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Herein, we present an alternative approach to obtain a highly sensitive and stable self-powered biosensor that
was used to detect D-fructose as proof of concept.In this platform, we perform a two-step process, viz. self-
charging the biosupercapacitor for a constant time by using D-fructose as fuel and using the stored charge to
realize the detection of D-fructose by performing several polarization curves at different D-fructose concentra-
tions. The proposed BSC shows an instantaneous power density release of 17.6 mW cm ™2 and 3.8 mW cm ™2 in

pulse mode and at constant load, respectively. Moreover, the power density achieved for the self-charging BSC in
pulse mode or under constant load allows for an enhancement of the sensitivity of the device up to 10 times
(3.82 4+ 0.01 mW cm ™2 mM?, charging time = 70 min) compared to the BSC in continuous operation mode and
100 times compared to the normal enzymatic fuel cell. The platform can potentially be employed as a self-
powered biosensor in food or biomedical applications.

1. Introduction

In the last decades, much progress in the bioelectrochemistry of
redox enzymes has been achieved through the synthesis/electrosyn-
thesis of new nanomaterials to enhance the efficiency of direct electron
transfer (DET) between electrodes and a number of sugar oxidising en-
zymes (e.g. cellobiose dehydrogenase (CDH), pyranose dehydrogenase
(PDH), fructose dehydrogenase (FDH), PQQ-dependent glucose dehy-
drogenase (PQQ-GDH) etc.) (Adachi et al., 2019; Bollella et al., 2018b;
Bollella and Gorton, 2018; Gorton, 2020; Lisdat, 2020; Mano, 2019;
Okuda-Shimazaki et al., 2020; Peterbauer, 2020; Scheiblbrandner and
Ludwig, 2020). Besides the evolution of the electrode construction, one
of the most intriguing achievement was reported in 2001 by Willner and
Katz, who coined the new definition of “self-powered biosensors”
correlating the power generation with different glucose concentrations
(Katz et al., 2001). In particular, this definition merges two different
fields, viz. biofuel cells (BFCs) and biosensors (Hickey et al., 2016; Yang
et al., 2013). The latter category usually confers to the use of a

* Corresponding author.
** Corresponding author.

three-electrode conventional cell containing a working bioelectrode, a
reference and an auxiliary electrode, performing the analysis through
the correlation between the variation of the catalytic current with
different substrate concentrations (Roy et al., 2020; Fu et al., 2018;
Grattieri and Minteer, 2018). Conversely, BFCs are operating with two
bioelectrodes (an anode and a cathode), which are usually connected
with a resistance load. In the biosensing field, most of the present day
research is focused on increasing the sensitivity, selectivity and stability,
while for BFCs, a large open circuit voltage (OCV), large short circuit
currents and high power output densities represent the most important
challenges (Falk et al., 2012; Leech et al., 2012).

While considering the BFCs, it should be highlighted that the per-
formance of the currently developed devices is really low by both energy
density and power density means. Moreover, the performance could be
limited when BFCs are implanted, where also biological limits should be
taken into account (Shleev, 2017; Xiao et al., 2019). Therefore, a new
class of bioelectronics was put forward, namely biological super-
capacitors (or biosupercapacitors), a type of device belonging to the
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family of biosensors, bioelectronic circuitry, and BFCs (Kizling et al.,
2015; Shleev et al., 2017; Xiao and Magner, 2018). Kizling and
co-workers realized a device based on three air-fructose biofuel cells
connected in series. The device was employed as a powering unit for a
laboratory designed two-electrode minipotentiostat and a laccase based
sensor for oxygen sensing (Kizling et al., 2015). In a similar approach,
Xiao and Magner reported the realization of a quasi-solid-state and
flexible biofuel cell using a hydrogel electrolyte preloaded with sugar as
a fuel (Xiao and Magner, 2018). Moreover, Villarubia et al. obtained a
paper based enzymatic fuel cell which is used as a self-recharged
supercapacitor. In this supercapacitive enzymatic fuel cell (SC-EFC),
the supercapacitive features of the electrodes are exploited to demon-
strate high power output under pulse operation (Villarubia et al., 2016).
In biosupercapacitors, nanomaterials (e.g., conducting polymers, gold
nanoparticles (AuNPs), carbon nanotubes, graphene etc.) are used to
prepare the charge storing component, where the charge is harvested
through the action of the redox/metallic centers in the redox proteins
immobilized on the anode/cathode electrodes (Alsaoub et al., 2017;
Pankratov et al., 2014b, 2016). Beyond the conventional bio-
supercapacitors, a great progress in the field is certainly represented by
the construction of the first self-charging biosupercapacitor realized by
Shleev’s research group, where the charge storing component was
realized with a polyaniline/multiwalled carbon nanotube (MWCNT)
composite, while the electrochemical electromotive force to drive the
charging process was accomplished by immobilizing CDH on the anode
and bilirubin oxidase (BOx) on the cathode (Santoro et al., 2019b;
Pankratov et al., 2014a). Both electrodes were based on AuNPs modified
graphite electrodes. The initial-specific power was 1.2 mW cm 2 at 0.38
V (170 times the result reported for the BFC itself) delivered into a 500 Q
load, with quite a significant power being supplied for at least 50 min
(Santoro et al., 2019b; Pankratov et al., 2014a).

