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Abstract

An enzymatic biofuel cell cathode was elaborated by nano-structuration and functionalization
of graphite using two consecutive plasma treatments before immobilization of laccase as a
biocatalyst to perform oxygen reduction reaction (ORR) by direct electron transfer ((DET).
Nano-structuration of graphite surfaces by synthesis of vertical graphen-like carbon nanowalls
(CNWs) was performed by microwave excited plasma enhanced chemical vapor deposition
(PECVD). Atmospheric pressure plasma jet (APPJ) system was then used to functionalize
chemically the CNWs surface via a rapid and dry route. A partial fractional design evidenced
two significant parameters of the APPJ treatment in terms of ORR current density: the
treatment time and the inter-distance between the plasma jet and the surface of the carbon
material. With the optimized APPJ treatment parameters, a four-fold enhancement of the
ORR current density (-440 + 70 uA/cm?) could be obtained on CNWs, compared to graphite
electrodes. The maximal current density obtained was about -1 mA/cm? with oxidized laccase
covalently immobilized on the electrode without any agitation of the solution, confirming the
main importance of enzyme orientation on the electrode surface for efficient DET transfer, the
relevance of electrode nanostructuration and the advantage of covalent linking of the protein

on the electrode surface.
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Introduction



In the deleterious context for our planet of fossil fuel starvation and green house emissions,
fuel cells appear to be an attractive renewable power source provided that its corresponding
primary fuel production is decarbonated. Fuel cells generate electricity from the oxidation of a
fuel (hydrogen, methanol...) and the reduction of an oxidizer (mostly oxygen). As far as the
case of the oxygen reduction is concerned, it is a key reaction for proton exchange membrane
fuel cells that is usually catalyzed by platinum, a scarce and expensive metal [1]. An
alternative to the use of platinum would be to draw inspiration from the living world and
develop fuel cells that do not use any noble metal but rather biological compounds to catalyze
the involved reactions. Such devices, whose principle was first established in 1964 by Yahiro
et al. [2], are called enzymatic biological fuel cells (EBFCs). They are based on a strategy that
was shown to be promising for other applications such as biobatteries[3,4] or oxygen
sensing[3], which is the use of enzymes as catalysts at the electrodes. In Yahiro’s
contribution, a hybrid device was designed with an enzyme as catalyst at the anode and
platinum at the cathode. Since this proof of concept, major advances have been reported in the
design of EBFCs which were reviewed in many outstanding papers, among which some
recent ones are cited hereinafter [4-15]. The highest powers reported to date for EBFCs are in
the order of mW/cm?, which makes them suitable for power implantable, wearable or
disposable medical devices [16] such as a pacemaker, an artificial urinary sphincter, an
ovulation test or a digital thermometer which would thus be autonomous [17-22]. Indeed,
biofuel cells are able to generate electricity by transforming glucose or lactate for example at
the anode and oxygen at the cathode, two substrates both present in biological fluids.
However, many challenges remain to be overcome to optimize EBFCs. For example, most
devices using biocatalysts whose substrates are present in living hosts and which were shown
to operate at high power density (>1 mW/cm?) to date actually require the presence of a

mediator or a redox polymer to electrochemically wire the enzyme to the electrode [13, 21,



23, 24]. However, such mediators are often toxic and therefore not suitable in the case of
implantable devices. Not to mention the diffusion limitations because the mediator must be
trapped near the enzyme to be able to commute between the electrodes where it is
reduced/oxidized and the active site of the biomolecule [10, 25].

An alternative to the use of redox mediators (or mediated electron transfer (MET)) is to turn
to direct electron transfer (DET) which was shown to be possible for enzymes such as
bilirubin oxidase and laccase. Indeed, these two enzymes are two multi copper oxidases
(MCOs) used as biocatalysts for the ORR at the cathode due to a copper atom close to the
enzyme surface. The latter channels the electrons from the reducing substrate to the tri-
nuclear cluster at the catalytic center active for oxygen reduction. Currently, in the field of
DET-based EBFCs, the research works dedicated to the improvement of their power output
and energy efficiency are conducted towards various directions. Among them, one can cite the
search for effective methods for enzyme immobilization and optimisation of EBFCs design in
order to overcome their known bottlenecks, namely low enzyme loading on the electrode and
inefficient electron transfer from the active sites of redox enzymes to the electrode [26].
Interestingly, a hybrid bioelectrochemical system combining an EBFC and a charge-storing
component based on cytochrome-c feature was recently reported which enhanced the obtained
power density by 15, but compared to the EBFC alone whose power density was less than one
uW cm [27].

Numerous materials have been used in academic studies to immobilize MCOs, and
especially laccases, as recently reviewed [28]. Among them, carbon materials are an attractive
class of materials. They combine many advantages such as high conductivity, relatively low
cost, high corrosion resistance in a wide range of potentials and are known for their good
biocompatibility which is required when developing an implantable EBFC. More, they can be

processed to fabricate different nanostructures such as nanoparticles, nanotubes, graphene,



thus providing a large electroactive specific surface material and a high enzyme loading
density, allowing miniaturization of biotechnological devices maintaining high transduction
signals [8, 15, 23, 29-35]. Among these materials, carbon nanotubes (CNTs) have been
widely used in the development of enzyme immobilization strategies in EBFCs technology in
the past ten years, all the more that they are commercialy available and so can be easily used
by chemists who are not familiar with material science [36]. CNTs have been deposited on
different substrates such as graphite [37], bucky paper [38, 39], or Toray™ carbon paper [40],
screen printed electrode[41], even yarn [42] or as the main conductive support for electrodes
as agglomerated CNT particles [43, 44] to nanostructure electrodes and enhance their active
electrosurface. In the last several years, carbon nanosheets, also refered to as carbon
nanowalls (CNWs) have emerged as an alternative type of carbon structure wherein the sharp
edged graphene nanoflakes perpendicular to the substrate are distinctive from other carbon
structures. These graphene-derivatives are good candidates for catalyst support in fuel cells,
conductive electrodes in photovoltaics and energy storage devices such as lithium ion
batteries and supercapacitors [45-47] or as far as biofuel cells are concerned, as a graphene-
modified graphite cathode in microbial fuel cell to reduce chromium cations (Cr(VI) and thus
their toxicity in water[48]). However, CNWs have not been studied to the best of our
knowledge as current collectors in an EBFC. CNWs can be readily synthesized using low
temperature plasmas including DC, RF and microwave discharges. The main advantage of
PECVD when forming vertical graphene nanosheets is the non-catalytic growth process that
makes the synthesis possible on any kind of substrates [49, 50]. Besides the interest of high
specific surface due to its nanostructuration, carbon is also interesting because of its surface
chemical reactivity. This latter allows its surface modification in order to tune its electrostatic

or hydrophilic/hydrophobic interactions with the enzyme, leading to improvement of both



loading and orientation of the biocatalyst, thus enhancing the electron transfer from the
electrode to the active site of the enzyme [51-54].

Here, we have used an atmospheric pressure plasma jet technique to functionalize graphite
and graphene. This method indeed is very advantageous, as it is a rapid, low operating cost
and non-polluting process. Plasma techniques have therefore found widespread use for
different industrial applications. In particular, atmospheric pressure plasma jets (APPJ) gained
large acceptance because they are easy to integrate into existing production lines and they can
treat specific parts of a substrate selectively. APPJ treatment has been reported for the
functionalization of carbon nanotubes [55-58] mostly for gel-electrolyte supercapacitor
applications. In the field of biomolecule immobilization, APPJ was recently used successfully
for patterning immobilization of biotin on a vertically aligned CNT microarray with the aim
of designing a biosensor [59]. The first attempt to use APPJ for graphite biocathode
functionalization with carbonyl and amide/amine groups and subsequent immobilization of
laccase was reported in our previous work by Ardhaoui et al. in 2013 [60]. N> plasma treated
graphite electrode led to higher current densities compared to air plasmas but only a few
plasma conditions were studied.

