limit the strain of electrode areas, we added round pellets
on the backside of the electrode areas. The round pellets were
made by mixing PDMS and its curing agent at a ratio of 6:1. To
increase the adhesion of the round pellets and the PDMS sub-
strate, we used the spinning-coated method to coat another thin
layer of PDMS (10:1) on the substrate (with rotating speed of
200 rpm for 30 s, 400 rpm for 15 s, and 1500 rpm for 15 s).
After peeling off the PDMS substrate, the EGaln pattern was
trans-printed on the PDMS substrate (with a thickness of about
200 pm), and the MPC was formed.

Fabrication of electrodes of biofuel cells. The carbon elec-
trode was printed by the screen-printing method with carbon
paste (C2070424P2) which is designed for specific oxidase.
The printed pattern was dried at 80 °C for 10 min. We covered
a small piece of PDMS film on each carbon electrode and
coated PDMS solution on other areas by spin-coating. After

getting rid of the cover, the coated PDMS was cured at 60 °C
for 2 hrs.

The carbon electrode was immersed in 0.1 M aniline and 1 M
HCI solutions and connected with a three-electrode system
(Ag/AgCl as the reference electrode and Pt as the counter elec-
trode). We electrochemically polymerized a layer of polyaniline
(PANI) by cyclic voltammetry from 0.2 V to 1.0 V for 25 cycles
by a chemical workstation.

Fabrication of functionalized anode and cathode. We
made 40 mg/mL glucose oxidase (GOD), 40 mg/mL lactate ox-
idase (LOx), and 10 mg/mL bilirubin oxidase (BOx) solution,
respectively. The GOD or LOx was dissolved into 20 mg/mL
BSA solutions (with a solvent of 1 x PBS). We dropped 2 puL of
the enzymatic solution on every electrode. We dried the elec-
trode at 4 °C. For cathodes, we introduced 40 mM protoporphy-
rin IX (PPIX) solution (in 9:1 v/v ethanol/acetone) on electrodes
and dried in the ambient.

Immobilization of enzymes. We used chitosan hydrogel to
immobilize enzymes to prolong the life span of the BFC. We
added 2 g CMC and 0.8 mL 3 M H,SO, into 40 mL of deionized
water. After the CMC dispersing, 20 mL NalO, solution (with
a concentration of 50 mg/mL) was added to dispersing agent at
40 °C water bath stirring for 4 hrs. 1.3 mL ethylene glycol was
added to the dialdehyde CMC (DCMC), and kept stirring for
another 0.5 hours. The solution was dialyzed in deionized water
for 2 days. We obtained DCMC solid by drying the solution at
40 °C.

We prepared 6 % hydroxypropyl chitosan solutions (300 mg
in S mL 1 x PBS) and 6 % DCMC solutions (300 mg in 5 mL 1
x PBS). 4 parts of carboxymethyl cellulose solutions and 1 part
of DCMC solutions were mixed. Before forming hydrogel, a 5
pL mixture was dropped on each bio-anode electrode.



For the biocathode, after BOx solutions dried, 2 pL 1 %
Nafion (diluted with ethanol/ acetone) solution was introduced
onto each biocathode. After drying the Nafion solution, the
BFC was stored at 4 °C overnight to wait for the crosslinking of
chitosan hydrogels.

Characterization of electrochemical performance. The
electrochemical performances of the half cells and biofuel cells
were conducted by the electrochemical workstation. The elec-
trochemical characterization was performed in 0.5 M KCl solu-
tion (solved in 1x PBS solution). We used linear sweeping volt-
age (LSV) technology to detect the enzyme-catalyzed oxidation
and oxygen reduction reactions with a sweeping rate of 10
mV/s. The three electrodes system consisted of an electrode as
the working electrode, a Pt film as the counter electrode, and an
Ag/AgCl (3 M KCI) as the reference electrode. The N2-satu-
rated PBS solutions (with 0.5 M KCl) were obtained by inlet-
ting N for over 30 mins.

