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Abstract

Herein we report on a novel enzymatic fuel cell (EFC) based on stencil printed electrodes
modified with pyrrolo quinoline quinone glucose dehydrogenase and bilirubin oxidase, which
are assembled by considering two different configurations: (i) normal assembling in liquid
electrolyte and (ii) six EFCs connected in series, each one comprising both bioanode and
biocathode, coupled through a hydrogel-based electrolyte in a stack-like mode similar to a
Voltaic pile. After a deep electrodes characterization, they are assembled according to the first
configuration obtaining an open circuit voltage (OCV) of 0.562 £ 0.002 V. Moreover, the EFC
performance are substantially improved by using the second configuration (six EFCs connected
in series) obtaining an OCV of 2.36 £ 0.22 V with a maximum power output of 22.9 4+ 0.9 uW
at a cell voltage of 1.95 V (operating in 10 mM D-glucose). This innovative approach represents
a proof-of-concept towards the development of renewable power sources and could serve as a
critical step in powering implantable bioelectronics, such as pacemakers.

Supplementary material for this article is available online
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1. Introduction

Recently, most of the research on enzymatic fuel cells (EFCs)
has been focused on tailoring/coupling anodic enzymes, able
to oxidize a fuel as source of electrons (e.g. glucose dehydro-
genase, glucose oxidase (GOx), lactate oxidase, lactate dehyd-
rogenase efc), with cathodic enzymes, typically able to reduce
oxygen (oxygen reduction reaction, ORR) to water, like lac-
case or bilirubin oxidase (BOx) [1-5].

Particularly, many examples of implanted EFCs attempt-
ing energy harnessing from blood or other bodily fluids
(as source of glucose) have been investigated to power low
energy demanding electronic devices (e.g. insulin pumps,
pacemakers, capacitors efc) [3, 6-8]. This represented a key
achievement towards standalone devices that could revo-
lutionize the development of Point-of-Care (PoC)/Point-of-
Need (PoN) devices making them available in remote area
of the World [9]. However, since 1970s, it was clear that the
power/energy density supplied by EFCs could not be com-
parable with traditional batteries or fuel cells (FCs), hence
not able to power high energy demanding devices like smart-
phones or computers [10]. Moreover, EFCs also addressed
biotechnologist/biochemists towards enzyme engineering to
enlarge the library of enzymes (wild type or mutant) able to
perform/improve direct electron transfer (DET) between redox
centers and electrodes, minimizing their O, responsiveness
(O, is the natural electron acceptor in many biological pro-
cesses) [4, 11]. Since PQQ-GDH exhibits reduced substrate
specificity and decreased stability compared to GOx, many
protein engineers focused on improving its properties towards
biosensors and EFCs development [12].

There are also other technological constrains at EFCs
development such as limited open-circuit voltage (OCV) and
limited energy density supplied [3]. In these regards, novel
printing technologies (e.g. stencil-printing, screen-printing,
ink-jet printing, 3D-printing, and laser printing etc) and series
cells stacking can tackle these issues [13—15]. In all print-
ing technologies, ink formulation plays a key role particu-
larly considering both rheological properties (viscosity, shear-
thinning) and electrochemical properties (electroactive area,
roughness factor) [16—19]. In addition, most of the aforemen-
tioned printing technologies require post-production modific-
ations like atomic layer deposition or electrodeposition, elec-
trochemical polishing, solvent activation, enzyme activation,
thermal activation, etc, while stencil-printing offers a cost
effective and easy end-user fabrication alternative without any
post-production process considering the possibility of integ-
rating enzymes already within the conductive ink [20-22].

Recently, there has been an increasing interest towards
water-based conductive inks especially due to their lower
cost, higher conductivity and room temperature curing pro-
cedures compared to traditional organic solvents-based con-
ductive inks [23, 24]. The latter exhibit low conductivity and
poison proteins, hence hindering their utilization for electrode
manufacturing [19]. Reproducibility and operational stability
represent the challenge for the development of wearable tech-
nologies including biosensors and EFCs [9]. In this regard, the

enzymes integration within conductive inks can be a solution
to improve reproducibility, operational stability, storage sta-
bility, stiffness, and robustness of electrodes for EFCs and
biosensing [25, 26].

For in vivo applications, sterilization, preventing blood
clots (i.e. electrode treatment with heparin), biocompatibil-
ity and lifetime should be accounted. This will be a key step
towards implantable biofuel cells [27].

Furthermore, hydrogel-based electrolytes have been con-
sidered for developing several electrochemical devices [28,
29]. Despite their high ionic conductivity, liquid electro-
Iytes can be dangerous for batteries construction consid-
ering uneven spill of concentrated inorganic salts solu-
tion (acidic/basic electrolytes), spill of organic solvents,
low electrochemical stabilities (limited voltage range due
to H,O oxidation/reduction) and low miniaturization [30,
31]. All these issues hinder their possibility to power
miniaturized/wearable bioelectronics, often in direct con-
tact with bodily fluids. Conversely, hydrogel-based electro-
lytes, despite their lower ionic conductivity, can be exploited
to develop flexible, stretchable, and wearable electronics
(e.g. self-powered biosensors, biosupercapacitors, actuators
etc) [32].

