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The non-covalent modification of carbon nanotube electrodes with pyrene derivatives is a versatile approach to
enhance the electrical wiring of enzymes for biosensors and biofuel cells. We report here a comparative study of
five pyrene derivatives adsorbed at multi-walled carbon nanotube electrodes to shed light on their ability to
promote direct electron transfer with horseradish peroxidase (HRP) for HyO, reduction. In all cases, pyrene-
modified electrodes enhanced catalytic reduction compared to the unmodified electrodes. The pyrene N-
hydroxysuccinimide (NHS) ester derivative provided access to the highest catalytic current of 1.4 mA cm ™2 at 6
mmol L} H202, high onset potential of 0.61 V vs. Ag/AgCl, insensitivity to parasitic HyO» oxidation, and a large
linear dynamic range that benefits from insensitivity to HRP “suicide inactivation” at 4-6 mmol L™! Hy0,.
Pyrene-aliphatic carboxylic acid groups offer better sensor sensitivity and higher catalytic currents at < 1 mmol
L~! Hy0, concentrations. The butyric acid and NHS ester derivatives gave high analytical sensitivities of 5.63 A
M !em~2and 2.96 A M1 em 2, respectively, over a wide range (0.25-4 mmol 1) compared to existing carbon-
based HRP biosensor electrodes. A bacterial nanocellulose pyrene-NHS HRP bioelectrode was subsequently
elaborated via “one-pot” and “layer-by-layer” strategies. The optimised bioelectrode exhibited slightly weaker
voltage output, further enhanced catalytic currents, and a major enhancement in 1-week stability with 67%
activity remaining compared to 39% at the equivalent electrode without nanocellulose, thus offering excellent
prospects for biosensing and biofuel cell applications.

1. Introduction multicopper oxidases (MCOs) laccase or bilirubin oxidase (BOx), but

such enzymes are degraded or inhibited by ubiquitous hydrogen

The development of enzymatic electrodes based on carbon materials
with electrically-wired oxidoreductases is of great importance for
biosensor and biofuel cell applications (Bollella and Katz, 2020; Gross
et al., 2018). Carbon-based enzymatic electrodes have already shown
remarkable commercial success for portable and wearable
self-monitoring glucose sensors, and have tremendous potential for
body-integrated and portable biofuel cells for low power electronics
(Abreu et al., 2018a; Bollella et al., 2020; Chen et al., 2019; Lee et al.,
2021). To date the glucose/O5 biofuel cell is the most commonly re-
ported and arguably most practical biofuel cell type; nevertheless, there
are still important limitations relating to the stability and activity of the
bioelectrodes as well as limited substrate availability. The oxygen
reduction reaction at the cathode is typically achieved using the
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peroxide and halogens such as chloride (Antiochia et al., 2019; Valles
et al., 2020). Oxygen-dependent oxidases such as glucose oxidase (GOx)
unfortunately generate hydrogen peroxide in the presence of oxygen.
Chloride on the other hand is common in biological or artificial biofuel
cell electrolytes. Laccases generally demonstrate good activity at acidic
pH but low activity and/or stability at neutral pH (Goff et al., 2015). BOx
is generally better-suited to neutral pH but BOx-based cathodes typically
exhibit a ca. 100-200 mV lower onset potential (Ej/2(r1) = 0.52 V vs.
Ag/AgCl (sat. KCl) at pH 7.0) compared to laccases (Gross et al., 2017).
Another prominent issue for MCO-based cathodes is related to the low
concentration of dissolved oxygen (oxidant) in biological fluids: ca.
45-70 pmol L™ in blood and cerebrospinal fluid and ca. 200 pmol L™ in
aqueous quiescent solutions (Gross et al., 2017; Zebda et al., 2018). The
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development of improved bioelectrode interfaces to address stability
and substrate limitations whilst maintaining good mass and electron
transport for effective catalytic activity is therefore highly desirable, not
just for biofuel cells, but also for electrochemical biosensors.