Herein, we used FDH as the biocomponent on the anode and laccase
on the cathode for the construction of the biosupercapacitive device.
FDH from Gluconobacter japonicus has been largely exploited to develop
DET based biosensors (Adachi et al., 2020). FDH from Gluconobacter
Jjaponicus consists of three subunits which are the catalytic dehydroge-
nase domain, DHgpy (subunit I), where D-fructose is oxidized at a
covalently bound flavin adenine dinucleotide cofactor (FAD), donating
2e” that are transferred sequentially from FADH, to the cytochrome
domain (CYTgpy, subunit II) through an internal electron transfer (IET)
mechanism. Subunit II consists of three heme ¢ moieties coordinated by
the enzyme scaffold, and a subunit III that is not involved in the ET
process (Bollella et al., 2018¢, 2018d, 2019). Connection with the anode
then occurs directly from the CYTgpy. Laccase from Trametes versicolor
contains four copper atoms: the T1 copper site acts as an electron
acceptor (DET configuration: electrons donated from the electrode), in
this case the cathode, and mediated electron transfer (MET) configura-
tion: electrons donated from a diffusing or immobilized mediator).
Electrons are thereafter transferred through an IET mechanism to the
T2/T3 trinuclear copper cluster where O, is reduced to HyO (Bollella
et al., 2018a; Momeni et al., 2019; Shleev et al., 2005; Zumpano et al.,
2020). These redox enzymes should be electrically connected to
different nanomaterials (e.g., carbon nanotubes) through electrostatic
interactions, a covalent linkage etc., in order to provide an efficient ET
process. To this extent, multiwalled carbon nanotubes (MWCNTSs) can be
modified by using aromatic compounds to correctly orientate the en-
zymes on their surface or redox polymers to achieve maximum electron
transfer efficiency. In particular, polymers with redox active side groups,
such as osmium or iron complexes or polymers with intrinsic conduc-
tivity like polypyrrole (PPy) or polyaniline (PANI) have successfully
been used (Bartlett and Birkin, 1993; Heller, 1992; Ramanavicius et al.,
2006; Ruff, 2017; Yuan and Minteer, 2019; Zamani et al., 2019).

In the present work, we aim at proving a novel concept in electro-
analytical chemistry realizing to the best of our knowledge the first self-
charging biosupercapacitor used as a self-powered biosensor for the
detection of D-fructose. In this novel platform, we performed a two-step
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process: 1) self-charging the biosupercapacitor for a constant time by
using D-fructose as fuel and 2) use the stored charge to realize the
detection of D-fructose by performing several polarization curves at
different D-fructose concentrations, Scheme 1 (Conzuelo et al., 2018).
Notably, we were able to increase the sensitivity of the self-powered
biosensor 100 times compared to the same conventional BFC oper-
ating as a self-powered biosensor. Besides sensitivity, also operational
stability and reusability were improved with this biosensor configura-
tion as well as the possibility to power the device without using any
potentiostat/sourcemeter.

2. Experimental
2.1. Chemicals and materials

D-Fructose, sodium acetate (NaAc), aniline (ANI), 2-aminobenzoic
acid (ABA), sulfuric acid (HySO4), 2-aminoanthracene (2-ANT), multi-
walled carbon nanotubes (MWCNT, >98% carbon basis, O.D. x L
6-13 nm x 2.5-20 pm), hydrochloric acid (HCl) and sodium nitrite
(NaNOy) were purchased from Sigma Aldrich (St. Louis, MO, USA). p-
Fructose dehydrogenase from Gluconobacter japonicus (FDH; EC
1.1.99.11) was purified according to a previously reported procedure
(Bollella et al., 2018d) (volumetric activity measured with potassium
ferricyanide at pH 4.5 = 420 + 30 U mL "}, specific activity = 250 + 30
U mg~}, protein concentration = 1.7 + 0.2 mg mL™}). Fungal laccase
from Trametes versicolor (TvL) was supplied by Sigma Aldrich (EC
1.10.3.2, activity: 12.6 U mg~ 1) and stored at —18 °C. Aqueous solu-
tions were prepared with freshly deionized water deionized water of
18.2 MQ-cm resistivity obtained with an ELGA purelab ultra water
system.