Functionalization of the materials used as electrodes in EBFCs is a major concern because it
plays an important role in proper orientation of the enzyme and consequently in the direct
electron transfer efficiency, knowing that efficient DET relies on intramolecular electron
transfer which takes place over less than 1.5 nm, as deduced from quantum mechanical
electron transfer concepts[61]. Several studies have highlighted the key role of enzymes
(laccase or bilirubin oxidase) orientation on EBFC electrodes [33, 35{Mazurenko, 2016 #766,
53, 62-67] in terms of output power, mainly using adsorption as an enzyme immobilization
method. In that case, the immobilization process of the enzyme was shown to be mostly

driven by electrostatic interactions, i.e. the zeta potential of the solid on one side, and the



surface charge or dipole moment of the enzyme on the other side. An alternative
immobilization method, covalent grafting of the enzyme on surface functional groups, allows
to explore additional enzyme orientations resulting from specific bounds formation between
functional groups on the surface and amino-acids of the protein. In order to accurately
compare both adsorption and covalent bounds formation as immobilization methods while
exploring a large set of carbon electrodes with different functional groups properties, we
propose here to use an atmospheric pressure plasma jet (APPJ) as the only functionalization
method of the carbon surface. Changing the process parameters indeed is likely to tune the
resulting density and nature of the surface functional groups of a given material. However,
changing variables, one factor at a time, is the typical approach based on a trial-and-error
method. This technique, though very informative, is extremely time-consuming [68]. Design
of Experiments (DOEs) was thus used, as a structured and organized approach of conducting
and analyzing experiments to evaluate the factors that affect the system being studied. Two
different graphite morphologies were studied: graphite and graphite electrodes coated with
vertical CNWs synthesized by microwave PECVD. Both were functionalized with the same
APPJ method, allowing to clearly state about the advantage of enhancing the electroactive
surface of the electrode while keeping all other parameters constant. Chemical
characterization of the electrodes included SEM, XPS and wettability measurements. After
immobilization of a high redox potential fungal laccase from Trametes versicolor, the
electrodes were characterized by cyclic voltammetry to evaluate the oxygen reduction
currents by direct electron transfer. In order to disentangle between the influence of the
amount of immobilized enzyme and its orientation, the enzyme surface coverage was

calculated from XPS data after laccase immobilization.



2. Experimental Methods

2.1. Chemicals

Laccase from Trametes versicolor (activity 400 Unit/mL) was produced and purified
according to the method used by T. Bertrand et al. [69]. The purified enzyme (with specific
activity 300 U/mg) was stored at -20°C in a 10 mM phosphate buffer (PB) solution pH 7.8
containing 15% (w/v) of glycerol. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), citric acid and 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic) acid (ABTS) were purchased from Sigma Aldrich. All other

products were of analytical grade.

2.2. Elaboration of the electrodes by plasma treatments

The electrodes were prepared from spectrographic graphite rods (diameter 7 mm) purchased
from Mersen (France). These latter were cut into 0.2 cm thick graphite disks, then abraded
with a SiC paper (P80) during one minute, sonicated successively in distilled water and
ethanol and dried using nitrogen prior to their nanostructuration and/or functionalization.

2.3. Experimental setup for graphite surface nanostructuration

Carbon nanowalls were synthetized by plasma enhanced vapor chemical deposition
(PEVCD) method described by Mori et al. [46]. The microwave plasma-enhanced CVD
system used was a modified ASTeX DPA25 plasma applicator in which a quartz discharge
tube of a 15 mm inner diameter was utilized. The treatment conditions were as follows: a total
flow rate of 50 sccm for CO and 4 sccm for H», a working pressure of 250 Pa, a substrate
temperature of 700°C and a power of 80 W. The substrate was heated by means of the
microwave discharge and its temperature was determined by using an infrared pyrometer
(Japan Sensor TMZ9). Three different plama treatment durations were performed (30 s, 60 s
and 120 s). According to the processing time, the graphite/CNWs electrodes will be noted

graphite/CNWs30s, graphite/CNWs60s and graphite/CNWs120s, respectively They were
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characterised using SEM-FEG images that were recorded using an Ultra 55 equipment from

Zeiss.

2.4. Experimental setup for graphite functionalization

The APPJ used for this project is manufactured by Plasmatreat GmbH, and consists of a
high voltage conical electrode included in a cylinder which acts as a counter electrode (Figure
1). The plasma gas circulates at high flow rate (1000-3000 L/min) in the discharge chamber
and the plasma is ignited by means of a high frequency (21 kHz) pulsed DC voltage applied
between the two electrodes. The plasma power is supplied by a high voltage generator
(PT400® generator, Plasmatreat, GmbH), allowing to control the electrical parameters of the
discharge. Current modulation is controlled by means of the Plasma Cycle Time (PCT),
which corresponds to the ratio of pulse duration to pause duration. With a PCT of 100%, the
pulse duration is equal to the pause duration. The substrate is positioned on a mobile carriage
that passes underneath the APPJ, the speed of which ranges from 0 to 50 m/min. The distance
between the nozzle and the substrate can also be controlled and is typically between 5 and 15
mm.

Figure 1
2.5. Electrode elaboration

Once functionalization alone using APPJ or the nanostructuration and subsequent
functionalization steps using PECVD and APPJ respectively were completed, the graphite
disc was mounted as an electrode. To do this, a stripe of copper tape was glued on the entire
length of one side of a glass plate (0.8 cm wide and 5 cm long). A drop of liquid indium-
galium alloy was deposited on one end of the tape to ensure good electrical contact at the

junction with the backside of the graphite disc. The periphery of the graphite disc and the



nearby copper tape are then electrically isolated using a fast drying epoxy resin to seal the
graphite electrode (Figure 2).

Figure 2

2.6. Design of experiments (DOE)

Fractional Factorial Design

A 2v*! Fractional Factorial Design was used firstly to identify the most important factors
that will be investigated more thoroughly with a Central Composite Design. Four factors,
namely the plasma cycle time (PCT), the distance between the jet nozzle and the substrate (d),
the plasma torch scanning velocity or line speed (V) and the nitrogen flowrate (F), were
screened based on their effects on two responses: the water contact angle (WCA) and ORR
current density (j) of the biocathode at 0.2 V/SCE. The eight treatments and the corresponding
results are listed in Table 3, and each experiment was repeated twice. With a resolution of IV,
the main effects are aliased (or confounded) with third order interactions, which allow to
estimate the latter correctly, while the 2" order interactions are aliased with interactions of the
same order[70] which makes their estimation not accurate. Therefore, a pure linear model was

postulated to explain the results according to Eq. (1):

Where 3o is the mean and (31 to B4 are the estimated effects for each corresponding factor.
The calculations were perfomed with Matlab 2019. The two most significant factors will then

be used to optimize the current density value using a Central Composite Design.