Horseradish peroxidase (HRP) is a robust and readily available
heme-containing glycoprotein capable of direct electron transfer (DET)
bioelectrocatalytic 2 e /2 H' reduction at carbon electrodes such as
graphite (Andreu et al., 2007; Ferapontova and Puganova, 2002),
single-walled (Shu et al., 2016), double-walled (Agnes et al., 2013), and
multi-walled carbon nanotubes (Abreu et al., 2018b; Elouarzaki et al.,
2015) (MWCNTSs), 3D printed graphene (Lopez Marzo et al., 2020), and
nanofiber composites (Jia et al., 2010). HRP is therefore an excellent
candidate for the development of reagentless third generation H,O5
electrochemical biosensors (Xu et al., 2015). HRP bioelectrodes are also
of interest to simplify biocathodes for biofuel cell applications, offering
mediator-free bioelectrocatalysis at a high onset potential. The DET
H,0; reduction reaction with immobilised HRP has generally been ob-
tained at potentials of ca. +100 to —50 mV vs. Ag/AgCl, although higher
onset potentials up to ca. +400-600 mV vs. Ag/AgCl have been reported
at oxygenated porous carbon and carbon nanotube electrodes (Jia et al.,
2010; Ruff et al.,, 2017). Schuhmann, Stoica and coworkers made
important developments on carbon fiber/CNT composites, highlighting
the important roles of the hierarchically porous structure and the
chemical functionalities, pyrene hexanoic acid or butyric acid, to ach-
ieve Hy09 reduction as high as +600 mV vs. Ag/AgCl (Jia et al., 2010;
Ruff et al., 2018). Several studies highlighted the benefit of introducing
oxygenated functionalities to the carbon surface, including specifically
carboxylic acid groups, to improve hydrophilicity for DET bio-
electrocatalysis (Lopez Marzo et al., 2020; Yamamoto et al., 2003).
Alternatively, we and others have demonstrated the possibility to obtain
effective DET bioelectrocatalysis with HRP simply at nonfunctionalised
MWCNTs that contain low levels of oxygen (ca. 1%)[15’16].

As is also the case for MCO bioelectrodes, HRP bioelectrodes are
limited by the low presence of endogenous substrate present in biolog-
ical fluids for energy harvesting body-integrated biofuel cells, for
example, operating in blood or sweat (Forman et al., 2016; Jia et al.,
2012). An original approach in biofuel cell design to circumvent or
minimise issues with low HyO» concentration involves generating
hydrogen peroxide in-situ, for example, via enzymatic reactions.
Hydrogen peroxide may be continuously generated in situ from GOx
(Abreu et al., 2018b; Elouarzaki et al., 2015; Jia et al., 2012; Gorton
et al.,, 1991) or other oxidases such as pyranose oxidase (Liden et al.,
1998) or alcohol oxidase (AOx) (Ruff et al., 2017). Over 30 years ago,
Kulys and Schmid demonstrated the concept of bienzyme electrodes
based on peroxidase mixed with GOx, AOx or choline oxidase (Kulys and
Schmid, 1990). Willner, Katz and coworkers demonstrated this concept
with GOx in solution at a microperoxidase-11 cathode compartment
where GOx reduced O3 to HoOy (Willner et al., 1998). Lo gorton and
coworkers provided a review showcasing the use of a whole series of
H20; producing oxidases with HRP at electrodes (Ruzgas et al., 1996).
More recent developments focused on bi-enzymatic biocathodes with
immobilised GOx/HRP (Agnes et al., 2013; Elouarzaki et al., 2015; Jia
et al., 2012) and AOx/HRP (Ruff et al., 2017) where H,O5 was imme-
diately generated in the vicinity of the cathode. At
physiologically-relevant glucose concentrations in phosphate buffer sa-
line (PBS, pH 7.4), without externally added peroxide, a practical cur-
rent density of over 1 mA cm 2 and a respectable 15 days storage
stability was achieved for a co-immobilised GOx/HRP biocathode
(Elouarzaki et al., 2015). More recently, we reported a flow-through
portable biofuel cell in which unwired GOx at the anode generated
H0; in-situ at the anode that was then transported to a HRP-based
cathode, again, without the need to add peroxide from an external
source. A respectable open circuit voltage (OCV) of 0.6 V and maximum
power output of 0.7 mW for a single biofuel cell validated the potential
of HRP-based cathodes as an alternative to Oy biocathodes in glucose
biofuel cells (Abreu et al., 2018b). Schuhmann and coworkers earlier
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validated the alternative AOx/HRP biocathode, relying on DET between
MWCNTs and HRP, that was integrated with a nicotinamide adenine
dinucleotide (NAD)"-dependent alcohol dehydrogenase bioanode for a
self-powered biofuel cell-biosensor (Ruff et al., 2017). A high OCV of
0.66 V and relatively low maximum power density of 8.9 pW cm ™2 were
observed in air-saturated 0.5 M ethanol buffer solution. Another
advantage for HRP biocathodes is their demonstrated high resistance to
physiological concentrations of chloride at neutral pH (Jia et al., 2012;
Shu et al., 2016). A direct comparative study showed better stability for
HRP compared to laccase in the presence of chloride (Elouarzaki et al.,
2015).

In the present work, we explore the use of several functional pyrene
derivatives adsorbed at multi-walled carbon nanotube electrodes to shed
new light on the influence of contrasting organic surface functionalities
on DET bioelectrocatalysis with immobilised HRP. Concentration effects
on catalytic current as well as voltage output and stability performance
are considered for biocathode and biosensor applications. The con-
struction of a new type of HRP bioelectrode incorporating hydrated
nanocellulose as an environmentally friendly and sustainable compo-
nent was subsequently investigated and the resulting sensor and cata-
lytic stability performance evaluated.