Moreover, hydrogel-based electrolytes offer enhanced
safety and adaptability when compared to traditional liquid
electrolytes in flexible energy storage devices. They also
have the potential to enhance the electrochemical perform-
ance of these devices. In addition to these advantages, hydro-
gel electrolytes can be engineered to possess self-protective,
thermotolerant, self-healing, and other desirable proper-
ties, contributing to their rapidly advancing development
[28, 33, 34].

Nishizawa and colleagues, for instance, utilized an agarose
hydrogel as both the electrolyte and fuel retainer in a
flexible w-BFC (wearable biofuel cell). They combined
a multi-walled carbon nanotube (MWCNTs)-modified car-
bon fiber (CF) anode with immobilized D-FDH (fructose
dehydrogenase) and a MWCNT-CF cathode with immobil-
ized BOD (BOx) to assemble the biofuel cell. Impressively,
this configuration achieved a maximum power density
of 550 W cm™ at 0.4 V, maintaining its performance
even when the biofuel cell was bent to an angle of
44 degrees.

EFCs rely on redox enzymes that catalyze oxidation of
electron donors and reduction of oxidants like molecular
oxygen [26, 35, 36]. Despite their wide employment both
as biosensors or EFCs anode, oxidases do not represent the
‘ideal’ candidates for electrode construction because they are
unable to transfer electrons directly to the electrode requir-
ing natural or artificial electron acceptors/shuttles [37]. In
particular, O, is reduced to H,O, that can diffuse towards
the cathodic electrode causing its poisoning and EFCs per-
formance worsening. On the other hand, artificial electron
acceptors/shuttles need to be properly selected to minim-
ize the thermodynamic barrier of the electron transfer pro-
cess between the enzymatic redox center and the electrodes
[38, 39]. Pyrroloquinoline quinone (PQQ)-dependent glucose
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Figure 1. (A) Scheme of the high voltage flexible glucose/O, fully printed hydrogel-based electrolyte enzymatic fuel cell. The electrodes
are modified with PQQ-glucose dehydrogenase and bilirubin oxidase and stacked with Ca*>"-alginate hydrogel (inset: egg-box structure);
(B) the graphite modified electrodes are prepared by stencil-printing from water-based graphite conductive ink previously formulated; (C)
configuration (i) two stencil printed electrodes and (D) configuration (ii) 6 EFCs assembled in series with hydrogel-based stacks embedded

with the electrolyte.

dehydrogenase (PQQ-GDH) represents a valid alternative
being oxygen insensitive and able to transfer electrons directly
to the electrode [12]. Notably, BOx from Myrothecium verru-
caria (MvBOX) has been widely employed as cathodic elec-
trode to conceive EFCs working at human physiological pH.
BOx catalyzes a 4e~/4H™T reduction of O, to H,O with a low
overpotential, being its formal potential (E”') close to the ther-
modynamic O,/H,0 redox potential (i.e. +0.69 V vs. SCE)
[40].

This work reports a novel fully printed EFCs with hydrogel-
based electrolyte to maximize the OCV and power out-
put (Poy) as reported in figure 1(A). Figure 1(B) shows

schematically the water-based carbon ink formulation to print
flexible electrodes by stencil-printing (SPG) and the connec-
tion in series of six EFCs (smaller than AAA battery) encom-
passing a bioanode based on PQQ-GDH catalyzing glucose
oxidation and a biocathode based on MvBOx catalyzing O,
reduction. Both the electrodes and the hydrogel were charac-
terized through electrochemical measurements (electroactive
area, electron transfer rate constant, electrochemical imped-
ance spectroscopy (EIS)), spectroscopic and morphological
measurements to optimize the EFCs assembling. Finally, the
device was assembled and tested including in a model solution
(10 mM D-glucose) within the hydrogel.
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2. Experimental

2.1. Chemicals and reagents

4-(2-Hydroxyethyl)piperazine- 1-ethanesulfonic acid
(HEPES), 4-Morpholinepropanesulfonic acid (MOPS), acetic
acid (CH3COOH), alginic acid sodium salt from brown
algae (medium viscosity), bovine serum albumin (BSA), D-
glucose, D-galactose, D-mannitol, L-lactic acid, potassium
chloride (KCl), calcium chloride (CaCl,), potassium ferri-
cyanide (K3Fe(CN)g), potassium ferrocyanide (K4Fe(CN)g),
hydrochloric acid (HCI), potassium hydroxide (KOH), sodium
acetate (CH3COONa), sodium hydroxide (NaOH), ascorbic
acid, D-fructose, dopamine hydrochloride, isopropyl alcohol
(IPA), graphite powder (<20 pm, synthetic), chitosan medium
molecular weight, glycerol (ACS grade >99.5%) and uric
acid were purchased from Merck Millipore (formerly Sigma
Aldrich).

Pyrrolo quinoline quinone glucose dehydrogenase (PQQ-
GDH) was obtained from Toyobo Enzymes. The PQQ-GDH
(activity 787 U ml~!) was dissolved in 10 mM HEPES buf-
fer at pH 7.4 containing 6 mM CaCl, (stored in aliquots
at —20 °C). BOx from Myrothecium verrucaria was kindly
provided by Amano Enzyme. BOx (activity 38 U ml~—), dis-
solved in 20 mM TRIS buffer pH 8 containing 100 mM
Na,SOy (stored in aliquots at —20 °C) [36].