Central Composite Design (CCD)
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The response surface methodology (RSM) allows the effects of several factors on a
response to be visualized and optimized. Several types of experimental designs are commonly
used for this purpose, including the well-known Central Composite Designs proposed by Box
and Wilson in 1951[71]. In this second design, the plasma cycle time (PCT) and nitrogen flow
rate were kept constant at 80 % and 2000 L/h respectively, which correspond to moderate

plasma conditions. The equation of the postulated second order model is as follows:

JjlorWCA) = o+ By-d+ B3V +Prp-d-V+Pyp-d?+B33-V:+e Eq. (2)

2.7. Surface aldehyde groups quantification

The XPS analysis does not allow to differentiate certain functional groups such as
aldehydes, ketones and imines. In our case, this problem arose for the quantification of
aldehyde functions. To solve it, aldehydes were chemically derived using a probe molecule.
Aldehydes react with hydrazides to form hydrazones whose imine binding can then be
reduced to avoid the reverse hydrolysis reaction. The idea was to use a hydrazide as a probe
molecule with a characteristic element that can be detected by XPS and unambiguously be
assigned to the probe molecule. The probe used was 2-chlorobenzoic hydrazide, which is
small in size, thus limiting the risk of steric clutter on the surface of the samples, and which
contains chlorine as a probe for XPS. Each graphite disc was immersed in a beaker containing
5 mL of hydrazide solution (0.1 mg/mL) with slight agitation for 4 h at room temperature. 2-
chlorobenzoic hydrazide was in large excess compared to the number of aldehyde groups
expected to be present on the carbon surface. 50 uL of NaCNBHj3 solution (2 mol/L) was then
added. The imine reduction took place overnight at 4°C, then rinsed for 5 minutes in ethanol
and in water, all under mechanical agitation to remove unreacted hydrazide on the surface.

2.8. Contact angle measurement

11



The surface wettability was evaluated by measuring the sessile drop contact angle values by
a video capture apparatus immediately after plasma treatment with a drop shape analyser
(DSA 10 Easydrop, KRUSS GmbH, Germany). For each measurement, a 1 pL deionized
water droplet was dispensed onto the carbon electrode surface and images of water droplet
were captured continuously to measure the time resolved water contact angle values. The
reported water contact angle (8 (degree)) values corresponded to the average of three
measurements, performed on different parts of the samples.

2.9. Laccase covalent immobilization

Laccase was immobilized on functionalized electrodes using two different immobilization
methods.

Method 1: laccase was covalently grafted on APPJ functionalized surface via the formation
of an amide bond between the carboxylic groups on carbon surface and lysine residues of
laccase (scheme 1, amide bond). The carboxylic groups on the electrode surface were first
activated with an EDC-NHS mixture. A droplet of an aqueous solution (10 puL) containing
NHS (5 mM) and EDC (5 mM) was deposited on the top of the electrode surface and allowed
to react during 20 minutes under a glass bell jar. After 20 minutes, the droplet was removed
and laccase grafting was performed on the resulting activated electrode: 10 to 15 puL of a
diluted laccase (2 U) solution in a 50 mM PB solution (pH=7) was deposited on the electrode
surface and allowed to react during 2 hours under a glass bell jar at room temperature. The
electrodes were then rinsed under stirring in PB solution during 30 minutes until no laccase
activity could be detected in the rinsing solution.

Method 2: it consisted in the formation of an imine bond between the aldehyde groups
produced after the oxidation of the glycosylated part of the laccase and the amine groups of
the graphite electrodes [67]{Chaga, 1994 #185}[72]. Such method therefore requires a

chemical oxidation of the laccase in a preliminary step. This oxidation process was carried out
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in two sub-steps. In a first sub-step, the glycerol used for the laccase storage at -18°C was
removed by exclusion chromatography using a PD10 (Millipore) column. Then, the purified
laccase was oxidized by adding 200 uL of sodium periodate (0.1 M final concentration)
during 30 minutes under stirring in the dark. The oxidized laccase was then purified using the
same PDI10 column to remove the excess of sodium periodate. After this purification step,
about 70 % of the activity of the initial laccase was recovered.2 U of oxidized laccase was

then deposited on the graphite surface according to the procedure described in Method 1.
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Scheme 1: Schematic representation of the covalent bonds potentially formed on the
functionalized carbon surface laccase A) amide bond via a carboxylic group on carbon and a
lysine group on lacccase. B) Imine bond via an amine group on carbon and an aldehyde group

on an oxidized sugar moity on laccase

2.10. Electrochemical experiments

All ORR-related electrochemical experiments were carried out in acetate buffer (50 mM,
pH 4.2) containing 100 mM NaClOs4 at room temperature in a conventional three-electrode
cell using a Princeton Applied Research Model 263 A potentiostat. A platinum wire (Tacussel,
France) and a saturated calomel electrode (SCE) reference electrode (Tacussel, France) were
used as the counter and reference electrodes, respectively. The solution was sparged for 15
min with pure nitrogen. Nitrogen was kept flowing over the solution during the

electrochemical measurements in the absence of oxygen. Cyclic voltammetry response was
13



recorded between 0.9 and —0.3 V vs. SCE at 10 mV/s. The solution was then oxygenated for
10 min with pure dioxygen before recording ORR current values using the same
electrochemical conditions. The faradaic (cathodic) current attributed to biocatalyzed ORR
was obtained by subtracting the capacitive current measured at 0.2 V vs. SCE in electrolytic
solutions initially de-airated with the help of N bubbling to the global current measured at the
same potential in O, containing electrolytic solutions.

2.11. Spectroscopic methods

Surface chemical analysis were carried out by XPS, which was performed with an Omicron
(ESCA+) X-ray photoelectron spectrometer equipped with a microspot monochromatized Al
Ka (hv = 1486.6 eV) X-ray source at an accelerating voltage of 14 kV and a current intensity
of 20 mA. The base pressure in the experimental chamber was in the low 10 mbar range.
Survey spectra were recorded for the samples in the 0-1.1 keV kinetic energy range with a 1
eV step while high resolution scans with 0.1 eV steps were conducted over the following
regions of interest: Cls, Ols, Nls. The values of binding energies (BE, eV) were taken
relative to the binding energy of the Cls electrons of sp2 carbon in graphite, which is equal to
284.8 eV. XPS peaks were fitted using CASA software package. The surface composition
was determined using the instrument manufacturer’s sensitivity factors. The curve fitting
process was performed by imposing the peak full width at half maximum (FWHM) of the

most resolved peak (Cls sp2 at 284.6 eV) to the other peaks.
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3. Results and discussion
3.1. Optimization of the plasma jet functionalization of polished bare graphite

A Plasmatreat atmospheric pressure plasma jet (APPJ) was used to functionalize the surface
of graphite electrodes. Several parameters must be set for a given treatment, namely Plasma
Cycle Time (PCT), the distance (d, in cm) between the nozzle and the graphite surface, the
speed (V, in m/min) at which the jet moves over the graphite surface, nitrogen flow rate (F, in
L/h) and finally the voltage pulse frequency. The previous work of Ardhaoui et al. [60]
performed in our group with the same atmospheric pressure plasma treatment equipment as
well as preliminary tests (data not shown) have all enlighted that the use of N> as a plasma gas
gives better results in terms of current density for ORR than the use of air, all other
parameters being constant. Therefore, nitrogen was used exclusively as the plasma gas in this

work.

Table 1

APPJ treatment parameters used as a starting point for the statistical analysis design. A pulse

frequency of 21 kHz voltage was applied in both cases.