2. Experimental section
2.1. Materials and chemicals

Sodium phosphate dibasic (NagHPO4, >99%), sodium dihydrogen
phosphate (NaH2PO4, >99%), hydrogen peroxide (>30% w/w in H0),
1-methyl-2-pyrrolidone (NMP, > 99%), pyrene (98%, py), 1-pyrenebu-
tyric acid N-hydroxysuccinimide ester (pyNHS, 95%), 1-pyrenemethyl-
amine hydrochloride (pyNHp 95%), 1-pyrenebutyric acid (pyBA,
97%), 1-pyreneacetic acid (pyAA, 97%), and horseradish peroxidase
from Armoracia rusticana (type II, 150-250 units/mg solid) were pur-
chased from Sigma Aldrich and used as received without further puri-
fication. The enzyme was stored at —20 °C when not in use. Distilled
water was purified to a minimum resistivity of 15 MQ cm ™! using a
Millipore Ultrapure system. Commercial grade thin multi-walled carbon
nanotubes (MWCNTs, @ = 9.5 nm, 90% purity, NC7000, batch 1166)
were obtained from Nanocyl and used as received without purification.
High purity oxygen and argon were obtained from Messer. N, N-Dime-
thylformamide (DMF, 99.8%) was obtained from Carlo Erba reagents
(France). Acetonitrile (ACN) was obtained from VWR chemicals
(France). The 1% bacterial cellulose nanofibers gel was obtained from
Nano Novin Polymer Co. (99%, average 40 nm diameter) and used as
received.

2.2. Electrochemistry

Electrochemical measurements were performed at room temperature
using a Biologic VMP3 Multi Potentiostat operated with EC-lab software.
A three-electrode cell was used comprising a carbon nanotube film-
modified glassy carbon (GC) working electrode (@ = 3 mm), a silver-
silver chloride reference electrode (Ag/AgCl with saturated KCl), and
a Pt wire counter electrode. GC electrodes were polished using a Presi
polishing cloth with 1 pm alumina or diamond slurry then sonicated for
5 min in distilled water prior to use. Electrochemical experiments were
performed in 0.1 mol L™} phosphate buffer (pH 7.0) in the absence of
oxygen. Oxygen was removed by purging the solution with argon for 15
min. A gentle argon flow was maintained in the air space above the
solution during experiments. Amperometric data was recorded at E, = 0
V vs. Ag/AgCl (sat. KCl). Bioelectrodes were stored in fresh buffer so-
lution between stability experiments performed on different days at 4 °C
in the fridge. Current densities were estimated based on the geometric
surface area of the working electrode (0.071 cm?).
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2.3. Preparation of film-modified multiwalled carbon nanotube electrodes

5 mg of MWCNTSs were first added to 2 mL of NMP in a sealed glass
vial and the resulting suspension sonicated for 60-120 min to achieve a
homogeneous dispersion. 20 pL of the MWCNT dispersion (2.5 mg
mL ™) was subsequently drop-casted onto the GC electrode to obtain a
densely and homogeneously coated MWCNT layer after drying, based on
our previously reported method (Gross et al., 2020). The modified
electrode was dried under vacuum for ca. 2 h then rinsed with 0.1 mol
L~! phosphate buffer (pH 7.0) prior to use.

2.4. Preparation of pyrene-modified MWCNT electrodes

The modified MWCNT electrodes were obtained by immersion of the
electrode in a sealed vial containing 100 uL of 5 mmol L™ modifier
solution containing the pyrene derivative in DMF. After 60 min, the
electrode was gently removed from the modifier solution then rinsed
with DMF followed by ACN to remove weakly adsorbed species. The
modified electrodes were rinsed gently with 0.1 mol L™! phosphate
buffer (pH 7.0) prior to use.

2.5. Preparation of HRP-modified MWCNT bioelectrodes

Aliquots of enzyme solution were first prepared at 5 mg mL ™! in 0.1
mol L1 phosphate buffer (pH 7.0) and stored at —20 °C. Prior to use, the
aliquot was carefully thawed to room temperature then immediately
used for bioelectrode preparation. The pyrene-modified MWCNT elec-
trode was immersed in a sealed vial containing 40 pL of the enzyme
solution then left overnight at 4 °C in the fridge. Prior to electrochem-
istry or further modification, the bioelectrode surface was rinsed gently
with 0.1 mol L™! phosphate buffer (pH 7.0) to remove weakly adsorbed
species.

2.6. Preparation of nanocellulose-modified HRP MWCNT bioelectrodes

2.6.1. Layer-by-layer method

The HRP modified bioelectrodes were first prepared as described in
Section 2.5. 10 pL of the as-received nanocellulose gel (1% nano-
cellulose) was then mixed with 30 pL of 0.1 mol L™! phosphate buffer
(pH 7.0) in a vial for 60 s by vortexing. 20 pL of the mixture was then
drop-casted onto the bioelectrode. The electrode was left to dry at room
temperature for 1 h then gently rinsed with the buffer solution prior to
use.