All solutions were prepared using Milli-Q
(18.2 mf2 cm, Millipore, Bedford, MA, USA).

water

2.2. Electrode preparation and modification

The water-based conductive ink was formulated using graph-
ite, chitosan, and glycerol [19]. Graphite served as the con-
ductive material, chitosan as the binder, and glycerol as the
stabilizer. A 2.5% w/v chitosan solution was prepared by dis-
solving chitosan in 1 M acetic acid. The solution was stirred
at room temperature overnight. Subsequently, the chitosan
solution was diluted to a final concentration of 1% wi/v
with distilled water, resulting in an acetic acid concentration
of 0.4 M.

To prepare the conductive ink, 5 g of graphite powder was
mixed with 10 ml of the previously prepared chitosan solution,
along with 500 pl of glycerol.

The SPG electrodes were prepared using polyethylene
terephthalate (PET) sheets. The sheets were cleaned three
times with IPA and distilled water, and then sanded with
fine emery paper (1500 grit) to enhance the adhesion of the
ink. A stencil was created on a Smart Vinyl adhesive sheet
using a Circuit Explore® 3 machine equipped with Design
Space Software v.7.3.95. The stencil was applied onto the
PET sheet, and 500 ul of the conductive ink was placed on
the PET sheet and spread using a scrape. The prepared elec-
trode was allowed to dry at room temperature for 10 min
and then cured in an oven at 100 °C for 1 min. Afterward,
the stencil was peeled off, and the connecting track between
the working electrode and the pad was insulated using nail
polish.

The bioanode was prepared by drop-casting 5 ul of PQQ-
GDH solution (dissolved in 10 mM HEPES buffer at pH
7.4 containing 6 mM CaCl, and 1 mg ml~! BSA, activity
787 U ml~"). Similarly, the biocathode was prepared by drop-
casting 5 ul of BOx solution (dissolved in 20 mM TRIS buf-
fer pH 8 containing 100 mM Na,SOy4 and 1 mg ml~!' BSA,
activity 38 U ml~!). The electrodes were further conditioned
overnight in 10 mM HEPES buffer pH 7.2 at +4 °C.

2.3. Hydrogel-based electrolyte

To prepare the hydrogel beads, sodium alginate was dissolved
in water and stirred overnight at 30 °C until achieving a
final concentration of 2% w/v [41, 42]. The alginate solu-
tion containing the protein was then added drop by drop to
a 20 mM aqueous solution of CaCl,. As a result, millimeter-
sized hydrogel beads were formed through the crosslinking
reaction between the alginate and calcium ions present in
the CaCl, solution. The beads were allowed to maturate for
15 min in the CaCl, solution, during which further crosslink-
ing occurred and the beads achieved their final stability and
shape. Finally, the beads were cut to achieve the disk shape
with an optimized thickness of 2 mm, figure S1 (supporting
information). The Ca*-crosslinked alginate hydrogel layer
was frozen in liquid N, and immediately dried under vacuum
overnight. Imaging was performed in the center and the edger
part of the layer.

2.4. EFC assembly

The EFC was assembled according to two different config-
urations for PQQ-GDH bioanode and BOx biocathode: (i)
two stencil printed electrodes in liquid electrolyte; (ii) six
EFCs assembled in series with hydrogel-based stacks embed-
ded with the electrolyte, as shown in figures 1(C) and (D),
respectively. Finally, the EFC setups were tested in a model
solution (10 mM D-glucose in 10 mM HEPES buffer pH 7.5).

2.5. Electrochemical measurements

Cyclic voltammetry (CV), EIS and amperometry experiments
were performed using a PalmSens4 electrochemical worksta-
tion equipped with PSTrace 5.6 v software. All potentials were
measured using a BASi AglAgClIKCI, 3 M (all potential val-
ues reported in the paper need to be considered toward this ref-
erence) and a platinum wire as reference and counter electrode,
respectively. SPG electrodes (geometric area = 1 cm?) were
used as working electrodes. Polarization curves were recor-
ded using linear sweep voltammetry in potentiostatic mode
at a scan rate of 1 mV s~!, ranging from the OCV to 0 V.
The bioanode, PQQ-GDH/SPG, was employed as the working
electrode, while BOx/SPG served as a combined reference and
counter electrode. In the first assembly mode, both biocom-
ponents were placed in an electrochemical cell without the
use of a proton-exchange membrane. The experimental setup
included 10 mM glucose in a 10 mM HEPES buffer at pH 7.5.
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In the second assembly mode, the six EFCs were connec-
ted in series using hydrogel stacks. These hydrogel stacks
contained 10 mM glucose in a 10 mM HEPES buffer at pH
7.5. The temperature-controlled experiments were conducted
using a cryostatic bath (LAUDA RM6, Delran, NJ, USA) with
a precision of £0.01 °C.