PCT | d(cm) Torch N> flow rate | Number Current
(%) velocit of densit
Y (F, L/h) Y
(V, m/min) (uA/cm?)
treatment
passes

Preliminary test | 80 1 10 2000 1 53.745
(this work)
From [60] 50 1 15 2400 1 81+8

15



A graphite sample was treated by APPJ with d=1 cm, V= 10 m/min' and F = 2000 L/h and
then analyzed by XPS. The functionalization of graphite led to an additional contribution to
the Cls signal for binding energy higher than 286 eV, which can be assigned to the presence
of oxygenated functional groups on the graphite surface such as C-(O,N) and C=0O or even
carboxylates around 286.5, 287. 5 and 288.5 eV, respectively (Figure 3) and accounted for
around 12 % of the total Cls signal intensity. After decomposition of the Cls peak, the mean
value of the carboxylate component ranged between 2 and 3 %.

Figure 3

Biocathodes were then prepared using the plasma functionalized graphite discs by covalent
immobilization of laccase using an EDC/NHS mixture as a coupling agent. The measured
current density of this biocathode, i.e. the ratio between the O; reduction current measured by
cyclic voltametry at 0.2 V/SCE to the geometric surface of the electrode (0.38 cm?) was 53+7
uA/cm?. Comparison with the results obtained in our previous work [60] indicate that mild
APPJ treatment conditions, i.e. lower PCT and longer distance between the plasma jet nozzle
and the substrate, would enhance the performance of the biocathode.

These results were the starting point of our strategy towards improved biocathode
performance in terms of oxygen reduction current using DOE. An eight-runs experimental set
was first designed to demonstrate the relative significance of the different experimental
parameters of the APPJ treatment. Among these, pulse frequency and number of jet passes
were kept constant at 21 kHz and 1 pass, respectively, according to the analysis of previous
experiments (data not shown) which indicated that these parameters were not significant for
dioxygen reduction current values. Therefore, PCT, d, nitrogen flowrate (F) and line speed
(V) were the four retained factors. Each of these factors was varied and tested at high (+1)

and low (-1) levels (Table 2).
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The experimental values of these two levels were determined for each factor (or plasma
treatment parameter) according to the following criteria:

- Plasma Cycle Time (PCT): Plasmatreat device makes it possible to produce two very
distinct power regimes: a low power regime (PCT between 10 and 50 %) and a high power
regime (PCT between 70 and 100 %). Two values were chosen, each representative of one of
the regimes (30 % and 80 %).

-The distance d between the nozzle of the APPJ and the substrate allows to control the
thermal effect of the plasma on the sample. Preliminary experiments were performed by
varying d between 0.5 cm and 2.0 cm with a PCT of 80 %, a line speed of 10 m/min, a flow
rate of 2000 L/h and nitrogen as the plasma gas. Contact angle measurements performed on
the treated surfaces showed that when d increases, the contact angle increases, i.e. the surface
becomes less hydrophilic (Figure 4), which can be detrimental to the catalytic activity of the
enzyme which we intend to immobilize on the surface. d = 1 and 1.5 cm were thus set as low
and high levels, respectively so that the contact angle remains lower than 50°.

Figure 4

Table 2

Fractional Factorial Design with the experimental conditions and the averaged values of the
two replicates for the water contact angle (WCA) and the absolute value of the biocathode

current density (j). The coded values for the different factors levels are given in parenthesis.

N° PCT (%) d(cm) V (m/min) F (L/h) WCA (°)  |jl (uA/cm?)

1 2 3 4=123
1 30(-1) 1(-1) 10 (-1) 1000 (-1) 9.7 36.1
2 80 (+1) 1(-1) 10 (-1) 2000 (+1) 8.4 53.8
3 30 (-1) L5 (+1) 10 (-1) 2000 (+1) 55.7 64.8
4 80 (+1) 1.5 (+1) 10 (-1) 1000 (-1) 38.1 63.3
5 30(-1) 1(-1) 20 (+1) 2000 (+1) 35.1 79.6

17



6 80 (+1) 1(-1) 20 (+1) 1000 (-1) 45.7 82.9
7 30(-1) 1.5 (+1) 20 (+1) 1000 (-1) 70.9 102.6
8 80 (+1) 1.5 (+1) 20 (+1) 2000 (+1) 68.4 97.5

The above four factors (PCT, d, nitrogen flow F and the torch velocity V) were screened
based on their effects on two responses: the water contact angle (WCA) and the current
density ([j|) measured for oxygen reduction at 0.2 V/SCE on the biocathode. The analysis of
the calculated model parameters (Table 2) shows that the most important factors for
controlling the responses are i) the distance between the jet nozzle and the substrate and ii) the
torch scanning velocity (treatment time); these factors will then be used to optimize the
biocatalytic current density using a Central Composite Design (CCD). It is also interesting to
notice that the two responses (WCA and current density) are partially correlated as shown on
Figure 5.

Table 3

Estimates of effects and p-value obtained from the 2IV4-1 Factorial Fractional Design. The
values of R? and of the value of F statistic vs constant model and corresponding p-values are
also given for each model. The coefficients with *, ** or *** are statistically significant, at p

<0.05, p <0.01 and p < 0.001 respectively.

Water Contact Angle (WCA) Biocathode current density,

li| (uA/cm?)

Parameter Estimate p-value Estimate p-value

B0 41.5 9.331e-4%** 72.57 7.732e-5%**

B1 -1.35 0.69597 1.8 0.5041

32 16.775 0.01278%* 9.475 0.02831°*

B3 13.525 0.02297* 18.075 0.00472%*

B4 0.4 0.906 1.35 0.61

R2 0.94 0.961
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F-statistic 11.8 0.035%* 18.6 0.0186*

Consequently, it appears to be more efficient to have a surface that is not too hydrophilic to
obtain a high current (in absolute value). Indeed, the objective of plasma treatment is to create
enough polar functions on the surface to be able to subsequently graft enzymes. However, too
harsh treatment conditions can damage the surface and lead to the degradation of the current;
it is therefore necessary to find a compromise which justifies the use of second order design to
optimize the response.

Figure 5

In this second design, the plasma cycle time (PCT) and nitrogen flow rate were kept
constant at 80% and 2000 L/h respectively, which correspond to moderate plasma conditions.
The experiments performed as a function of i) the distance between the jet nozzle and the
substrate and ii) the torch scanning velocity are given in Table 4. The highest current density
in absolute value, 115.1 uA/cmZ, was obtained at a line speed of 42.0 m/min and a distance of
1.6 cm. It should also be noted that, apart from experiments 5 and 9, the measured current
densities are quite close to each other regardless of the velocity value and the distance from
the jet nozzle to the substrate. This could suggest that the optimization limits of the system
have been reached.

Table 4

Composite design for current density optimization. Experimental parameters and the

corresponding experimental responses.

Expérience d (cm) V (m/min) il (uA.cm™)
1 1.2 24.0 104.4
2 1.6 24.0 94.7
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3 1.2 42.0 95.9
4 1.6 42.0 115.1
5 1.1 33.0 18.2
6 1.7 33.0 109.7
7 1.4 20.3 97.7
8 1.4 45.7 82.4
9 1.4 33.0 40.7

The results of the linear regression calculated with Matlab are given in Table 5. Unlike the

fractional factorial design, the central composite design allows to determine that the

interaction between the two factors is relatively strong, even if the p-value is slightly higher

than 0.05. The quadratic terms (322 and 33) are more significant for WCA model as

compared to the current one. The CCD results confirm that the WCA and the biocathode

current are correlated as shown on Figure 5.

Table 5:

Estimates of effects and p-values obtained from the Central Composite Design. The values of

R? and of the value of F statistic vs constant model and corresponding p-value are also given

for each model. The coefficients with *,** or *** are statistically significant, at p < 0.05, p <

0.01 and p <0.001 respectively.