2.6.2. One-pot method

0.4 mg of HRP, 10 pL of nanocellulose gel (1% nanocellulose) and 30
pL of 0.1 mol L™! phosphate buffer (pH 7.0) were mixed together in a
vial for 60 s by vortexing. After pre-rinsing of the pyrene-modified
MWOCNT electrode (Section 2.4) with the buffer, either 5 pL or 20 pL
of the mixed enzyme/nanocellulose solution was drop-casted on the
surface of the electrode. The electrode was left to dry at room temper-
ature for 1 h then gently rinsed with the buffer solution prior to use.

3. Results and discussion
3.1. Bioelectrocatalyis of HRP/pyrene-modified MWCNT bioelectrodes

The pyrene and functionalised pyrenes employed for non-covalent
modification of the MWCNT electrodes, and the subsequent prepara-
tion of HRP bioelectrodes for HyO, reduction, are schematically illus-
trated in Fig. 1.

The MWCNT electrodes were obtained according to our reported
strategy that allows the formation of highly stable and reproducible
MWCNT coatings on GC electrodes with a film thickness of ca. 6 pm
(Gross et al., 2020; Lalaoui et al., 2016). The pyrene-modified MWCNT
electrodes were prepared by a simple immersion protocol using a DMF
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Fig. 1. Schematic representation showing the five pyrene compounds used to
obtain pyrene-modified MWCNT bioelectrodes with adsorbed HRP for the two-
electron bioelectrocatalytic reduction of H,O, to water. Enzyme structure
pdb1H55 of HRP from Armoracia rusticana (Berglund et al., 2002).

modifier solution with 5 mmol L™ of the pyrene derivative, followed by
rinsing to remove weakly adsorbed species (Section 2.4). The effective
adsorption  of  pyrenes including  mono/polycyclic  and
ionisable/non-ionisable derivatives to CNTs occurs via physical in-
teractions, particularly pi-pi stacking interactions between CNT side-
walls and the aromatic system of the molecules (Chunping et al., 2014;
Haddad et al., 2010; Sheng et al., 2010). This non-covalent modification
strategy is attractive for electrochemical biosensor and biofuel cell ap-
plications due to its simplicity, the ability to preserve the aromatic
systems and therefore electronic properties of the nanotubes, and the
possibility to introduce a wide range of surface functionalities in a
straightforward manner (Gross et al., 2017; Haddad et al., 2010;
Gutiérrez-Sanchez et al., 2012). For example, carbon nanotube elec-
trodes modified with pyrene derivatives have been used to yield direct
electron transfer with oxidoreductase enzymes such as laccase (Gutiér-
rez-Sanchez et al., 2012) and bilirubin oxidase (Mazurenko et al., 2016).

To achieve efficient DET bioelectrocatalysis with metalloenzymes it
is necessary to optimise enzyme orientation and immobilisation. Recent
studies have highlighted the importance of electrode functionalisation
with ionisable, hydrophilic/hydrophobic, reactive tether, and/or
substrate-like functional groups (Blanford et al., 2007; Lalaoui et al.,
2016; Ramasamy et al., 2010; Tominaga et al., 2008). Concerning DET
bioelectrocatalysis with HRP, several reports have shown the impor-
tance of surface oxygen functionalities and/or carboxylic acid groups to
improve performance compared to unmodified carbon and CNT elec-
trodes (Abreu et al., 2018b; Jia et al., 2010; Lopez Marzo et al., 2020;
Ruffetal, 2018; Shu et al., 2016; Yamamoto et al., 2003). Little progress
has been made regarding the influence of charge and/or other surface
functionalities to promote DET bioelectrocatalysis with immobilised
HRP. The commercial HRP has a stated isoelectric point (pI) of
approximately 3-9 owing to the presence of several isozymes. Never-
theless, important studies by Radola and Delincée on the fractionation of
commercially-sourced HRP showed that the predominant isozyme pI is
9.1 (Delincée and Radola, 1975, 1978). At pH 7.0 we therefore expect
HRP to be positively charged. As depicted in Fig. 1, we explored the use
of a “classical” pyrene-aliphatic carboxylic acid, pyrene butyric acid
(pyBA, pK, 4.8), as well as the shorter chain equivalent, pyrene acetic
acid (pyAA, pK, 4.2), a pyrene aliphatic amine (pyNH,, pKp ~ 10),
pyrene, and a pyrene-NHS ester derivative. With all aqueous experi-
ments performed in 0.1 mol L™! phosphate buffer (pH 7.0), this set of
derivatives enabled the comparison of positive (protonated amine),
negative (deprotonated carboxylic acid) and neutral (pyrene) charged
surface species. Furthermore, the pyNHS derivative comprises the
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succinimidyl group that may react with amino residues at the surface of
the enzyme to form strong covalent bonds, therefore enabling compar-
ison of a “tether” functionality (Karachevtsev et al., 2011). The use of
pyrene-NHS has proven to be very effective for DET bioelectrocatalysis
with multicopper oxidases for O, reduction (Gross et al., 2018; Ram-
asamy et al., 2010) and is therefore an interesting alternative to elec-
trostatic enzyme immobilisation.