The biofuel cell device was characterized by a two-electrode
system with the bioanode as the counter and reference electrode
and the biocathode as the working electrode. LSV curves of the
biofuel cell in different glucose and lactate concentrations were
obtained by scanning from OCP (open circuit potential) to 0.01
V at 5 mV/s. CV curves of the biofuel cell in different glucose
and lactate concentrations were obtained by scanning from -0.8
t0 0.7 V and from -0.4 to 0.6 V with a scanning rate of 50 mV/s.
The OCP of the glucose BFC was recorded for 5 min at 0.2 mM
glucose solutions (in PBS solutions with 0.5 M KCl), and the
lactate BFC was recorded for 5 min at 15 mM lactate solutions.

RESULTS AND DISCUSSION

We designed a fully screen-printing stretchable biofuel cell
that burns human metabolites (i.e., lactate, glucose, and so
forth) to yield electrical energy (Figure 1). The biofuel cell con-
sists of MPC, printable carbon electrodes, the stretchable poly-
dimethylsiloxane (PDMS) substrate, and a PDMS cover (Figure
la). We used the trans-printing method to fabricate MPC; this
process is straightforward, low-cost, and can be conducted in
the general environment (Figure S1). We sonicated eutectic gal-
lium and indium (EGaln) with decanol and printed the EGaln
ink on PET film by the screen-printing method. After drying the
EGaln ink, we cured PDMS (10:1) on top of the EGaln ink. To
enhance the strength and limit the strain of the electrode area,
we added round pellets of PDMS (6:1) on the backside of the
electrode (Figure 1b and Figure S2) and spin-coated another
thin layer of PDMS (10:1) on the substrate to immobilize
PDMS pellets. After peeling the substrate off, the EGaln was
transprinted on PDMS, and the MPC was formed. The MPC
would not contact the biofuel directly. It was encapsulated by a
layer of PDMS. Even the overlap of MPC and carbon ink was
encapsulated by PDMS (Figure 1b). So, the MPC was stable to
be conductors. SEM images showed that EGaln particles were
embedded in PDMS (Figure S3). The MPC has a conductivity
of about 2.7 x 10° S/m, largely reducing the inner resistance of
the bio-fuel cell, which is lower than that of biofuel cells made
of carbon conductors. The MPC has high stretchability and de-
formability. The strain-stress curve of the MPC showed that the
nominal tensile strain at the break of MPC was about 250 %,
and the elastic deformation region was 0 % ~ 50 % of strain
(Figure S4). For fuel cells, encapsulation is a critical step for
maintaining usage.**3 EGaln was prone to reacting with aque-
ous solutions, so we used carbon materials as electrodes and

used PDMS to encapsulate exposed MPC. We chose commer-
cial carbon mediator paste (C2070424P2, SunChemical) to fab-
ricate the electrode of the biofuel cell by screen-printing meth-
ods. We used the CV method to estimate the electrochemical
active surface area (ECSA) of the electrode (Figure 2a). To en-
hance the electrical performance of the device, we electrochem-
ically polymerized a layer of polyaniline (PANI) by cyclic volt-
ammetry from - 0.2 V to 1.0 V for 25 cycles (Figure 2b). The
carbon electrode was immersed in 0.1 M aniline and 1 M HC1
solutions and connected with a three-electrode system
(Ag/AgCl as the reference electrode and Pt as the counter elec-
trode). PANI is with multiple redox states, which show pseudo-
capacitance traits and contribute to the transfer of electrons
from enzymes to conductors.’ After coating, the current den-
sity of the electrode increased, which means the conductivity
increased (Figure 2c). Here, PANI, with the shape of nanowire
located at the top part of the carbon electrode and filled the gap
of the carbon electrode. We assumed PANI increased ECSA by
filling the gap of the carbon electrode, and the nanostructure
contributed to the direct electron transfer from enzymes to elec-
trodes (Figure S5).4%*! We characterized the ECSA of the car-
bon electrode without and with a coating of PANI. By counting
the slope of the linear fitting of the curves of current densities
(at 0.0 V) against scanning rates, the double-layer capacitance
per square centimeter (Cq)) was 0.080 pF and 0.500 pF, respec-
tively. After being coated with PANI, the Cq of the carbon elec-
trode increased (Figure 2d).
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Figure 2. Electrochemical properties of electrodes of the bio-
fuel cell. (a) CV of the carbon electrode (at 5 mV/s, 10 mV/s, 20
mV/s, 40 mV/s, 80 mV/s, 160 mV/s); (b) CV of electropolymeri-
zation of PANI; (c) CV of the carbon electrode coated with PANI
(at 5 mV/s, 10 mV/s, 20 mV/s, 40 mV/s, 80 mV/s, 160 mV/s); (d)
Current densities of the carbon electrode without and with PANI
at 0 V against scanning rate.