2.2. Preparation of bioanode

Prior to use, graphite rods (Alfa Aesar GmbH & Co KG, AGKSP grade,
ultra “F” purity, and 3.05 mm diameter, Karlsruhe, Germany) were
polished on wet emery paper (Turfbak Durite, P1200) and rinsed with
Milli-Q water. Afterwards, the graphite rods were inserted into a peek
cylinder used as insulating material (put at the same level) to get a
planar graphite disk electrode with a diameter of 3.05 mm. Next, 6 pL of
a multiwalled carbon nanotube suspension (MWCNT suspension with a
concentration of 10 mg mL ! in 70:30 distilled H20:ethanol) were drop-
cast onto the graphite disk electrode surface and let to dry at room
temperature (3 h). Electropolymerization of poly-2-aminobenzoic acid
aniline was performed by applying potentiostatic pulses (potentiostatic
pulse electrodeposition method), Fig. S1 (Fusco et al., 2017; Schubart
et al., 2012).

During the optimization of the potentiostatic pulse electrodeposition
method, several parameters were varied such as: oxidation potential
(0.6, 0.7, and 0.8 V vs. Ag|AgCl|3M KCl), oxidation pulse time (0.4, 0.8,
and 1.6 s), reduction potential (—0.1, —0.3, and —0.5 V vs. Ag|AgCl|3M
KCl), reduction pulse time (0.1, 0.2, and 0.6 s), total electrodeposition
time (100, 300, 600, 900, and 1400 s) and concentration of 2-aminoben-
zoic acid (25, 50, 100, and 500 mM) in 1 M H,SOj4.

After preliminary experiments, the optimized electrode platform,
namely PABA/MWCNT/G, was further washed with 5 mM MES buffer at
pH 6 for 30 min in order to remove any monomer traces from the
electrode. Next, 3 pL of an FDH solution (FDH enzyme was dissolved in
PBS buffer pH 6 (50 mM) containing 0.1 mM 2-mercaptoethanol and
0.1% v/v Triton X-100 used as enzyme stabilizer) was drop-cast onto the
modified electrode and let dry at room temperature (3 h). Finally, the
electrode, namely FDH/PABA/MWCNT/G, was gently rinsed with 50
mM NaAc buffer at pH 5 and stored at 4 °C overnight.

2.3. Preparation of cathode

After a cleaning procedure (reported in the previous section), 6 pL of
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Scheme 1. Schematic representation of an enzyme-based biosupercapacitor during the charging process. 1: graphite electrodes; 2: poly-(2-aminobenzoic acid)
(PABA); 3: poly-(aniline) (PANI); 4: multiwalled carbon nanotubes (MWCNT); 5: diazonium salt of 2-amino-anthracene; 6: laccase; 7: fructose dehydrogenase (FDH);
CSC, charge storing components of bioelectrodes. The enzyme-based biosupercapacitor can work either as (A) biosupercapacitor or (B) self-powered biosensor.

a MWCNT suspension (10 mg mL~! in 70:30 distilled H50:ethanol) was
cast onto the graphite disk electrode. Afterwards, the so modified elec-
trode (G/MWCNT) was modified through the electrodeposition of 2-
aminoanthracene (2-ANT) diazonium cation in situ generated, as pre-
viously reported (Bollella et al., 2018d).

Afterwards, 3 pL of a TvL solution (solubilized in 10 mM NaAc buffer
pH 4.5) was drop-cast onto the modified electrode and let to dry at room
temperature (3 h). Finally, the electrode was gently rinsed with 50 mM
NaAc buffer at pH 5 and stored at 4 °C overnight.

2.4. Charge-storing components (CSC) preparation

After mechanical cleaning by using wet emery paper, the graphite
disk electrodes were modified through drop-casting of 6 pL of a MWCNT
suspension (10 mg mL~! in 70:30 distilled H,O:ethanol). Afterwards,
electropolymerization of aniline (ANI) was performed by using the
potentiostatic pulse method under the following experimental condi-
tions: oxidation potential (0.9 V vs. Ag|AgCl|3M KCl), oxidation pulse
time (0.8 s), reduction potential (—0.1 V vs. Ag|AgCl|3M KCl), reduction
pulse time (0.2 s), total electrodeposition time (200, 400, and 600 s) and
concentration of aniline (100 mM). The experimental conditions were
selected based on a previous optimization reported for the bioanode
preparation except for the oxidation potential that was varied to obtain a
conductive polyaniline (PANI) layer, and the electrodeposition time that
was also varied in order to obtain CSC elements with different capaci-
tances (Fusco et al., 2017; Schubart et al., 2012).