Catalytic cyclic voltammetry experiments were performed in argon-
saturated 0.1 mol L ™! phosphate buffer (pH 7.0) for the unmodified and
pyrene-modified electrodes after immobilisation of HRP by an immer-
sion protocol then gentle rinsing (Section 2.5). Fig. 2 shows the first-scan
cyclic voltammograms (CVs) recorded at the MWCNT bioelectrodes
from open circuit potential to 0 V vs. Ag/AgCl (sat. KCl) in the presence
of “low” 0.5 mmol L' and “high” 4 mmol Lt H30,. CVs recorded in the
absence of HoO, showed no reduction processes beyond the background
signal of the MWCNT bioelectrode (data not shown). In the presence of
0.5 mmol L™! Hy0,, a large catalytic reduction peak is observed at all
electrodes, including the unmodified electrode, consistent with DET
bioelectrocatalysis between adsorbed HRP and the MWCNT electrodes
(Fig. 2A). Based on previous findings, the reaction occurs via the oxy-
ferryl iron-porphyrin pi-cation radical species, FeY—0,P™*, of the active
site of HRP Compound 1 (Jia et al., 2010). Similar catalytic current
maximums of —21 to —24 pA are observed for the different
pyrene-modified electrodes compared to a slightly lower current of —20
pA for the unmodified MWCNTs electrode, consistent with surface
modification leading to a minor enhancement in DET at 0.5 mmol L™?
H20,. The pyBA bioelectrode exhibited the highest catalytic current but
with unattractively low peak and onset potentials of 0.1 V and 0.49 V,
respectively. PyNHS- and pyAA-modified bioelectrodes provided access
to the highest onset potentials of 0.61 V and 0.60 V, respectively. The
onset potentials are very close to the formal potential of 0.63 V for the
redox conversion of HRP compound 1/ferric HRP at pH 7.0 vs. Ag/AgCl
(Csoregi et al.,, 1993). The catalytic improvements observed with
pyNHS, pyBA and pyAA indicate that hydrophilic and
negatively-charged functionalities, or tether group functionalities, are
more favorable compared to positively-charged or entirely hydrophobic
modifications at “low” Hy02 concentration. Nevertheless, the hydro-
phobic bioelectrode prepared with pyrene still exhibited enhanced
bioelectrocatalysis compared to the unmodified MWCNT electrode. The
negatively-charged functionalities that provide catalytic improvements
compared to positively-charged functionalities highlight the beneficial
electrostatic interactions at pH 7 that favor DET bioelectrocatalysis be-
tween positively-charged HRP enzymes and deprotonated aliphatic
acids at the electrode. Fig. 2 also shows the variable presence of an
apparent redox couple at 0.1 V. Control experiments in Fig. 2C and
Figure S1 performed at CNT electrodes in the absence and presence of
adsorbed HRP, respectively, indicate that these redox peaks originate
from the carbon nanotubes. The redox peaks are tentatively attributed to
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surface quinone functionalities with a nature similar to those observed
at MWCNT and graphite electrodes (Gusmao et al., 2015; Csoregi et al.,
1993; Blanchard et al., 2019).