2.6. Morphological and spectroscopic characterization

The morphological characterization was conducted using a
field emission scanning electron microscope (FE-SEM) model
> igma Zeiss (Jena, Germany). Images were acquired in top-
view using the in-lens detector, with a 5 KV acceleration
voltage, 4 mm working distance, 30 ©m opening, and no addi-
tional sample treatment.

X-ray photoelectron spectroscopy (XPS) analyses were
performed using a Versa Probe II Scanning XPS spectro-
meter from Physical Electronics GmbH. The instrument was
equipped with an AlK« source, and the spot size was set to
200 pm. Wide-scan and high-resolution spectra were obtained
in CAE mode, with a pass energy of 117.40 eV and 29.35 eV,
respectively. The source power was set to 49.2 W. To com-
pensate for sample charging, an electron gun operating at 1.0 V
and 20.0 pA was utilized. The acquired data were analyzed
using the MultiPak v. 9.9.0.8 software.

3. Results and discussion

3.1. Electrochemical, spectroscopic and morphological
characterization of printed electrodes

Graphite printed electrodes were prepared as previously
described by stencil-printing of water-based graphite conduct-
ive ink onto flexible PET.

The electrodes were preliminarily characterized by CV in
5 mM Fe(CN)g3~/#~, at different scan rates (5-150 mV s™!),
as shown in figure 2(A). SPG electrodes displayed a peak-
to-peak separation of 0.228 V at 50 mV s~! and an elec-
troactive area (Aga) of 4.05 &+ 0.4 cm? (calculated accord-
ing to Randles—Sevéik equation, figure 2(A) inset), hence a
roughness factor (p) of 4.05 (considering a geometric area
(Ageo) = 1 cm?). Moreover, the electron transfer rate effi-
ciency has been evaluated accounting for a mixed model
based on an extended method merging the Klingler-Kochi and
Nicholson and Shain methods that could be applied either to
completely irreversible or reversible systems [43]. The elec-
tron transfer rate constant (k) was (9.3 £ 0.6) x 103 cms~!.
SPG electrodes were further characterized by using EIS in
ferri/ferrocynide solution and applying a Ca®* cross-linked
alginate hydrogel containing the redox probe to investigate
the resistance to the charge transfer (Rcr), as reported in
figure 2(B). In particular, SPG electrodes exhibited an Rcr
of (2.969 + 0.041) x 10° Q in ferri/ferrocynide solution,
which is in good agreement with the literature [22], and
Rer of (2.947 + 0.536) x 10* € applying a Ca?>* cross-
linked alginate hydrogel containing ferri/ferrocynide solution.
The Rcr difference can be certainly ascribed to a different

ionic conductivity between the electrolyte solution, typically
1.15 S cm~! (10 mM HEPES buffer containing 100 mM KCl
(as supporting electrolyte)), and 0.027 S cm~! for Ca?* cross-
linked alginate hydrogel, as reported in the literature [44].

The specific capacitance of the electrode at various scan
rates were calculated basing on the CV curves according to
the following equation:

Cc= (/mv) JmvV (1)

where [ is the response current density (A g~ 1), V is the poten-
tial (V), v the potential scan rate (V s~!), and m is the mass
of the active material in the electrode (g) [45]. Figure 2(C)
reports CV curves in 10 mM HEPES buffer pH 7.2 + 100 mM
KCl at different scan rates, but the CV curve at 5 mV s~/
was used to calculate the specific capacitance, resulting to be
158 &+ 7 F g~!. The CV shape of bare SPG was nearly rect-
angular, which indicated that the sample had good conduct-
ivity and was close to ideal electric double-layer capacitors
(EDLC). When the scan rate increased to 300 mV s~!, the
curve shape still maintained nearly rectangular, which indic-
ated bare SPG played superior capacitive performance even
at high current density and signified good electrochemical
performance as an EDLC electrode material. The resulting
EFC can behave as a supercapacitor being able to store the
charge derived by oxidation/reduction process catalyzed by
the enzymes immobilized onto the current collector.

The SPG electrodes characterized by SEM display a rough
surface (figure 2(D)), confirming the high roughness factor of
these electrodes. The surface chemical composition analysis
of the electrodes was performed by using XPS to investigate
the influence of curing time (0-180 s) at fixed temperature and
temperature effect (room temperature-180 °C) at fixed curing
time, as shown in figure 2(E). From the line shape of C1s spec-
tral region it was possible to observe the overlapping of all the
spectra, demonstrating that both the curing time and the tem-
perature do not induce any oxidation/degradation of the elec-
trodes surface.

3.2. Bioelectrocatalytic characterization of PQQ-GDH/SPG
electrode

To assess the catalytic behavior of modified anode electrode,
notably SPG with physisorbed PQQ-GDH, several CVs exper-
iments in 10 mM HEPES buffer pH 7.5 + 100 mM NaClO,4 by
adding 10 mM D-glucose as substrate. The same experiments
were performed by using Ca>* cross-linked alginate hydrogel
containing testing solution.