To functionalize the electrode, we prepared 40 mg/mL lactate
oxidase (LOx), 40 mg/mL bilirubin oxidase (BOx), and 40
mg/mL glucose oxidase (GOD), respectively. For biocathode,
BOx can reduce oxygen under physiological conditions and re-
alize direct electron transfer, so it is used as cathodic material
for biosensors.** PPIX is the mediator of bilirubin oxidase for
electron transferring, so it was added before loading BOx. PPIX
has a strong n-w interaction with graphite electrodes, which can
be stably adsorbed to and parallel to the graphite
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Figure 3. Electrochemical properties of the glucose and lactate biofuel cell. (a) LSV of bioanodes of glucose biofuel cells (in 0.0 mM
and 0.2 mM glucose); (b) LSV of biocathode of glucose biofuel cells (in PBS, N2 saturated PBS, and return to PBS); (c) power densities of
glucose biofuel cell in 0.0 mM and 0.2 mM glucose; (d) CV of glucose biofuel cells (in 0.0 mM and 0.2 mM glucose); (e) LSV of bio-
anodes of lactate biofuel cells (in 0 mM and 15 mM lactate); (f) power densities of lactate biofuel cell in 0 mM and 15 mM lactate; (g) CV
of lactate biofuel cells (in 0 mM and 15 mM lactate); (h) open circuit potentials of the glucose biofuel cell and the lactate biofuel cell (aver-

age in 5 min)

electrodes. The similar spatial structure of PPIX and bilirubin
can affect the orientation of the BOx. The porphyrin ring paral-
lel to the graphite electrode controls the spatial orientation of
bilirubin oxidase and brings the T1 copper center of the enzyme
closer to the graphite electrode, thereby enhancing the electron
shuttle. For bioanodes, GOD- or LOx-modified electrodes get
electrons by oxidizing glucose or lactate. The enzymes were
dissolved into PBS solutions of albumin bovine (BSA). For the
biofuel cell which burnt glucose, we introduced 2 pL. GOD on
every anode. On the whole, the glucose was catalyzed by GOD
to become glucono lactone and released electrons (Figure 1ci),
whereas BOx catalyzed the oxygen reduction reaction (ORR)
on cathodes to catch electrons. The half-reaction mechanism of
biofuel cells is shown in Formula 1 and 2.

GOD
Glucose — e~ + Glucono lactone (1)

BOx
02 + e_ b HzO (2)

The electrochemical performances of the anode were charac-
terized by an electrochemical workstation. We used the linear
sweep voltammetry (LSV) with a scanning rate of 10 mV/s to
test the polarization curves of anodes (with GOD or LOx) and
cathodes. The current of electrodes with GOD increased up to
the peak value of 79 pA/cm? at 0.31 V (vs Ag/AgCl) when the
concentration of glucose increased to 0.2 mM (Figure 3a). To
study the influence of O, on the cathodic current density, we
tested the LSV of the cathode in pristine PBS solution and N»-
saturated PBS solution. As shown in Figure 3b, the current den-
sity at - 0.28 V in pristine PBS solution was near - 100.2