At 4 mmol L! H,0,, markedly different bioelectrocatalytic vol-
tammograms with a more complex wave shape were observed (Fig. 2B).
The Hy0, concentration became sufficiently high that notable differ-
ences in maximum catalytic currents were observed between the
modified electrodes. Generally, with an increase in substrate, higher
catalytic currents were observed, particularly at lower potentials of ca.
0-0.1 V. The catalytic wave onset potential observed for pyNHS and
PYAA again starts at ca. 0.6 V vs. Ag/AgCl, as observed at the “low” HyO2
concentration, which favorably compares to the 0.55 V vs. Ag/AgCl (pH
7.5) (Ruffetal., 2017) and 0.6 V maximum (pH 7) vs. Ag/AgCl (Jia et al.,
2010) observed at previous high performing MWCNT DET HRP bio-
cathodes. Such biocathodes clearly offer improved voltage performance
compared to cross-linked CNT/HRP on thiol-modified gold (Kafi et al.,
2018) with onset potentials starting at —0.05 V vs. Ag/AgCl at pH 7. The
second reduction wave is characteristic of a catalytic “boost” linked to
an increase in enzymatic activity with driving force. A similar wave
shape with a “boost” at low potential was reported by Armstrong and
coworkers for fumarate reductase at a graphite electrode in the presence
of high substrate concentration (Hudson et al., 2005). It may be that the
DET mechanism takes a different route depending on the potential but
this was not studied further. The possibility of an MET or mixed DET/-
MET mechanism at low potential involving the proposed surface
quinone at bare CNTs is not ruled out (Csoregi et al., 1993). A control
experiment performed at a MWCNT electrode without HRP in the
presence of 4 mmol L~! Hy0, did not show any reductive currents,
confirming that the second reduction wave observed in Fig. 2B is not due
to HoO5 reduction at unmodified MWCNTs (Fig. 2C). PyNHS and pyAA
bioelectrodes exhibited the highest catalytic currents of —94 pA and —78
pA compared to —24 pA observed at the unmodified MWCNT bio-
electrode. This represents a 3-4 factor catalytic enhancement and the
possibility to achieve up to ca. 1.1-1.3 mA cm ™2 current densities for the
tether function and shorter chain acid function. PyBA bioelectrodes
produced a mediocre current maximum of —50 pA and globally weaker
bioelectrocatalysis compared to the pyNHS and pyAA bioelectrode. The
pyrene and pyNHj; behaved similarly to the pyBA bioelectrodes, thus at
“high” 4 mmol L™} concentration, the positive, negative and neutral
charges do not play a key role on enhanced DET bioelectrocatalysis.
There is no obvious trend due to the use of different aliphatic chain
lengths. For reference, voltammograms were not investigated at lower
potentials of > —0.15 V where deactivation of the HRP is observed
(Csoregi et al., 1993).

In addition to the bioelectrocatalytic HyO, reduction behaviour, an
oxidative response was also observed at the pyrene-modified MWCNT
electrodes, as shown in Fig. 2. The oxidative response corresponds to
direct electrochemical oxidation of Hy0,, as previously reported at
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Fig. 2. (A, B) CVs recorded at MWCNT-HRP bioelectrodes at 10 mV s1in0.1 mol L7} phosphate buffer (pH 7.0) with (A) 0.5 mmol L' and (B) 4 mmol L™ H,0,:
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) pyBA; (m=) pyNH,. (C) CV recorded from open-circuit potential at unmodified MWCNT without HRP at 10
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carbon electrodes (Jia et al., 2010). The HyO, oxidation occurring at >
0.52V therefore competes with the reduction process and diminishes the
H0; reduction current at these bioelectrodes. Considering both 0.5
mmol L~! and 4 mmol L! concentrations, the most effective bio-
electrodes for the parasitic HoO5 oxidation are pyBA and pyNH, while
the least effective was the pyNHS bioelectrode. The insensitivity of the
pyrene-NHS bioelectrode towards HpO, is consequently one of the
important factors that permits high catalytic HyO, reduction perfor-
mance, particularly at the “high” peroxide concentration.

The steady-state amperometric current responses of the unmodified
and pyrene-modified HRP bioelectrodes were subsequently measured at
0 V vs. Ag/AgCl under hydrodynamic conditions from 0.25 mmol L™! to
9 mmol L1 Fig. 3 shows the current-concentration response curves
obtained from the amperometric experiments. The unmodified and
modified electrodes show the same general trend with a linear increase
in current to a plateau followed by a drop-off in current. Linear cali-
bration curves (r> > 0.98) from 0.25 mmol L.~! to between 1 mmol L~}
and 4 mmol L1 were observed, depending on the pyrene derivative
used (Figure S2). The pyNHS and pyAA bioelectrodes delivered the
highest catalytic currents of 98.5 pA (1.4 mA cm™2) and 86.5 pA (1.2
mA cm™2) at 6 mmol L™}, respectively. Beyond 6 mmol L! the catalytic
current decreases as a result of enzyme deactivation. Such HRP “suicide
inactivation” has previously been observed at low millimolar concen-
trations of Hy0,, occurring when the peroxide converts Compound 2 of
HRP into a highly reactive peroxy iron (III) porphyrin free radical that
subsequently decomposes (Malomo et al., 2011). For a biocathode or
biosensor targeting the highest catalytic current or wider dynamic
range, the pyNHS is the optimal electrode. If higher catalytic currents or
better sensor sensitivity is required at < 1 mmol L™! concentrations,
then the pyBA or pyAA bioelectrode is the better choice. The sensitivities
for pyBA and pyNHS bioelectrodes are 5.63 A M~ ! em~? (0.40 A M_l)
and 296 AM ' em 2 (0.21AM ™) (Figure S2). These analytical sen-
sitivities are high performance compared to estimated values of 0.15 A
M™! at activated graphene (Lépez Marzo et al., 2020), 0.298 A M~}
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cm 2 at cross-linked Os redox polymer and modified graphite (Bollella
etal., 2018), 0.12 A M~! em~2 at carbon microspheres with integrated
chitosan (Chen et al., 2008), ca. 0.0026 A M lata polymer-based CNT
electrode (Moyo et al., 2013), or 0.34 A M1 at a cross-linked CNT on
thiol-modified Au electrode (Kafi et al., 2018). The pyBA bioelectrode
notably also offers improved analytical sensitivity compared to the high
sensitivity of 4.25 A M~ cm™2 achieved at an ultramicroelectrode DET
biosensor integrating ionic liquid, carbon fibers and single-walled CNTs
(Ren et al., 2017), or a DET biosensor based on commercial
screen-printed carbon electrodes with single-walled CNTs (Chekin et al.,
2015) that yielded 0.0051 A M~! ecm™2