2.5. Electrochemical characterization

Cyclic voltammetry, linear sweep voltammetry, charge/discharging
(chronopotentiometry by application of current pulses, 100 pA for 3 s)
and potentiostatic pulse experiments (chronoamperometry) were per-
formed by using an Autolab PGSTAT 100 (Eco Chemie, Utrecht, The
Netherlands) controlled by GPES Manager program v. 4.9 (Eco Chemie).
Electrochemical impedance spectroscopy (EIS) experiments were per-
formed by using a PGSTAT 30 potentiostat (Eco Chemie) controlled by
Novav. 2.1 (Eco Chemie). All electrochemical experiments were carried
out in a conventional three electrodes cell equipped with graphite disks
(d = 3.05 mm) as working electrode, Ag|AgCl|3M KCI (BASi, West

Lafayette, IN, USA) as reference (all potential values reported in the
manuscript are referred to Ag|AgCl|3M KCl) and a graphite slab as
counter electrode. Linear sweep voltammetry (LSV) experiments at slow
scan rate (1 mV s~ 1) from the open circuit potential (OCV) to 0 V were
performed to record the polarization curves for the EFC configuration.
The electrodes were connected considering the bioanode FDH/PABA/
MWCNT/G as working electrode and the biocathode TvL/2-ANT/
MWCNT/G as a combined reference and counter electrode. In the bio-
supercapacitor (BSC) configuration, the charge storing components
(CSCs) were short-circuited with the bioelectrocatalytic electrodes.
Notably, PANI/MWCNT/G electrodes with different capacitances were
used. The charge/discharge curves were recorded using a digital mul-
timeter (BTMETER, BT-90EPC equipped with USB interface) applying an
external load of 250 Q.

2.6. Morphological and spectroscopic characterization

Scanning electron microscopy (SEM) measurements were performed
with a LEO 1530 Gemini FE-SEM (Zeiss, Oberkochen, Germany). All
samples were prepared according to the protocol reported above in the
section “Bioanode preparation” and “charge-storing component (CSC)
preparation” by using graphite plates (25 x 25 x 1 mm, ALS Co. Ltd.,
Tokyo, Japan) instead of graphite rods. The samples were placed on a
clip SEM sample holder (Zeiss).

The UV-Vis measurements were performed by using an indium tin
oxide (ITO) electrode (cat. CEC007, Prazisions Glas. & Optik GmbH,
Iserlohn, Germany) to prepare PANI and PABA electropolymerized
electrodes. All electrodes were placed in a plastic cuvette filled with 1 M
H3S04 and the UV-vis spectra were recorded (between 300 and 900 nm)
with a Hitachi U-3900/3900H spectrophotometer (Tokyo, Japan).

Raman measurements were performed with the 514 nm laser
(LaserPhysics, Ar ion laser) and 784 nm laser (Diode laser) for PABA and
PANI, respectively, connected to a Renishaw Ramascope (system 100
equipped with the Wire™ v1.3 Raman software) equipped with a Leica
DMLM imaging microscope and connected to a CCD camera. The spec-
trometer was calibrated using a Si-standard (520.0 c¢m ™). The Raman
spectrum of each composite film was recorded using 1% of the
maximum laser power (20 mW for 514 nm laser and 28 mW for 784 nm
laser) and accumulating 10 spectra.
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3. Results and discussion

3.1. Morphological and spectroscopic characterization of PABA and
PANI modified MWCNT/G electrodes

The surface features of the electrodeposited polymers were
morphologically evaluated by taking SEM pictures of bare MWCNTSs and
of the polymer modified MWCNTs, Fig. 1A-E. The polymer deposition
preferentially occurred at the MWCNTs as hotspot, thus assuming a
nanofiber structure for short electropolymerization times (PABA tex, =
300 s and PANI teyp = 200 s). By increasing the electropolymerization
time up to 400 and 600 s for PANI, the polymer was covering the whole
electrode.

UV-vis spectroscopy is one of the main tools used in characterizing
conducting polymers. PANI has five stable forms known as leucoemer-
aldine, emeraldine and emeraldine salt, and pernigraniline and perni-
graniline salt (Chiang and MacDiamid, 1986; Huang. et al., 1986). Each
form has its known bands in the UV-vis spectrum. For example, emer-
aldine has two bands at 310-330 nm and 610-630 nm (Abaci et al.,
2014). These peaks represent the n — n* transition of the benzenoid (B)
segment and the © — 7* transition of the quinoid (Q) segment, respec-
tively. When pernigraniline is protonated two additional bands are ac-
quired, one at 400-440 nm corresponding to a cation-radical and the
band at 610-630 nm shifts towards >700 nm due to delocalization of the
cation-radicals along the polymer backbone (polaron) (Cao, 1990; Yoon
et al., 2011). Fig. 2A shows the UV-vis spectra for PANI modified ITO
electrodes obtained by using different electropolymerization times. In
particular, an aniline monomer solution in 1 M HySO4 did not show any
band in the range 300-900 nm (black curve). Conversely PANI/ITO
samples obtained with teyp = 200, 400, and 600 s (red, blue and magenta
curves) showed two bands at 440 nm and 720 nm, respectively, con-
firming the presence of protonated and electrically conducting poly-
aniline (Rahy and Yang, 2008). The bands exhibited an increased optical
density for a higher amount of PANI electrodeposited onto the ITO
electrodes. On the other hand, PABA did not show the polaron band
probably due to its low to negligible conductivity, Fig. 2B (red curve), as
it was already discussed above during the electrochemical character-
ization. However, a 2-aminobenzoic acid solution in 1 M H,SO4 (black
curve) showed a typical band for © — n* transition of the phenyl ring
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(Karami et al., 2012).