Figure 3(A) shows the CVs in the absence (black curve)
and presence of 10 mM D-glucose (red curve). In non-
turnover conditions, PQQ-GDH/SPG electrodes did not show
any redox peak eventually correlated with non-turnover redox
activity. After substrate addition, a catalytic curve start-
ing at Eonsgr = —0.065 V with maximum current of
13 pA at E = 0.4 V (figure 3(A), red curve) was observed.
Similarly, PQQ-GDH/SPG electrodes were tested by using
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Figure 2. (A) CVs at different scan rates of SPG electrode recorded in 5 mM Fe(CN)63'/4’ (prepared in 10 mM HEPES buffer pH

7.5 + 100 mM KCl) and slope iy vs. v'* (inset); (B) EIS curve measured at E = 0.23 V between 100000 and 0.1 Hz in 5 mM Fe(CN)s>"*
(prepared in 10 mM HEPES buffer pH 7.2 + 100 mM KCI) for SPG in liquid electrolyte (black dots, fitted red curve) and SPG in
hydrogel-based electrolyte (blue dots, fitted magenta curve); (C) CVs at different scan rates of SPG electrode recorded in 10 mM HEPES
buffer pH 7.5 4+ 100 mM KCI; (D) SEM picture of SPG electrodes; (E) Comparison of C1s XP spectra relative to a typical SPG prepared by

varying curing time (0-180 s) and curing temperature (R.T.—180 °C).

Ca’* cross-linked alginate hydrogel containing testing solu-
tion, as shown in figure 3(B). The corresponding CV in non-
turnover conditions displayed no redox peaks in the voltage
window investigated (figure 3(B), black curve). After sub-
strate addition, the catalysis for D-glucose oxidation started
at Eonser = —0.068 V with maximum current of 7 pA at
E = 0.4 V (figure 3(B), red curve). In this case, the mass-
transfer limitation is related to high roughness/porosity of
hydrogel-based electrolyte, which allows to control the diffu-
sion at the electrode surface.

The modified electrodes were tested in both liquid
(figure 3(C), inset) and hydrogel-based -electrolyte
(figure 3(D), inset) by using amperometry increasing sub-
strate concentration in the range 0-25 mM for D-glucose.

The calibration curve for PQQ-GDH/SPG electrodes
in liquid electrolyte (spanning overall the 1 x 1076
2.5 x 1072M), reported in figure 3(C), indicated a linear
range from 10 uM to 2.5 mM (figure 3(C), inset), a detec-
tion limit of 3 & 1 uM and a sensitivity of 1.7 uA mM™!
and a correlation coefficient of 0.99 (RSD 5.3%, n = 10).
Additionally, the calibration curve was fitted to determine the
classical Michaelis-Menten kinetic parameters, which resul-
ted in /pax Of 8.5 £ 0.3 pA and an apparent Michaelis-Menten
constant (Ky*P) of 2.2 = 0.2 mM (similar to Ky measured
in solution). The calibration curve for PQQ-GDH/SPG elec-
trodes in hydrogel-based electrolyte reported in figure 3(D)
(spanning overall the 1 x 107°-2.5 x 10~2 M), indicated a lin-
ear range from 25 M to 2.5 mM (figure 3(D), inset), a detec-
tion limit of 10 4 1 M and sensitivity of 0.88 A mM~! and a
correlation coefficient of 0.99 (RSD 5.4%, n = 10). The kinetic

parameters were determined as [, of 8.1 = 0.4 A and a
K\™P of 4.5 + 0.6 mM (higher Ky than the ones measured in
solution for homogeneous and heterogeneous catalysis). This
can be ascribed to the porosity of hydrogel-based solid elec-
trolyte, which affects the diffusion of the substrate towards the
electrode.

The effects of pH and temperature on the proposed PQQ-
GDH/SPG were evaluated in both cases, namely the liquid
electrolyte and hydrogel-based electrolyte, and the results are
shown in figures 3(E) and (F), respectively. Three different
buffers have been tested, acetate, MOPS and HEPES buffer in
order to cover the range of pHs between 3 and 10. The cur-
rent signal increased with pH until 7.5, which corresponds
to the maximum current signal obtained in HEPES buffer
(figures 3(E) and (F)), by using either the liquid electrolyte or
hydrogel-based electrolyte. 10 mM HEPES buffer pH 7.5 is
therefore chosen for our experiments as an experimental con-
dition closer to human physiological conditions. The optimum
temperature in liquid electrolyte resulted to be 35 °C, as shown
in figure 3(E). These results are in close agreement with the
optimum pH and T values reported in literature for PQQ-GDH
[36]. Similarly, the optimum temperature in hydrogel-based
electrolyte resulted to be 30 °C, probably due to the instability
of the hydrogel-based electrolyte at temperatures above that
value [44].