3.2. Bioelectrocatalysis of pyrene-NHS modified HRP bioelectrodes with
nanocellulose

Towards the development of eco-friendlier biosensor and biofuel cell
devices with improvements in properties such as biocompatibility and
stability, we explored the development of HRP bioelectrodes integrating
bacterial nanocellulose. Bacterial nanocellulose is a natural cellulosic
fibrous material that offers advantages such as excellent biocompati-
bility, biodegradability, hydrophilicity and hydrogel-forming properties
at very low solid content via —OH groups, high specific surface area and
porous nanofibrillar network, eco-friendly processing, and low produc-
tion costs (Abol-Fotouh et al., 2020; Stanistawska, 2016). Tominaga and
coworkers reported the construction of a “one-pot” nanocellulose/CNT
laccase biocathode, citing the possibility to improve electrode flexibility
and proton conductivity; however, performance was limited compared
to other biocathodes and no stability or biocompatibility data was re-
ported (Tominaga et al., 2020). Slaughter and coworkers integrated
bacterial nanocellulose sheets with bioelectrodes as a flexible and
biocompatible layer to contact with skin (Yuen et al., 2019). The
nanocellulose was however not exploited as part of the catalytic matrix
to enhance bioelectrocatalysis. Zhang and coworkers developed a
second-generation HRP biosensor based on gold nanoparticles with a
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Fig. 3. Amperometric current-concentration response curves recorded at MWCNT-HRP electrodes in 0.1 mol L™! phosphate buffer (pH 7.0) before and after ad-
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Ag/AgCl. Error bars correspond to standard deviation from n = 3 samples.
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quinone mediator and bacterial cellulose that offered high performance
with a sensitivity of 0.61 A M~ ! cm—2 (Wang et al., 2011). The absence
of comparative data makes it difficult to define the enhancement effects
specifically related to the nanocellulose.

We developed a nanocellulose bioelectrode design that is illustrated
in Fig. 4A. The pyrene-NHS modified MWCNT electrode was chosen due
to the promising results observed for both biocathode and biosensor
applications. Two strategies were investigated: (i) “layer-by-layer” with
nanocellulose added as an outer layer to the pyNHS HRP bioelectrode,
and (ii) a “one-pot” strategy with a mixture of nanocellulose and enzyme
first prepared then added as a mixed layer to the pyNHS electrode (see
Section 2.6). Fig. 4B shows the CVs obtained at the optimised nano-
cellulose/pyNHS bioelectrode prepared by the one-pot (5 pL) method.
The CVs were obtained from 0.6 V to 0 V before after the addition of
increasing amounts of HyO, from 0.4 mmol L' to 8 mmol L% At
concentrations <2 mmol L™}, well-defined catalytic reduction peaks are
observed that are followed by a slightly lower but constant current,
consistent with the current not being diffusion limited, despite the
presence of cellulosic material in the catalytic layer.

The CVs recorded at “low” and “high” millimolar HoO» concentra-
tions for the one-pot (5 pL) nanocellulose/pyNHS HRP bioelectrode
(Fig. 4B) are similar to those observed at the pyNHS HRP bioelectrode
without nanocellulose (Fig. 2A), except for a few differences at 4 mmol
L' H,0,. First, a higher catalytic current of 110 pA (1.6 mA cm™2) and
the highest in this study was observed at the one-pot (5 pL) nano-
cellulose/pyNHS HRP bioelectrode, representing a 17% increase
compared to the pyNHS HRP bioelectrode output at the same HyO5
concentration. The other difference is that CVs observed at the one-pot
(5 pL) nanocellulose/pyNHS HRP bioelectrode at 4 mmol L7! (and 6
mmol L™1) exhibited two unusual voltage cross-over points at low po-
tential, but their nature is unclear. The crossed CVs may be related to
changes in nucleation and/or conductivity of the cellulosic fibers, or
result from enzyme activation and deactivation processes that switch
abruptly at certain potentials.

Fig. 5 shows the current-concentration response curves for the un-
modified and pyrene-NHS modified HRP bioelectrode vs. the one-pot (5
pL) nanocellulose/pyNHS HRP bioelectrodes. Fig. 5A and B reveal either
similar or enhanced catalytic current output as well as better sensitivity
performance (3.51 A M~ em~2) across the current range from 0.25
mmol L™! to 8 mmol L™! for the optimised nanocellulose bioelectrode
compared to the pyNHS and unmodified bioelectrodes without
nanocellulose.