To further elucidate the structural features of the PANI/MWCNT/G
electrodes, Raman spectroscopy measurements were performed, Fig. 2C.
The spectrum for MWCNT/G (magenta curve) showed the characteristic
D (D stands for ‘disorder’) and G (G stands for ‘graphite’) bands at 1279
and 1564 cm ™, respectively (Heise et al., 2009). Both bands are in good
agreement with results reported in the literature (Bulusheva et al., 2008;
Costa et al., 2008). The D and G bands of MWCNTSs are not visible in the
PANI spectra because the resonantly enhanced PANI bands in the same
region overlap the D and G bands. Only a shoulder of the band at 1564
em ™! is visible in the PANI/MWCNT/G spectra. The Raman spectra of
PANI/MWCNT/G electrodes (texp = 200, 400, 600 s) show mostly the
vibrational bands of the emeraldine salt (ES) form (black, red and blue
curve, respectively) due to the resonance enhancement from the laser
excitation wavelength used. The PANI tey, = 600 s/MWCNT/G electrode
(black curve) showed also a high background signal probably because of
an increased fluorescence from the thick PANI film, which hides the
structural features of the polymer more than with the thinner films. The
main ES vibrational bands of PANI/MWCNT are located at 792 cm ™" for
texp = 200, 400 s and 833 em™! for texp = 600 s (ring symmetric
stretching; amine deformation, B) (Berrada et al., 1995; Furukawa et al.,
1988; Lindfors and Latonen, 2014), 1143 em™! for texp = 200, 400 s and
1147 cm™! for texp = 600 s (C-H in-plane bending, B) (Berrada et al.,
1995; Furukawa et al., 1988; Lindfors and Latonen, 2014; Quillard et al.,
1995). The 1307 cm ™ band for tex, = 200 and 400 s (1319 cm ™ for texy
= 600 s) is characteristic for G-N* stretching of the radical cation. The
broad band at around 1580 cm ™! includes the band at 1600 cm !
characteristic for C-C ring stretching, B, the band at 1581 cm~! (for texp
= 200 and 400 s) and at 1571 cm ™" (for texp = 600 s) characteristic for
C—C ring stretching, Q, and the contribution from the EB domains at
1477 em ™! (for tey, = 200, 400 s) and at 1475 cm ™ (for texp = 600 s)
characteristic for C=N and CH—CH stretching, Q (Bartonek et al., 1990;
Berrada et al., 1995; Furukawa et al., 1988; Lindfors and Latonen, 2014;
Quillard et al., 1995).

3.2. Electrochemical characterization of bioanode FDH/PABA/MWCNT/
G combined with different charge storing components (CSC)

FDH from Gluconobacter japonicus was immobilized onto MWCNT
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Fig. 1. The chemical structures for PANI and PABA and SEM images of (A) MWCNT/G (accelerating voltage: 2.7 kV), (B) PABA/MWCNT/G, (C) PANI/MWCNT/G
with tex, = 200 s, (D) PANI/MWCNT/G with tey, = 400 s and (E) PABA/MWCNT/G with te,, = 600 s (only for D and E accelerating voltage: 2.0 kV).
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Fig. 2. (A) UV-Vis spectra of PANI electropolymerized onto ITO electrodes in
1 M HSO4: aniline monomer (black curve), PANI tey, = 200 s (red curve), PANI
texp = 400 s (blue curve) and PANI te, = 600 s (magenta curve); Optimal
experimental conditions of PANI electropolymerization: [ANI] = 0.1 M, Eox =
0.9 V vs. Ag|AgCl (3M KCl), tox = 0.4 s, Ereq = —0.1 V vs. Ag|AgCl (3M KCI),
tred = 0.2 s and texp, = 300 s. (B) PABA electropolymerized onto ITO electrodes
in 1 M H,SO04: 2-aminobenzoic acid monomer (black curve), PABA te,, = 300 s
(red curve). Optimal experimental conditions of PABA electropolymerization:
[ABA] = 0.1 M, Egy = 0.7 V vs. Ag|AgCl (3M KCD), tox = 0.4 5, Ereq = —0.1 V vs.
Ag|AgCl (3M KCD), treq = 0.2 s and texp = 300 s. (C) Raman spectra of (a,
magenta curve) MWCNT/G, Aexe = 514 nm, (b, blue curve) PANI tey, = 200 s/
MWCNT/G, (c, red curve) PANI tey, = 400 syMWCNT/G and (d, black curve)
PANI teyp = 600 s/MWCNT/G, Aexe = 784 nm for PANI/MWCNT/G. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