The selectivity of PQQ-GDH/SPG electrode was studied
in order to assess the influence of possible interfering com-
pounds on its response. The signal obtained for a fixed con-
centration of D-glucose was compared to that obtained with
equal amounts of interfering compounds such as D-fructose,
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Figure 3. (A) CVs for PQQ-GDH/SPG electrode in non-turnover (10 mM buffer pH = 7.5 + 100 mM NaClOy, black curve) and turnover
conditions (addition of 10 mM D-glucose, red curve), scan rate 5 mV s~!: (B) CVs for PQQ-GDH/SPG electrode with alginate
hydrogel-based electrolyte in non-turnover (10 mM buffer pH = 7.5 + 100 mM NaClOyg, black curve) and turnover conditions (addition of
10 mM D-glucose, red curve), scan rate 5 mV s~!: (C) Calibration curve for PQQ-GDH/SPG electrode in 10 mM buffer

pH = 7.5 4+ 100 mM NaClO, based on the amperometric measurements performed at E,pp1: +0.35 V by increasing substrate concentration
in the range 0-25 mM for D-glucose—inset1: amperometry at E,pp: +0.35 V by increasing substrate concentration in the range 0-25 mM
for D-glucose—inset2: linear range of calibration curve for PQQ-GDH/SPG electrode; (D) Calibration curve for PQQ-GDH/SPG electrode
with alginate hydrogel-based electrolyte in 10 mM buffer pH = 7.5 4+ 100 mM NaClO;4 based on the amperometric measurements
performed at Eyppi: +0.35 V by increasing substrate concentration in the range 0-25 mM for D-glucose—inset1: amperometry at E,pp:
+0.35 V by increasing substrate concentration in the range 0-25 mM for D-glucose—inset2: linear range of calibration curve for
PQQ-GDH/SPG electrode; (E) Effect of different pHs and temperature on PQQ-GDH/SPG: 10 mM acetate buffer (black), 10 mM MOPS
buffer (red) 10 mM HEPES buffer (blue). Experimental conditions: 10 mM D-glucose, applied potential + 0.35 V; (F) Effect of different
pHs and temperature on PQQ-GDH/SPG with alginate hydrogel-based electrolyte: 10 mM acetate buffer (black), 10 mM MOPS buffer (red)
10 mM HEPES buffer (blue). Experimental conditions: 10 mM D-glucose, applied potential 4+ 0.35 V; (G) Influence of interfering
compounds on glucose response for PQQ-GDH/SPG: 500 uM ascorbic acid, 500 M dopamine, 500 uM D-fructose, 500 M D-mannitol,
500 M D-galactose, 500 M dopamine, 500 M uric acid and 10 mM D-glucose measured with amperometry at E,pp1: +0.35 V and
storage stability; (H) Influence of interfering compounds on glucose response for PQQ-GDH/SPG with alginate hydrogel-based electrolyte:
500 uM ascorbic acid, 500 uM dopamine, 500 M D-fructose, 500 uM D-mannitol, 500 M D-galactose, 500 uM dopamine, 500 M uric
acid and 10 mM D-glucose measured with amperometry at E,,p1: +0.35 V and storage stability.

D-galactose, D-mannitol, L-lactate, ascorbic acid, dopamine,
and uric acid as shown in figures 3(G) and (H). No significant
current responses were recorded except for ascorbic acid and
uric acid, notably 10% and 12%, 8% and 6% of D-glucose
signal in liquid and hydrogel-based electrolyte, respectively.
In contrast to the other electrochemical interferents that were
examined, ascorbic acid and uric acid display a notably higher
diffusion coefficient (D = 5.9 x 107% cm? s~! for ascor-
bic acid and D = 7.5 x 107 cm? s~! for uric acid).
Moreover, they exhibit easy oxidation at the electrode surface,
specifically at the potential utilized for analytical measure-
ments, whereas dopamine possesses a diffusion coefficient of
D =8.2 x 1077 cm? s~ . The exceptional selectivity observed
can be attributed to the relatively low operating potential of the
third-generation electrode.

The storage stability of PQQ-GDH/SPG electrodes were
investigated by monitoring the signal decrease of the cur-
rent when the electrode is used for ten measurements every
day over a period of 90 days for a 10 mM D-glucose solu-
tion, as reported in figures 3(G) and (H). The PQQ-GDH/SPG

electrodes showed a signal decrease of its initial response of
less than 10% after 90 days by using a liquid electrolyte, and
less than 20% by using a hydrogel-based electrolyte. This can
be probably due to a combination of the intrinsic stability of
the enzyme immobilized onto SPG electrodes as well as the
porosity and stability of hydrogel-based electrolyte.

3.3. Bioelectrocatalytic characterization of BOx/SPG
electrode

The electrocatalytic behavior of BOx/SPG was investigated in
10 mM HEPES buffer pH 7.5 + 100 mM NaClQy, as liquid
electrolyte and Ca’>* cross-linked alginate hydrogel contain-
ing testing solution by scanning the electrode in anaerobic
conditions (figure 4(A), black curve) and in equilibrium with
air (figure 4(A), red curve), respectively. Figure 4(B) (black
curve) shows a CV recorded in anaerobic conditions in solu-
tion (not possible to perform with the hydrogel-based elec-
trolyte) and with the hydrogel system in equilibrium with air
(figure 4(B), red curve). From the conducted experiments,
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Figure 4. (A) CVs for BOx/SPG electrode in non-turnover (10 mM buffer pH = 7.5 + 100 mM NaClOy, black curve) and turnover
conditions (in equilibrium with air, red curve), scan rate 5 mV s~ '; (B) CVs for BOx/SPG electrode with alginate hydrogel-based
electrolyte in non-turnover (10 mM buffer pH = 7.5 + 100 mM NaClQOy, black curve) and turnover conditions (in equilibrium with air, red
curve), scan rate 5 mV s~ '; (C) Amperometry for BOx/SPG electrode in non-turnover (10 mM buffer pH = 7.5 4+ 100 mM NaClOy, black
curve) and turnover conditions (in equilibrium with air, red dots) at Eqppi: 0 V; (D) PQQ-GDH bioanode OCP (red line), BOx biocathode
(black line) and OCV measurements for a single EFC (blue line) operating continuously over 500 h.