Water Contact Angle (WCA)

Parameter Estimate p-value
B0 46.99 0.00507**
2 26.48 0.00130%*
B3 -71.817 0.0398*
323 9.187 0.0625

Biocathode current density

(LA/cm?)
Estimate p-value
86.7 0.0048%**
14.6 0.0273*
-5.59 0.263
15.97 0.069

il
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322 8.370 0.109 -1.55 0.832

333 7.107 0.152 3.99 0.595
R? 0.982 0.899
F-statistic 33.1 0.00792%%* 5.37 0.0986
Figure 6

Figure 6 compares the experimental values of the ORR biocatalytic current densities with
those calculated from the polynomial model whose parameters were determined using the
central composite experimental design. We observe that some points are well predicted by the
model, with a relative gap between 1 and 6% (highest jet nozzle to substrate distance)
whereas for the lowest jet nozzle/substrate distances tested, the prediction is less accurate.
More, for jet nozzle/substrate distances higher than 1.4 cm, the current density varies only
slightly with the operating conditions of the plasma functionalization. This area can be
described as robust.

By plotting the contours of the current response surface as shown in Figure 6, it is possible
to determine an optimal region for plasma functionalization to be performed. However, the
nature of the functionalized groups on the surface is critical for the immobilization method to
be used.

In order to identify the functional groups on the surface of graphite samples after their APPJ
functionalization, XPS analysis was carried out. After decomposition, the two highest
contributions were centered at 284.6 eV and 285.4 eV, encounting for 72.7% and 17.6% of
the total intensity respectively, can be assigned to sp® and sp® hybridization of C-C or C-H
bonds, respectively [14]. Additional peaks can be assigned to C-O and C=0 (286.2 eV, 5.6 %

of the total carbon content and 287.5 eV, 2.9 %, respectively). No peak was observed between
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288 and 289 eV, the binding energy characteristic of carboxylic groups. This result was
confirmed for all treated surfaces with d higher than 1.2 cm.

As the peak at 287.5 eV assigned to carbonyl cannot however discriminate between ketones
or aldehyde groups, an attempt was therefore made to identify and quantify the aldehyde
functional group density using a chemical probe. The latter was 2-chlorobenzoic hydrazide
which reacts with surface aldehyde groups, if any, and forms a hydrazine group which can be
detected by XPS thanks to the presence of a chlorine contribution, originating only from the
probe molecule. Figure 7 shows the high resolution CI2p peak of the plasma-functionalized
graphite after reaction with 2-chlorobenzoic hydrazide. One can observe on Figure 7, the
characteristic spin orbit splitting at 200.6 eV binding energy for CI2p1/2 eV, assigned to
organic chlorine[73], thus confirming the presence of aldehyde groups on the graphite after
APPJ treatment. The surface density of chlorine calculated from XPS data therefore allows to
quantify the aldehyde group density on graphite, supposing that all surface aldehyde groups
reacted with 2-chlorobenzoic hydrazide which was in excess as compared to aldehyde groups
(Table 6).

Figure 7

Table 6

Surface aldehyde group densities after APPJ treatment of bare graphite, calculated with

electrode geometric surface (0.38 cm?).

d (cm) V (m/min) Icizp/Icis nCI2p (x10" mol/cm?)
1.6 24 0.0467 6.25
1.4 20,3 0.0396 5.22
1.5 20 0.0387 4.90
1.6 42 0.0370 4.52
1 10 0.0459 6.08
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The calculated chlorine densities using the geometric surface of the graphite sample are
higher than those expected for a dense monolayer, as a result of the obvious underestimation
of the specific area that is likely to be larger than the geometric area as our graphite electrodes
show a rather rough surface [65]. Even if they were not accurately quantified, the aldehyde
groups were nevertheless clearly evidenced on plasma treated graphite electrodes, which can
influence the subsequent laccase immobilization process. Indeed, they could lead to the
spontaneous Schiff base formation , i.e. a covalent imine bond with lysine residues of laccase
and thus contribute to the immobilization of the enzyme on the surface functionalized with the
optimal plasma conditions determined thanks to the composite design. Laccase covalent
immobilization could thus proceed via the lysine groups of the protein and two different type
of functional groups on carbon surface: carboxylic groups and/or aldehydes ones, the latter
option being rarely studied in the field of bioelectrodes development.

In conclusion, the use of the composite experimental design identified five experimental
conditions for the APPJ treatment of graphite in which catalytic currents greater than 95
uA/cm? were obtained. Mild APPJ treatment conditions appear to be favorable to enhance the
biocatalytic current density measured for ORR. We therefore chose to work in the so-called
robust zone and test these conditions on graphite electrodes nanostructured with carbon

nanowalls.

3.2. Carbon nanowalls electrodes
3.2.1. CNW synthesis

A low-pressure Plasma Enhanced Chemical Vapor Deposition in a CO/H> microwave
discharge system was used to deposit carbon nanowalls (CNWs) [46] on graphite electrodes.

At the optimum CO/H; feed ratio of 46 sccm/4 sccm, resulting carbon nanowalls showing a

thickness of several tens of nanometers were synthetized and then analyzed using scanning
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! was reached in our

electron microscopy (SEM). An extremely high growth rate of 1 um.min~
system with a relatively low microwave discharge power of 60 W for a substrate growth area
of 1 cm?.

Carbon nanowalls were organized as free-standing nanosheets. They form an assembly of
inter-twinned walls. It can be observed from Figure 8 that the increase in the treatment time
has the effect of increasing the density of CNWs. Thus, for a deposition time of 30 s (Figure
8a), the graphite surface was not completely covered by the nanowalls. Subsequently, the
nanowalls formed with a processing time of 30 s were not further used in the present work.
CNWs deposited for longer treatment times i.e. 60 s and 120 s (subsequently referred to as
graphite@CNWs60s and graphite@CNWs120s, respectively) were used for the
nanostructuring of the graphite substrate. For a 120 s process, CNWs were thinner and denser,
however, the sheet-like structure of CNWs was still discernible. The deposits were spherical
in shape, as seen in Figure 8d).

Figure 8

The results of XPS analyses based on the decomposition of the C1s photoelectron peak and
perfomed on a graphite@CNWs60s and graphite@CNWs120s surface (see Figure 9a) are
shown on Table 7. A slight increase in the Csp*/Csp? ratio was observed when the duration of
synthesis of the CNWs also increased. This observation is in line with the results obtained by
S. Mori et al. with Raman spectroscopy showing that the graphite crystallinity decreased with

the growth of CNWs [46].

Table 7

Cls decomposition X-ray photoelectron spectra of bare graphite@CNWs60s and

graphite@CNWs120s supports.

Ci1s
C sp? Csp® | Csp’/Csp®

Ols O/C | Nl1s
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graphite @ CNWs60s 74 16.5 0.22 2 0.022 | -

graphite @ CNWs120s 70,2 18 0.25 1.9 0.021 -

Due to the nanostructuration of the graphite surface, the available surface for further
enzyme immobilization was obviously increased compared to bare graphite. However, as the
objective was to increase the biocatalytic current, the electrochemical active surface area
(EASA) was also investigated (see part S1 of supplementary information). For
graphitt @ CNW60s and graphite@CNW120s, EASA was estimated to 0.18 and 0.25 cm?,
respectively, i.e. lower than the pristine graphite geometrical surface: 0.38 cm? It was
hypothesized that such a discrepancy could result from the poor hydrophilicity of the CNW
surface (only 2 % dioxygen from the O/C ratio determined from XPS mesurements, and no
nitrogen). EASA was thus also determined on graphite@CNW60s functionalized with APPJ
(O/C 0.15). As expected, EASA was higher: 1.21 cm?, i.e. 3.2 times larger than the geometric
surface. Such an EASA enhancement compared to the geometric surface dimension remains
modest but is in line (even higher) with the one measured for CNW formed by soaking a
graphite substrate in liquid nitrogen and exhibiting CNWs whose topography is very similar

to the one obtained in the present work [48].