modified with electropolymerized poly-2-aminobenzoic acid (PABA) as
conducting polymer (CP). After a complete characterization of the CP
modified electrode used as bioanode (fully reported in the Supporting
Information, SI), cyclic voltammetry (CV) measurements were carried
out to investigate the bioelectrocatalytic properties of the FDH/PABA/
MWCNT/G electrode, Fig. 3A. CV curves were registered in the absence
(in 50 mM NaAc buffer at pH 5, Fig. 3A, black curve) and in the presence
of 10 mM D-fructose (Fig. 3A, red curve) showing a difference in current
density of 411 + 16 pA cm ™2 measured at 0.4 V vs. Ag|AgCl|3M KCL.
This increase is probably due to the electrochemical features of the CP,
based on PABA, promoting the electron transfer (ET) pathway from FDH
to the electrode surface. In particular, the increase in the ET rate could
be related to the electrostatic attraction between FDH (positively
charged at pH 5, considering its isoelectric point (pI) at ~ 6.5 as from the
enzymatic structure) (Bollella et al., 2018e) and the PABA layer (slightly
negative as the positive charge located at the quinone-diimine nitrogen
atoms is exceeded by the negative charge of the -COOH groups (pK, =
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4.95)) (Brett and Thiemann, 2002; Lindfors and Ivaska, 2002; Schuh-
mann et al., 1997; Wiklund and Bergman, 2006). Moreover, two couples
of redox waves can be highlighted in both CVs, the first redox pair (E” =
—0.080 V) is related to the conversion of the reduced form of polyaniline
(leucoemeradine) to the mixed state (emeraldine) and the second one
(EO’ = 0.225 V) is the redox conversion from emeraldine to the oxidized
one (pernigraniline) (Schubart et al., 2012). The FDH/PABA/MWCNT
modified graphite electrode (G) showed a capacitance density of 1.6 +
0.2 mF em 2 (all current and power densities in this work are calculated
based on the bioanode area) was registered for the FDH/PABA/MWCNT
modified graphite electrode (G) in the absence of D-fructose. The com-
plete bioanode was assembled by connecting (short-circuiting) the
charge storing components (CSCs) with various capacitances in parallel
with the basic bioanode electrode. The electrochemical properties of
CSCs modified by electropolymerizing aniline (different potentiostatic
pulse schemes) was investigated in detail (data and description reported
in the SI). Increasing the capacitance of the CSCs from 0 mF (bioanode
without CSC) to 1.2 mF resulted in an 8 times increase in the bio-
electrocatalytic current density, Fig. 3B. However, any further increase
in the CSC capacitance did not improve the bioelectrocatalytic perfor-
mance of the complete bioanode.

Moreover, electrochemical impedance spectroscopy (EIS) measure-
ments were performed to investigate the ET process occurring at the
electrode, Fig. 3C, (32 < 1073 for all experiments). The equivalent circuit
reported in Figure 3D was adopted to fit EIS data. The equivalent circuit
consists of ohmic resistance of the electrolyte (Rg), resistance to the
charge transfer (Rcr), constant phase element accounting for the charge
separation of the electrical double layer (CPEp;) and the constant phase
element for the electrode polarization (CPEp). Notably, any increase in
the capacitance of the CSC led to a decrease in Ry from 1942 + 16 Q
(bioanode without CSC) to 380 + 5 Q for the bioanode containing the
CSC with a capacitance of 1.2 mF. All data obtained from fitting EIS
spectra with the aforementioned equivalent circuit are reported in
Table S1. It is possible to observe as CPEp is increasing with the nominal
capacitance or thickness of PANI layer, as well as CPEp that is related
with the combination of the biocatalytic electrode and the capacitive
electrode. While the capacitive contribution was increasing, the
contribution of faradaic processes remains constant, thus evidencing a
decrease in the Rcr. However, a similar type of behaviour has been re-
ported for biosolar and microbial fuel cells, where additional capacitive
electrodes were connected to a bioelectrocatalytic electrode (Gonzale-
z-Arribas et al., 2017; Houghton et al., 2016; Pankratova et al., 2017;
Santoro et al., 2016b; Soavi and Santoro, 2020). In addition, also the Rcr
value decreased from 13.7 + 0.6 to 0.238 + 0.034 kQ when connecting
the CSC of 1.2 mF to the FDH bioanode, which indicates an enhancement
in electron shuttling through the conducting layer of PABA.

3.3. Electrochemical characterization of biocathode TvL/2-ANT/
MWCNT/G

Thereafter, the FDH bioanode was connected with a laccase modified
electrode (cathode) in order to realize a BFC working as a self-powered
biosensor for the detection of D-fructose, as schematically shown in
Fig. 4A. Laccase from Trametes versicolor (TvL) was efficiently immobi-
lized onto a MWCNT modified electrode as previously reported in the
literature (Blanford et al., 2009). The TvL/2-ANT/MWCNT/G electro-
catalytic behaviour was investigated in 50 mM NaAc buffer at pH 5, by
scanning the electrode in anaerobic conditions (black curve) and in
equilibrium with air (red curve), respectively, Fig. S8. From both ex-
periments, it was possible to observe an efficient electrocatalytic process
occurring (difference in current density of 254 + 9 pA cm ™2 measured at
0 Vvs. Ag|AgCl|3M KC) starting at Egpset = 0.445 V vs. Ag|AgCl|3M KCl,
Fig. S6. The electrocatalytic wave might be ascribed to the selective
orientation of TvL onto the electrode surface through the hydrophobic
region nearby the T1 site, thus enhancing the electron transfer rate to
TvL.
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3.4. Enzymatic fuel cell and self-charging biosupercapacitor
characterization