distinct electrocatalytic waves were observed, which can be
primarily attributed electrostatic orientation of BOx near to
its hydrophobic region adjacent to the T1 site. This specific
arrangement enhances the DET reaction, resulting in an ampli-
fied electrocatalytic response. The catalytic curve, reported in
figure 4(B), is mass-transfer limited probably due to the poros-
ity of the hydrogel-based solid electrolyte where O, has lower
diffusion rate compared to the liquid electrolyte.

To prove unequivocally the DET mechanism, BOx/SPG
electrodes were analyzed by amperometry in anaerobic con-
ditions (removing oxygen by purging nitrogen in solution)
and in equilibrium with air, showing a current decrease to
22 + 1 pA, as reported in figure 4(C). This highlights
the biocatalytic ORR occurring at the enzyme modified
electrode.

Before assembling the EFC with the hydrogel-based elec-
trolyte, both the anode and cathode electrodes, namely PQQ-
GDH/SPG and BOx/SPG, were characterized by open circuit
potentiometry (OCP) to assess their individual operational sta-
bility over 500 h, as shown in figure 4(D) (anode: red curve

and cathode: black curve). In particular, PQQ-GDH/SPG elec-
trodes showed an OCP of —0.068 £ 0.003 V and BOx/SPG
electrodes showed an OCP of 0.502 £ 0.004 V, displaying
an increased stability over 500 h, probably due to the poros-
ity of the electrodes, which affects the amount of enzyme
molecules immobilized and its stability. After assembling the
EFC, the OCV resulted to be 0.562 4= 0.002 V, which is in good
agreement with the OCV that can be calculated as a differ-
ence between the OCP curves measured individually, namely
0.570 V.

3.4. Characterization of EFC assembled in series by using
hydrogel-based electrolyte

Finally, the EFC was assembled with the hydrogel-based elec-
trolyte reporting an OCV resulted to be 0.560 £ 0.005 V, close
to the theoretical difference between OCPs of bioanode and
biocathode, figure 5(A).

A maximum power output of 5.9 £+ 0.6 W at a cell
voltage of 0.54 V was obtained, figure S5(A). The stability
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(prepared in 10 mM buffer pH = 7.5 + 100 mM NaClOy), scan rate | mV s~!; (B) Power output curves for PQQ-GDH/SPG Il SPG/BOx
EFC in 10 mM D-glucose (prepared in 10 mM buffer pH = 7.5 + 100 mM NaClOy), scan rate 1 mV s~ recorded every 15 days; (C)
Operational stability of for PQQ-GDH/SPG Il SPG/BOx EFC; (D) Power output curves for six PQQ-GDH/SPG Il SPG/BOx EFCs
connected in series recorded in 10 mM D-glucose (prepared in 10 mM buffer pH = 7.5 + 100 mM NaClQy), scan rate 1 mV s~ (insets:

optical photos of hydrogel stacks and SEM picture).

of the EFC was further evaluated by running polarization
curves every 15 days (for a total of 3 months) and measuring
continuously the OCV over the same range of time,
figures 5(B) and (C). After a month, the performance was
decreasing in terms of both OCV (5%) and maximum power
output (10%), respectively. The power output of a single EFC
dropped to 2.4 4+ 0.1 W after 3 months. This behavior can be
mainly attributed to the progressive hydrogel and biocatalysts
degradation. Moreover, the flexibility of EFC was assessed by
bending the electrodes up to 50 times (figure S2) observing a
75% (in solution) and 68% (in the hydrogel-based electrolyte)
of power output retaining.

Figure 5(D) reports the power output curve for the EFC
assembled in series, up to EFCs. Considering 6 EFCs
assembled in series in a stack-structure (like Voltaic pile),
exhibiting an OCV of 2.36 4 0.22 V with a maximum power
output of 22.9 + 0.9 W at a cell voltage of 1.95 V (operating
in 10 mM D-glucose). Figure 5(D) reports also photos of

Ca?* cross-linked alginate hydrogel stack and a SEM picture
showing the porosity of the hydrogel layer.

A comparison of the results with those obtained by other
researchers with EFCs based on GDH modified bioanodes and
Myrothecium verrucaria BOXx as biocathodes has been repor-
ted in table 1.