3.2.2. APP]J functionalization of graphite@ CNW electrodes

Graphite@CNWs60s and graphite@CNWs120s samples were functionalized with APPJ
treatment using optimized conditions deduced from CCD on "bare" graphite surfaces (see
Table 10). For comparison purposes, graphite/CNWs samples were also processed according
to harsh APPJ parameters, i.e. d=1 cm and V= 10 m/min. In the latter case, the XPS analysis
(Table 9 and Figure 9b) showed that surface atomic composition is very similar whatever the

duration of CNWs synthesis. The ratio N/C was very low, around 1 %, but significant,
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showing that the plasma functionalization induced the formation of nitrogen containing
functional groups on the surface since no nitrogen was detected on bare CNWs.
Functionalization by APPJ mostly introduced oxygenated groups on CNWs since the O/C
ratio increased from 0.022 for bare CNWs to 0.15 for treated CNWs, (Tables 7 and 8). Cls
peak decomposition indicates that 8.1 % and 5.8 % of the overall amount of carbon atoms are
involved in C-O bonds and carbonyl ones, respectively, for harsh plasma treatment
conditions. Carboxylic groups account for about 3 % of the overall carbon content, which
corresponds to a surface concentration of around 10 atoms per nm?, i.e. a rather high value
compared to the surface concentration of a close-packed monolayer (8 molecules per nm? for

phenyl for example[74]).

However, when using mild plasma functionalization conditions, XPS analysis showed that
there is no significant component around 288-289 eV in the Cls peak, thus excluding the
presence of carboxylic groups on the functionalized nanowalls surface for all the optimized
processing conditions. Similar results were found on bare graphite samples.

Table 8

XPS analysis of graphite/carbon nanowalls samples after APPJ treatment and calculated
COOH surface density. Plasma treatment parameters: d= 1 cm; V=10 m/min; Flowrate = 2000

L/h; PCT: 80 %.; one cycle.

Binding energy (eV) 284.6 | 2854 | 286.3 | 287.2 288.4 Csp’ | COOH density
o/C N/C
Composition Csp? | Csp® | C-O | C=0 | COOH Csp? (atoms/nm?)
graphitt @CNWs60s | 665 | 163 8.1 5.8 3.0 0.15 | 8.6.103 | 0.24 10.2
graphite@CNWleOs 65.8 15.7 8.6 7.0 2.9 0.15 0.011 0.23 9.9

3.2.2. Laccase immobilization on functionalized CNWs
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Subsequently to the graphite@CNWs functionalization, laccase was immobilized on the
samples. Two immobilization conditions, with or without EDC/NHS mixture as a coupling
agent, were tested for the ORR current density. The EDC/NHS solution, which is likely to
enable the formation of a covalent bond between carboxylic and amine groups, was used to
activate the carbon support and rinsed before deposition of laccase solution. In such
conditions, an amide bond formed only via the carboxylic groups available on the electrode, if
any, i.e. after functionalization in harsh conditions (d = 1 cm and V = 10 m/min).
Nevertheless, EDC/NHS mixture was used also for the support functionalized in mild plasma
conditions for comparison purposes. The current intensity measurments were all performed at

pH 4.2, also for comparison purpose with literature in the field of laccase biocathodes.

Table 9:

APPJ treatment parameters and bioelectrocatalytic performances of graphite@CNWs

biocathodes after APPJ functionalization and laccase immobilization in the presence of

EDC/NHS.
li| (uA/cm?) li| (uA/cm?)
N° d (cm) V (m/min) on on
graphite@CNWs60s | graphite@CNWs120s
1 1.6 24.0 440+ 70 337 £ 37
2 1.4 20.3 369+ 41 380 + 32
3 1.5 20.0 216+ 18 426 £57
4 1.6 42.0 277+ 27 332 +48
5 1.0 10.0 201£17 433 £21

The highest current density (440+70 pA/cm? in absolute value) was measured on

graphite @ CNWs60s functionalized with the following plasma processing conditions: nozzle
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to substrate distance = 1.6 cm, an APPJ velocity = 24 m/min (Table 9), more than twice the
current density obtained with much harsher conditions i.e. d= 1 cm and V= 10 m/min which
lead to a current density of 201+17 pA/cm? (in absolute value). A similar enhancement was
observed for bare graphite electrodes, for which the ORR current density (in absolute value)
increased from 53.745 to more than 94.7 pA/cm? This result emphasizes that the optimum
parameters determined thanks to the CCD on bare graphite are also relevant for
graphite@CNW60s electrodes. From a molecular point of view, the current density
enhancement observed when shifting from harsh to mild plasma conditions however can not
be explained by different laccase immobilization features. For harsh conditions, XPS analysis
showed that carboxylic groups were observed on functionalized graphite@CNWs60s (Table
8), so that amide bonds can be formed between the electrode surface and the amine group of
lysine residues of the enzyme (see scheme 2). In mild conditions, oxydation of graphite is less
advanced so that only aldehyde groups are formed on nanostructured graphite, which are
likely to form spontaneously imine bonds with amine groups of laccase (see imine 1 on
scheme 2). For both types of covalent bondings, the orientation of the enzyme on the
electrode is similar since the same laccase residues are involved, namely lysine ones. It could
be assumed that the highest current density observed for mild conditions compared to harsh
ones could therefore result from a higher amount of active laccase when immobilized on
graphite @ CNWs60s via an imine bond formation.

When graphite@CNWs120s electrodes were tested, two different couples of parameters
used during APPJ plasma treatment (distance, in cm and velocity in m/min), i.e. 1.5 ;20 and
1;10 both led to similar current density values: 426+57 and 433+21 pA/cm® (in absolute
value), respectively. Obviously, the optimized APPJ plasma processing conditions through
the implementation of an experimental design did not lead to any current enhancement. It is

noteworthy to mention that the obtained current density was similar to the best ones obtained
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for graphite@ CNWs60s, 440+70 uA/cm? (in absolute value), although this latter current
density value was obtained under slightly different plasma processing conditions. All the
plasma functionalization conditions tested on graphite@CNWs120s electrodes presented in
Table 9 resulted in a mean current density value of 383 uA/cm? (in absolute value), with a
standard deviation of 47 uA/cm? , a value very similar to the one resulting from repeatability
measurements. It can therefore be concluded that for graphite@CNWs120s electrodes, the
selected plasma conditions were within a robust area.

Harsh APPJ treatment  Mild APPJ treatment

(1 cm; 10 m.min-1) (1,5 cm; 20 m.min-")
B amide 1 — Q
Laccase %
2 2 e
) g *
0. H & § O o £ =N
i F O pr w £ O zZ 9,0
3 185 I 58 KNSk
6 t & YA
¢ S SHIAN o § sMONMIA N 3
F,8 SAI S £8 3 ido &
g g g § ¥ v
= & & \§ 2 imine 2

amide 1 imine 2 g 1
Oxidized ] ’
laccase

Scheme 2: Covalent immobilization of laccase on the nanostructured and functionalized
graphite surfaces. Laccase representation has been drawn using Rasmol 2.5 software using the
tridimensional structural data of the protein deposited in the Protein Data Bank (IKYA).
Accessible surface atoms are shown as balls of different colours: Lysine residues of laccase
appear in yellow, glycosilation moities in white and aspartic/glutamic residues in red. Blue

balls stand for the copper atom of T1 catalytic center.