pA/cm?. The current density of the reduction peak at - 0.28 V
decreased dramatically. The current density at -0.28 V was in-
creased when the cathode was tested in pristine PBS once again
(p-PBS (2nd time)). The dependence of cathodic behaviour on
the O, level indicated a normal functioning of the enzyme (Fig-
ure 3b). To characterize the electrical performance of the glu-
cose biofuel cell, we connected the anode to the working elec-
trode and the cathode to the referring and countering electrodes.
The electrolyte was 1 x PBS solution (with 0.5 M KCl, pH~7.2).
OCP of the glucose biofuel cell was 0.484 V (average in 5 min,
Figure 3h). According to the LSV curve and Formula 3, when
the potential reached 0.31 V, the theoretical power density was
maximum (14.11 uW/cm?).

P=VxI(3)

Where P is the power density in uW; V is the potential in V; I
is the current in pA. The cyclic voltammetry (CV) curve
showed that, with 0.2 mM glucose, the cell reached the maxi-
mum current density of 80 uA /cm? at 0.31 V. There were extra
electrons transferred from the solution to the electrode (Figure
3d). We tested the LSV of the glucose biofuel cell against the
concentration of glucose (0.2, 0.4, 0.8, 1.6, and 3.2 mM). The
current density increased with the increase in glucose concen-
tration (Figure S6a). When the concentration of glucose in-
creased, the trend of the power density of glucose BFCs was
increased, but the difference was mild (Figure S6b). We focused
on the results with a concentration of 0.2 mM glucose, for it was
close to the mean value of a healthy adult.

The strategy is also suitable for other enzymatic systems.
Similarly, the lactate biofuel cell converted lactate to pyruvate
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(Formula 3,4 and Figure 1c ii). As proof of concept, we assem-
bled lactate biofuel cells as well.

LOx
Lactate — e~ + Pyruvate (4)

BOx
0,+e” — H,0 (5)

15 mM lactate was closer to the mean value of lactate in
sweat from a healthy adult, so we focused on the results with 15
mM lactate. The characteristic result showed that, in the pres-
ence of 15 mM lactate, the main peak was located at 0.32 V (vs
Ag/AgCl), and the maximum current density was up to 423.4
pA/cm? (Figure 3e), which meant the lactate was oxidized at
this potential. The peak current density of bioanodes was posi-
tively correlated with the concentration of lactate (Figure S7a).
The maximum power density of the lactate BFC was 31.00
pA/cm? at 0.51 V (Figure 3f). The CV result showed that with
15 mM lactate current density of the biofuel cell was larger than
without one (Figure 3g). When the concentration of lactate in-
creased, the power density of the lactate biofuel cell increased
as well (Figure S7b). The lactate biofuel cell was with OCP of
0.73 Vin 15 mM lactate (average in 5 min, Figure 3h).

The biofuel cell was soft, flexible, and stretchable (Figure 4a,
b). In the original state of the biofuel cell, SEM images showed
EGaln particles were embedded into the PDMS, and carbon
electrodes were with the structure of flakes (Figure S3¢). When