The open circuit voltage (OCV) of the assembled BFC was 0.524 +
0.009 V, Fig. 4B. The OCV was calculated (Fig. S9B, black curve) as a
result of the subtraction between open circuit potential (OCP) of the
cathodic electrode (TvL/2-ANT/MWCNT/G, Fig. S9A, blue curve) and
the OCP of the anodic electrode (FDH/PABA/MWCNT/G, Fig. SOA, red
curve) in presence of 20 mM D-fructose. In addition, the OCP of the CSC
electrode (Fig. S9A, purple curve) was also reported as 0.028 + 0.004 V,
which is lower compared to the formal potential E” = +0.128 V)
related to conversion of the leucoemeraldine salt (LES) to the emer-
aldine salt (ES) form of PANI (Fig. S4). The conversion of the leucoe-
meraldine salt (LES) to the emeraldine salt (ES) form of PANI is a 2H-+/
2e-process (Karami et al., 2012). Moreover, multiple polarization curves
were measured by varying the concentration of D-fructose from 0 to 25
mM (Fig. S10), obtaining a maximum power output density of 0.28 +
0.01 mW cm 2 at a cell voltage of 0.3 V, Fig. 4B, which is higher than
other BFCs previously reported in the literature (Kamitaka et al., 2007;
Kizling et al., 2016; So et al., 2014). The current example exhibited a
poor operation stability with a loss of almost 80% of its initial power
density within the first 9 h, Fig. 4C, thus hindering any possible
employment to develop either biosensing or energy devices. Besides the
operational stability, also the sensitivity over operation time of the
self-powered fructose biosensor has been investigated, displaying a
sensitivity drop of 75% after 2 h of operation compared to the initial
sensitivity (0.058 + 0.004 mW cm™2 mM 1), Fig. 4D.

To drastically increase the performance of the self-powered fructose
biosensor, CSC electrodes (with a capacitance of 1.2 mF) were electri-
cally connected in parallel (short-circuited) with the biocatalytic elec-
trodes, i.e. the FDH bioanode and the TvL biocathode, Fig. 4E. The OCV

of the assembled BSC remained almost unchanged (0.520 + 0.007 V),
while the maximum power output density resulted in a 10 times higher
value compared to the basic BFC, notably 4.78 & 0.12 mW cm 2 at a cell
voltage of 0.41 V, Fig. 4F, obtained from the polarization curves re-
ported in Fig. S11. The shift of the cell voltage corresponding to the
maximum power output is ascribed to the addition of CSC electrodes
short-circuited with the FDH bioanode and the TvL biocathode, thus
increasing the internal resistance between the bioelectrocatalytic elec-
trodes (Liang et al., 2007). Additionally, the operational stability dras-
tically increased retaining up to 90% of its initial power density after 8 h
of continuous operation, Fig. 4G. Similarly, the sensitivity increased by
~6.5 times (0.372 + 0.011 mW cm 2 mM_l, BSC operating in contin-
uous mode), with a minimal loss after 2 h of operation (90% of initial
sensitivity retained), Fig. 4H.

The self-charging features of the BSC was investigated either in pulse
mode or by applying a constant load (250 Q), Fig. 5A. The stabilization
of the OCV at ~0.5 V corresponds to the fully charged BSC composed of
the bioanode equipped with a CSC element (open circuit potential (OCP)
value of —0.084 + 0.006 V, after addition of D-fructose) and the bio-
cathode equipped with a CSC element (OCP value of 0.418 + 0.009 V),
Fig. S12. The discharging of the BSC was performed by applying a
constant current of 100 pA for 3 s to discharge the device, which results
in a voltage drop of 0.43 V (corresponding to an instantaneous power
density delivery of 17.6 mW cm™~2), followed by a recharging step up to
the OCV value, Fig. 5A (black curve). The charging/discharging process
in pulse mode was performed 8 times showing a good stability. This
result is in good agreement with other enzyme and microbial self-
charging BSCs (Pankratov et al., 2018; Villarrubia et al., 2016; Xiao
and Magner, 2018). The performance of the BSC was also tested by
applying a constant load of 250 Q during different charging/discharging
cycles, 70/50 and 200/100 min, respectively, Fig. 5A. In the first case,
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after OCV stabilization at 0.5 V a constant load of 250 Q was applied
over 50 min observing a voltage drop of 0.39 V, which corresponds to an
instantaneous power density delivery of 4.6 mW cm™2, Fig. 5A (red
curve). Notably, the power density delivered instantaneously is reduced
by almost 4 times compared to the discharging in pulse mode, probably
due to the voltage decrease over time during the discharging process.
During the second charging process, the voltage stabilized at 0.395 V
over 70 min (a lowering of ca. 25% of the OCV initially registered). Next,
the same load (250 Q) was applied for 50 min, observing a voltage drop
of 0.34 V (instantaneous power density delivery of 3.8 mW cm™2). In the
third cycle, the voltage was stabilized at 0.327 V over 70 min, a value
substantially lower than the OCV (lower ca. 30%), suggesting a certain
device stability over multiple charging/discharging processes. In fact,