The power density output and OCV values obtained in
our experiments consistently align with those reported in
existing literature, indicating their comparability [46-50].
However, it is worth noting that there is a notable excep-
tion: an electrochemical FC (EFC) utilizing the combination of
FADGDH/menadione/MWCNTs || Lac/MWCNTSs achieved a
power output of 799.36 uW cm~2. In our case, the relatively
lower power output can be attributed to potential kinetic lim-
itations in the interfacial electron transfer at both electrodes,
as well as the stability of the enzyme layer. These factors
likely contribute to the observed decrease in power generation
efficiency.
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Table 1. Comparison of potentially implantable hybrid glucose/oxygen EFCs. Abbreviations: 2-aminoanthracene diazonium salt (2-ANT),
anthracene modified multiwalled-carbon nanotubes (AcMWCNTSs), Aspergillus niger FAD-glucose dehydrogenase (AnFADGDH),
Burkholderia cepacian FAD-glucose dehydrogenase (BcFADGDH), FAD-glucose dehydrogenase (FADGDH), glassy carbon electrode
(GCE), gold electrode (AuE), gold nanoparticles (AuNPs), laccase (Lac), linear polyethyleneimine modified with dimethylferrocene and
separated by a three-carbon spacer (FcMe2—C3-LPEI), multi walled-carbon nanotubes (MWCNTSs), Myrothecium verrucaria bilirubin
oxidase (MvBOXx), N-methyl-4(4’-formylstyryl)pyridinium methosulfate acetal (PVA-SbQ), 1,10-phenanthroline-5,6-dione (PLQ),
polyMethylene Blue electropolymerized with 25 scans (pMB25), single walled-carbon nanotubes (SWCNTs), protoporphyrin IX (PP),
stencil-printing graphite electrode (SPG), pyrrolo quinoline quinone glucose dehydrogenase (PQQ-GDH).

BFC Conditions OCV (V) Power output Operational stability ~ References
BcFADGDH/menadione/ 100 mM PBS buffer pH 7 containing 1.00 799.36 uW cm2at  ~15% drop in 100 h (46]
MWCNTs I 5 mM glucose ’ 05V of continuous
Lac/MWCNTs operation
Half-life > 100 h
FADGDH/AuNPs 100 mM PBS buffer pH 7.4 ~ 0.5 ~32.5 uW cmZat — [47]
composite-modified AuE Il containing 200 mM glucose 045V
MvBOx/SWCNTs/GCE
FADGDH/FcMe,—Cs— 200 mM PBS buffer pH 7.4 0.60 35.4 uW em ™2 ~50% drop in 24 h
LPEI/MWCNTs I containing 5 mM glucose of continuous [48]
MvBOx/AcMWCNTs operation
200 mM PBS buffer pH 7.4 0.60 100.4 W cm ™2 —
containing 100 mm glucose
Human serum 0.54 39.5 uW cm ™2 ~60% drop in 24 h
of continuous
operation
PVA-SbQ/AnFADGDH/ Single EFC: 50 mM PBS buffer pH  0.78 25.8 pW cm ™2 at Half-life > 24 h
pMB25/MWCNTs I 7.4 containing 5 mM glucose 0.57V
MvBOx/2-ANT/MWCNTs  Double-sided EFC: 50 mM PBS 0.78 31.0 W cm ™2 at — [49]
buffer pH 7.4 containing 5 mM 0.57V
glucose
Double-sided EFC connected in 1.58 59.6 uW em ™2 at —
series: 50 mM PBS buffer pH 7.4 1.16 V
containing 5 mM glucose
Double-sided EFC connected in 1.12 1.4 uW em™2 at —
series: human saliva 025V
Double-sided EFC connected in 1.25 16.7 uW cm™2 at ~40% drop in 24 h
series: artificial human serum 094V of continuous
operation
FAD-GDH/ Mcllvaine buffer at pH 7.0 with 0.74 53 uW cm~?2 — [50]
BPpLglIBPpp-BOX 170 mM glucose
PQQ-GDH/SPG I 6 EFC with hydrogel-based stack: 2.36 1.9 pW ecm ™2 at ~20% drop in This work
SPG/BOx 10 mM HEPES buffer pH 7.5 1.95 V (power 1 month of
containing 10 mM glucose density calculated continuous
considering 12 cm®  operation

as electrode area)

4. Conclusions

In this study, we have successfully demonstrated the viab-
ility of efficient DET of PQQ-GDH and BOx enzymes
on graphite stencil printed electrodes. We optimized
and characterized two modified enzymatic electrodes to
achieve optimal performance, which were then com-
bined to assemble an EFC. Subsequently, to obtain an
EFC with an OCV capable of powering small electronic
devices like pacemakers or artificial pancreases, six EFCs

were connected in series using hydrogel-based electrolyte
stacks.

The assembled biodevice was tested in a model solu-
tion containing 10 mm glucose, yielding promising res-
ults. The OCV obtained was 2.36 + 0.22 V, with a max-
imum power output of 22.9 £ 0.9 uW at a cell voltage
of 1.95 V. The relatively low maximum power output was
primarily influenced by factors such as low electroactive
area (4.05 £ 0.4 cm?, which is typical for graphite elec-
trodes), substrate diffusion through the hydrogel stack and
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the presence of various interferents, leading to biofoul-
ing of the electrochemical surface. Moreover, the EFC
activity over time is strongly affected by the decreasing
enzymatic activity (~20% drop in 1 month of continuous
operation).

To the best of our knowledge, this is the first report on the
assembly of EFCs in series using stencil printed electrodes in
combination with hydrogel stacks. This innovative approach
represents a proof-of-concept towards the development of
renewable power sources and could serve as a critical step in
powering implantable bioelectronics, such as pacemakers.
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