In order to get further insight into laccase immobilization process, the influence of the
presence of the coupling agents EDC/NHS mixture was checked with graphite @ CNWs120s
electrodes leading to the highest current densities measured at that point, namely those

recorded for two differents sets of parameters during plasma functionalization: d=1; V=10 and
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d=1.5; V=20. In the absence of EDC/NHS, the obtained current densities values were 273 + 9
and 315 + 19 pA/cm? (in absolute value), respectively (Figure S2). Knowing that the current
density measured for the same functionalisation conditions in the presence of EDC/NHS are
respectively 433421 and 426+57 uA/cm? (in absolute value), it can therefore be concluded
that the current density was significantly higher in the presence of EDC/NHS. In harsh
finctionalisation conditions, carboxylic groups are formed at the electrode surface, so that the
presence of EDC/NHS allows their activation and leads to the formation of an amide bond
with amine groups of lysine residues of laccase. Such covalent bonds tightly tether the
enzyme on the surface, thus reducing a potential leaching, all the more likely to take place
that both enzyme (whose isoelectric point is 3) and CNWs funtionalized with carboxylic
groups are negatively charged at the pH value used for the immobilization process.

To summarize the results related to ORR current density, a maximum value around 440
uA/cm? was observed with both graphite@ CNW60s and graphite @ CNW 120s electrodes, i.e.
a four times higher current density than on bare graphite in optimized plasma conditions for
the functionalization of the surface. Compared to what could be expected based on the
increase of the specific area of the graphite electrode due to the deposition of carbon
nanowalls, the result was somewhat deceiving and prompted us to turn to further
improvements.

Previous studies performed in our group have shown that high bioelectrocatalytic currents
were obtained when oxidized laccase was used [65]. Interestingly, the group of Di Bari has
also used oxidized laccase to prepare graphene based-biocathodes as a mean to orientate the
enzyme before its covalent bonding by formation of amide bonds by carbodiimide
coupling[35, 75]. Oxidation of laccase intends to target glycosidic groups resulting from
postraductional modifications of the protein. Fungal laccases are indeed glycosilated enzymes

whose sugar moities are involved in the stabilization process against proteolysis (four
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glycosilation sites were evidenced in the crystal structure of the laccase from T. versicolor
used in the present work[76]. We took advantage of this laccase property to perform the
oxidation of polysaccharide residues in glycosilated laccase with sodium periodate, thus
providing an efficient way of generating aldehyde groups for subsequent conjugaison with
amine containing functionalized carbon support. More precisely, a Schiff base can be formed
between aldehyde groups of the enzyme and amine groups on the support[77]. This technique
is widely used to covalently graft antibodies for biosensor development for example[72] or
grafting of enzymes[78, 79]. We therefore compared the performances of functionalized
graphite@CNW60s electrodes coated with either natural or oxidized laccase. In both cases,
nitrogen was used as the plasma gas with a gas flow rate of 2000 L/h and a PCT of 80%. One
experiment was performed with a nozzle/substrate distance of 1 cm and a line speed of 10
m/min, i.e. in harsh plasma conditions, and the second one with d= 1.6 cm and V=24 m.min’!
which are representative of mild conditions. These latter provided the highest current density
values on graphite/CNWs60s electrodes after oxidized laccase immobilization. However, it
was observed for a given set of plasma treatment conditions, that the current densities were
only slightly higher for oxidized laccase. It can therefore be assumed that on
graphite@CNW60s, the expected imine bond formation between the oxidized glycosidic
groups of the enzyme and surface amine groups of CNWs (imine 2 on scheme 2) had no
significant influence on the laccase bioelectrocatalytic activity.

Figure 10

With graphite@CNWs120s supports however, it could be observed that the immobilization
of the oxidized laccase resulted in better catalytic currents than that of the non-oxidized
enzyme for given plasma parameters or immobilization procedure (see Figure 10). The
highest measured current density corresponding to ORR was was 95686 uA/cm? (in absolute

value) with electrodes treated with APPJ plasma at a distance of 1 cm and a line speed of 10
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m/min on which oxidized laccase was covalently immobilized by amide bonds thanks to the
presence of EDC/NHS as activation agent during the immobilization procedure. In addition,
the imine bond formation with oxidized laccase significantly increased the biocatalytic
activity of the enzyme since, for all tested immobilization conditions, the ORR current density
was higher with oxidized laccase compared to unmodified laccase. Two hypotheses could
support this result: first an increase in the amount of immobilized enzyme and second a better
wiring of the redox protein allowing a direct electron transfert. Indeed, three out of the four
glycosidic moieties of laccase are located on the same side as the Cu T1 copper site cleft. A
multipoint attachment of the protein via these groups would thus favor the electron transfert
by minimizing the distance between T1 center and the electrode while stabilizing the enzyme
position on the surface. Interestingly, it can be noticed that the optimal current density
obtained in the present work is very similar to the one reported by Di Bari et coll. in 2016 for
graphene based biocathode with oxidized laccase grafted by carbodiimide coupling[35]. The
authors also emphasized the anchoring role of the interaction between amino-aryl layer and
the aldehyde groups of oxidized laccase. In the research field focused on orientated
immobilization of laccase, it should be mentioned that recent papers whose strategy was
based on non-covalent immobilization of laccase through hydrophobic interactions likely to
take place in the vicinity of the T1 acive site have reported dioxygen current as high as 2.4
mA/cm? using a bifunctional anthroquinone/amadantane linker and more recently 3 mA/cm?
with a mutant laccase bearing an unique lysine residue near the T1 active site and covalently
immobilized on CNT by a linker including (3-cyclodextrin-modified gold NPs[52, 67, 80-82].
The currents density reported in the present work remains thus competitive with the best
results in the literature, while obtained with an original strategy of surface nanostructuration.

Instead of deposited graphene or CNT on bare carbon, we propose to form CNWs firmly
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attached to the carbon substrate and to functionalize the carbon by a rapid APPJ method, thus
avoiding the use of additional linkers.

In addition, as enzyme orientation on the surface is not the only parameter likely to affect
the current density, we propose to correlate the latter results to the amount of enzyme
immobilized on the support by quantifying the laccase immobilized on the electrode surface
using XPS data. Indeed, a clear modification of the Cls peak was observed after laccase
covalent immobilization step on graphite@CNWs electrodes that undubitably evidenced
enzyme immobilization. Notably, a very significant enhancement of the carboxylic and
carbon-nitrogen (or -oxygen, C-N(or -O)) contributions at 288.5 eV and 286.6 eV
respectively, was observed (Figure 9c) compared to the spectrum obtained for the
graphite@CNWs120s electrodes functionalized with the same APPJ parameters before
laccase immobilization (Figure 9b).