Current-concentration responses for the alternative one-pot (20 pL)
and layer-by-layer nanocellulose/pyNHS HRP bioelectrodes are re-
ported in Figure S3. Significantly smaller catalytic currents were

Current / yA

Biosensors and Bioelectronics 187 (2021) 113304

observed for these alternative configurations. The most important dif-
ference between the alternative nanocellulose preparations and the
optimised preparation is that 300% more enzyme and nanocellulose
were used for the alternative nanocellulose electrodes. Therefore, it
seems likely that the nanocellulose at the alternative electrodes, possibly
involving a synergetic effect with enzyme, hinders effective orientation
and electron transport between the HRP and the pyNHS-modified CNTs.
The alternative one-pot (20 pL) bioelectrode gave approximately two-
fold higher catalytic currents compared to the alternative “layer-by-
layer (20 pL)” bioelectrode prepared using the same amounts of enzyme
and nanocellulose (Figure S3). The incorporation of nanocellulose in the
enzyme layer (one-pot) as opposed to on the enzyme layer (layer-by-
layer) therefore has a drastic positive effect on the catalytic current. The
superior catalytic currents at layer-by-layer compared to one-pot can be
explained by two important effects. The first, that the one-pot electrode
has increased hydrophilicity and therefore hydration across the bulk
nanocellulose-CNT  matrix that increases the amount of
electrochemically-wired HRP in the porous electrode structure. And
second, a steric and/or electrically insulating barrier effect for the layer-
by-layer electrode that limits HyO, permeation and enzyme wiring,
respectively.

Next our attention focused on evaluating the open-circuit potential
(OCP) as an indicator of effective bioelectrocatalysis and as a useful
parameter of a biocathode for estimating the maximum possible oper-
ating voltage of a biofuel cell. The OCP is the potential adopted by the
electrode at zero current and in this case reflects the highest potential at
which the enzyme is capable of DET with the electrode, being typically
close to the onset potential for bioelectrocatalytic reduction (Mano and
de Poulpiquet, 2017). Fig. 6A shows the loss in OCP at an increasingly
slower rate with increasing additions of HyO» for the one pot (5 pL)
nanocellulose bioelectrode. A high and stable OCP and onset potential is
highly desirable, particularly for biocathodes with the objective of
boosting the voltage output of biofuel cells. Despite the slightly weaker
OCP performance by ca. 5% for the nanocellulose bioelectrode, the OCP
values of between 0.5 and 0.62 V at < 6 mmol L ! H0; remain in a very
practical range for a biocathode.

Bioelectrocatalytic stability experiments were performed over a
9-10 day period at the modified electrodes. Fig. 6B shows a plot of the
catalytic currents measured in the presence of 4 mmol L™ HyO5 at 0 V
vs. Ag/AgCl from cyclic voltammograms recorded at 10 mV s~! from 0.6
V to 0 V. The bioelectrodes were stored in 0.1 M phosphate buffer (pH 7)
solution free of HyO3 in the fridge at 4 °C. The stability profiles for the
pyNHS and nanocellulose/pyNHS bioelectrodes show the same general
trend. However, of particular interest, the nanocellulose bioelectrodes
exhibit a dramatic enhancement in stability with an average of 67% of
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Fig. 4. Schematic representation of the MWCNT-HRP electrodes modified with pyNHS and nanocellulose. (B) Representative CVs recorded at 10 mV s~ ! at the one-
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the initial activity remaining after 7 days compared to 39% after 7 days
for the pyNHS modified bioelectrode without nanocellulose.

4. Conclusion

The non-covalent modification of multi-walled carbon nanotube
electrodes with various pyrene derivatives is a simple and versatile
method to promote DET bioelectrocatalysis with immobilised HRP for
Hy0,. Surface modification with NHS ester and butyric acid groups
proved the most effective for both high and low “catalytic boost” po-
tential bioelectrocatalytic HyO2 reduction, and the most resistant to
parasitic HyO» electro-oxidation. Integration of bacterial nanocellulose
by a straightforward one-pot protocol is an extremely promising method
that not only enhanced catalytic current output while maintaining a
very respectable open circuit potential performance, but also signifi-
cantly improved the catalytic stability, offering 72% more stability,
compared to the equivalent electrode without the nanocellulose. The
nanocellulose strategy in principle can be used with any other enzyme at
functionalised MWCNT electrodes to improve the activity and stability
of a wide range of catalytic bioelectrodes for biosensor and biofuel ap-
plications. The nanocellulose biocathode, and future nanocellulose
bioelectrodes, may also provide attractive biocompatibility, biode-
gradability, and mechanical properties for body-integrated applications,
but this remains to be explored. Future work integrating HRP and HRP
bi-enzymatic electrodes for biofuel cell applications is envisioned.
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