being stretched, the EGaln particles were deformed along the
substrate. Though the MPC had good resistance to the defor-
mation, the carbon electrode had unsatisfactory performance in
resisting deformation. With a strain of 10% lengthwise, the
MPC maintained its conductivity while the carbon electrodes
began to crack. To restrict the deformation of the carbon elec-
trode, we added PDMS pellets (with a thickness of 1 mm) under
the carbon electrodes (Figure S1 and Figure 1b). When the bio-
fuel cell was with a strain of 40%, the average change of diam-
eter of electrodes was 99.27 % £ 9.61 % (Do %/Do %, Table S1).
There was little difference in each layer between the original
state and the stretched state (Figure S4). The addition of PDMS
pellets did not affect the flexibility and stretchability of the
whole biofuel cell (Figure 4a, b). We studied the stretchability
of the biofuel cell. When the strain began, there was a shift at
maximum power density (Figure 4c). When the biofuel cell was
in a strain of 30 %, the maximum power density had little in-
crease, and the open circuit potential had a little decrease (Fig-
ure 4d). We assumed this was because of the decrease in the
inner resistance of MPC. The maximum power density value
with a strain of 30 % remained at 8.4 pW/cm?. Also, we studied
the stability of the biofuel cell. We tested the power density of
the glucose biofuel cell with 0.2 mM glucose in the electrolyte
(Figure 4¢). The maximum power density was decreased when
the usage time increased. After 48 hours, the power density re-
mained at 89 %
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Figure 5. Application of biofuel cells. (a) red LED light lightened by biofuel cells; (b) spO2 values of the subject before and after exer-
cise; (c) temperature of subject before and after exercise; (d) photo of the subject wearing an oximeter module; (e) the heart rates and (f)

PPG signals of tester before and after exercise.

of the original value (Figure 4f). Also, we tested the short circuit
current of the lactate BFC. The testing was conducted in the
static electrolyte with 32 mM lactate to offer enough substrate
for catalysts (Figure S8). The result showed that the current den-
sity increased to the peak value (93 pA/cm?) at the 12th min,
then decreased to 0 at the 6th hour. The current density returned
to 18 uA/cm? after compensating the substrate to the interface
of electrodes by stirring. There was a reduction happening at the
21st hour. Twenty-one hours of durability for a patch is enough
for one-day usage.

To further explore the application of biofuel cells in wearable
devices, we combined it with an energy harvesting module and
used it to power sensors. Considering the output voltage of the
fuel cell itself is lower than the working voltage of the current
wearable electronic modules (usually 3 V ~ 5 V), to enable the
wearable electronic module to function, we connected a low-
power energy harvesting module (Figure S8) with the biofuel
cell. The electricity generated by the biofuel cell is continuously
collected and stored in the energy harvesting module. For con-
venience, we named the whole part of the energy harvesting
module and biofuel cell as the power supply module. The volt-
age output from the power supply module could reach 4.6V,
which met the requirement of power supply of the wearable
electronic module. We have used it to light up LEDs and power
the body temperature module, blood oxygen module, and heart
rate module (Figure 5). We combined the power supply module
with wearable sensors and placed it on the arm of the subject
and collected the data before and after exercise (Figure 5d and
video 1). The result showed that, after exercise, blood oxygen
levels dropped (Figure 5b), skin surface temperature increased

from 30.4 °C to 33.7 °C (Figure 5c¢), heart rates increased from
an average value of 74 beats per minute (b.m.p.) to an average
value of 112 b.m.p. (Figure 5e) which also indicated by photo-
plethysmography (PPG) signals (Figure 5f). The changing
trends of these data agree with the changing trends that we rec-
ognize. In the following research work, the biofuel cell is ex-
pected to power more wearable electronic modules and realize
a highly integrated detection and analysis system.

CONCLUSIONS

This paper reports a straightforward strategy to fabricate
wearable biofuel cells by the screen-printing method. The bio-
fuel cell consists of a substrate of PDMS screen-printed with
conductive MPCs. MPCs are highly conductive (2.7 x 103 S/m)
to ensure a good electrical performance of the biofuel cells,
while their high biocompatibility and stretchability (with a
strain of more than 200 %) provide a marked conformability to
the bio-interface on human skins. The biofuel cell was used to
power wearable sensor (such as a temperature sensor, an oxi-
meter, a heart rate sensor) and monitoring physical index of the
subject during exercise. In the future, the biofuel cells may be
applied to more stretchable wearable analytical electronics
(such as electronic tattoos, epicardial pacing wires, and dis-
plays) as green, renewable power supplies.
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Liquid-metal-based metal-polymer conductors are employed as electrodes for stretchable and wearable biofuel cells (BFCs), which accom-
modate the motions of human skins and generate energy from sweat.
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