6 —

Fig. 5. (A) Charge/discharge curve of self-
charging FDH/PABA/MWCNT/G-CSC||CSC-
G/MWCNT/2-ANT/TvL BSC; discharge was
carried out by applying a pulse current of
100 pA for 3 s (black curve), constant load of
250 Q for 50 mins and self-charging for 70
mins (red curve), constant load of 250 Q for

I 100 mins and self-charging for 200 mins

(green curve). Experimental conditions: 50

] mM NaAc pH 5 containing 20 mM D-Fruc-
l tose and air-equilibrated. (B) Sensitivity
calculated from the calibration curve
measured for the self-charging BSC working
as self-powered biosensor upon different
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applying the same load (250 Q) over 50 min, a voltage drop of 0.24 V
was observed, which corresponds to an instantaneous power density
delivery of 2.1 mW cm 2. The stability of the device over multiple
charging/discharging cycles could be ascribed to the biodegradation of
the biocatalytic electrodes during the operation of the self-charging
device. Thereafter, a load of 250 Q was applied for a longer time
(100 min) showing similar voltage drops of 0.405 V and 0.272 V in the
first and second cycle, respectively, Fig. 5A (green curve). The power
density delivered instantaneously is further reduced by almost 15 times
(1.3 mW cm™2), thus not showing any long term stability. A comparison
of the results obtained for the self-charging biosupercapacitor with those
obtained by other researchers with different combinations of redox en-
zymes has been reported in Table S2 (Agnes et al., 2014; Bobrowski
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et al., 2018; Kizling et al., 2015; Villarubia et al., 2016). The system
herein presented appears more complex (4 electrodes instead of 2
electrodes). Moreover, we achieved a maximal power output that is in
good agreement with the ones obtained with different combinations of
redox enzymes. In this regard, we should highlight that different en-
zymes exhibit different kinetics and interfacial electron transfer fea-
tures, which make hard the comparison between the platforms reported.

3.5. Self-powered biosensor characterization

After exploring the self-charging properties, the proposed self-
charging BSC was used to detect D-fructose as a self-powered
biosensor either in pulse mode or applying a constant load (250 Q),
Fig. 5B. Besides the promising operational stability, also the sensitivity
of the self-powered fructose biosensor over charging time has been
investigated, displaying a sensitivity increase up to 10 times (3.82 +
0.01 mW cm~2 mM~}, charging time = 70 min) compared to the
sensitivity observed in continuous operation mode, Fig. 5B. The sensi-
tivity was calculated based on the power output measured during the
charging time (Fig. S13) according to the following equation (Equation

)
(Qde]ivered/tcharge) X (Vohmic + Vcapacitive) (€9)

considering tcharge = 30 mins (1800 s), ipuse = 100 PA, tyuse = 3 s,
AVohmic = 0.2 V and Qgelivered depending on the concentration (Villar-
ubia et al., 2016). However, the sensitivity resulted in a decrease both at
a shorter and longer charging times. In the first case, the sensitivity drop
could be ascribed to the short length of the charging time, while in the
second case it can be related with the continuous voltage drop, which
corresponds to a lower power density release over time (Santoro et al,
2016a, 2019).

4. Conclusions

In conclusion, we have presented an alternative approach to obtain a
highly sensitive and stable self-powered biosensor that was used to
detect fructose as proof of concept. By assembling charge-storing com-
ponents with different capacitances and an FDH modified bioanode, we
were able to increase the catalytic current density up to 8 times
compared to the single biocatalytic electrode (FDH bioanode). More-
over, the proposed BSC showed promising features both in pulse mode
and when applying a constant load, viz. a power density of 17.6 mW
em~2 and 3.8 mW cm™2, respectively. Moreover, the power density
achieved for the self-charging BSC in pulse mode or under constant load
allowed the enhancement of sensitivity of the device up to ten times
(3.82+0.01 mW em ™2 mM ™, charging time = 70 min) compared to the
BSC in continuous operation and 100 times compared to the normal
enzymatic fuel cell (EFC). The proposed BSC showed excellent bio-
sensing features in terms of sensitivity (3.82 + 0.01 mW em 2 mM™h
and operational stability (retaining up to 90% of its initial power density
after 8 h of continuous operation). However, the present device
exhibited a certain complexity (4 electrodes assembled to obtain the
BSC), which hinders at the moment the in-situ detection of any analyt-
ically/biomedically relevant biomarker.
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