However, the presence of an amide signal at 287.5 eV on both functionalized electrodes
made it difficult to unravel accurately the contributions of the enzyme and the graphite,
respectively from XPS analysis. Consequently, it was chosen to focuse on the copper signal
for a quantitative analysis of the protein coverage rate. Copper indeed is present only in
laccase, so that its corresponding signal can be unambiguously assigned (see Figure S3 for an
example of a Cu XPS spectrum obtained with oxidized laccase immobilized in the presence of
EDC/NHS). The quantitative analysis of laccase coverage rates from the XPS signal relies on
comparison of the experimental Icu/Icis signal intensity ratios calculated from experimental
values with the ratios calculated using one of the two following models of discontinuous
laccase layers. The related model for laccase coverage assumes that the geometry of
immobilized enzyme is a hemisphere with a diameter denzyme and leads to the following

expression for Icu/Icis ratio (equation 4) [83]:

Icy v 00n. T(Eew) Ay -[1-A]

ICls 'Y.ngll\Isw.GCls.T(ECls).)\.gll\lsw.A'F(l-Y).ngll\IsW.GCls.T(ECls).)\.gll\lsw+y.nznlzsyme.GCIS.T(ECIS).XEﬁZSymC. [I-A]

(Eq.4)
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where /\, the attenuation factor of the signal due to the presence of the enzyme layer can be

calculated as follows:

— 8}\42 denzyme ) ( deﬂzyme)]
A= (dmymez> [1- (P2 1) exp (- 22 (Eq. 5)
where Y stands for the fraction of the surface covered by a protein layer, ng, ", ngpe

ngﬁw are the concentrations of Cu or C (subscript) in the enzyme (superscript enzyme) or in

the CNWSs covered substrate (superscript CNWs). The latter concentration was calculated
from the ratio of the volumetric weight to molar weight, with pcnx=peraphite=2.1 g/cm?>. For

laccase, the concentration of an element S was calculated as follows:

enzyme

enzyme penzymeXNS
ng = e — (Eq. 6)
\\4

With penzyme=1.4 g/cm?. The number of carbon atoms of one laccase molecule is the sum of
the carbon atoms of the primary structure, i.e. 2399 (knowing that the formula of the peptidic
chain of laccase is C2399H3600N6380720S9) and the carbon atoms from the glycosidic part of the
protein which accounts for a molecular weight of 9588 Da, assuming that the four sugar
chains evidenced on the protein structure according to the crystallographic data [84] are
formed by 2 N-acetyl glucosamines and 11 mannoses each, they would include 328 carbons,
leading to a total number of carbon atoms N¢*"“equal to 2727.

ocu and ocis are the photo-ionization cross sections for nitrogen and carbon, respectively.
T(Ecu) and T(Ecis) are sensitivity factors provided by the instrument manufacturer.

The products ¢ XT(E) are 63.5 and 1 for copper and carbon, respectively.

AGY™ (1.5 nm), AGYY (3.3 nm) and A&~ ™ (3.3 nm) are inelastic mean free paths of Cu2p
electrons through the enzyme layer and of Cls electrons through carbon and the enzyme,

respectively. 0 is the take-off angle, i.e. the angle between the surface normal and the axis of

the analyzer lens (cos 6 = 0.7).
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As mentioned above, the intensity of the copper signal was chosen as being the most
relevant indicator of laccase because this element was only present in the enzyme.
Consequently, Icy can be expressed as only one term standing for the copper signal from the
enzyme. Calculations were performed with the two characteristic dimensions (denzyme
parameter) of the protein, i.e. 5 nm and 7 nm, based on the crystal structure of the enzyme
[76, 85]. The intensity of the carbon signal, Ic, is described as the sum of three terms (i)
carbon signal from graphite/CNWs recovered by a fraction yof enzyme layer, (ii) carbon
signal from uncovered (1-y) graphite/CNWs and (iii) carbon signal from the enzyme.

Table 10 summarizes the results. Coverage rates were calculated assuming that the laccase
adopts a hemispherical shape on the electrode surface. Indeed, a previous work in our
group[65] has shown that a model of a flat enzyme layer is almost not sensitive to the
dimension of the enzyme. denzyme Whereas, by using a hemispheric model however, [ is

systematically higher for denzyme= 5 nm than for denzyme=7 nm, as expected.

Table 10:

Laccase coverage rate [ on graphite @ CNWs120s electrodes calculated with ratio ICu/IC1s

from XPS experiments. Laccase was immobilized in the presence of EDC/NHS.

APPJ treatment conditions
d=1cmand V =10 m/min d=1.5cmand V =20 m/min
Oxidized laccase Natural laccase Oxidized laccase
denzyme= 5 nm 0.5 0.4 0.8
denzyme = 7 M 0.4 0.5 1
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The laccase coverage rates calculated from the ICu/ICls ratio in case of mild plasma
treatement conditions evidenced that the amount of immobilized oxidized laccase is twice that
of the unmodified one, i.e. 0.8 as compared to 0.4, respectively. As the experimental ORR
current also doubled, these two results could be correlated, thus confirming the above
hypothesis of a more efficient laccase immobilization on graphite@CNWs120s support.
Unfortunately, for harsh plasma treatment condition, the copper signal was too low to be
detected for samples with unmodified laccase, so that this conclusion could not be confirmed.
However, the absence of copper signal indicates that the amount of immobilized non-oxidized
laccase is low. With oxidized laccase, a laccase coverage around 0.4 could be calculated. Also
not fully quantitative, these results are in line with those observed for mild plasma conditions.
Another conclusion from our experimental results is that a higher amount of immobilized
enzyme does not translate directly, into a higher ORR current density. The orientation of the
enzyme should also be taken into account since the highest current density (95686 pA/cm?

in absolute value) was measured for a low surface coverage of oxidized laccase.

4. Conclusion

In the present work, we used graphite as starting electrode material which was covered
with graphene-like carbon nanowalls entangled in a vertical position. The surface of the
substrate was thus nanostructured, which considerably increased its specific area. Plasma
enhanced Chemical Vapor Deposition (PECVD) was used to synthetize the carbon nanowalls
using a mixture of carbon monoxide and dihydrogen as the plasma. Then the carbon
nanowalls were functionalized by means of atmospheric pressure plasma jet in nitrogen. In
order to optimize the plasma functionalization conditions, a series of experimental designs

were carried out. As the number of samples were limited, it was decided to carry out the
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optimization study on bare graphite substrate (without carbon nanowalls) as a preliminary
step. First, a fractional experimental design was performed to determine experimental
parameters of APPJ (nozzle-substrate distance, nozzle velocity, PCT and plasma gas flow)
which influence the performance of graphite electrodes in terms of current densities measured
for ORR. It was pointed out that the distance and velocity of the APPJ were the most
significant parameters which influence the performance of the laccase modified graphite
electrodes. Subsequently, it was decided to carry out a central composite design (still on
graphite electrodes) in order to optimize the plasma functionalization parameters. This
experimental design made it possible to reach current densities in the range of 95 to 105
uA/cm? (in absolute value) and to identify a so-called robust zone for APPJ treatment
conditions. It should be noted that only aldehyde groups were formed as a result of milder
treatment conditions, thus limiting the oxidation process of graphene. Experiments using
graphite/CNWs60s and graphite/CNWs120s electrodes for the above optimal APPJ treatment
conditions allowed to reach cathodic current densities of 440+70 pA/cm? with
graphite/CNWs60s, thus evidencing that the optimized conditions determined with the central
composite design on bare graphite electrodes were appropriate to graphite/CNWs60s
nanostructured surfaces as well. The presence of nanowalls on the graphite surface has
therefore increased the bioelectrocatalytic current density by a factor of 4.4 compared to the
one measured on bare graphite functionalized with the same optimal APPJ treatment
parameters. The comparison between natural and oxidized laccase was also performed for
several types of immobilization, namely adsorption or covalent grafting, i.e. with or without
coupling agent. The maximum current density obtained was about -1 mA/cm? for plasma-
treated graphite/CNWs120s electrode at a nozzle-substrate distance of 1 cm, a PCT of 80%, a
flow rate of 2000 L/h and a line speed of 10 m/min with oxidized laccase covalently

immobilized. The results underline that a higher amount of immobilized laccase (as quantified
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from XPS data) did not translate inevitably into an increased biocatalytic current, thus
confirming the crucial importance of a suitable orientation of the enzyme on the electrode

surface.
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Figure Captions

Figure 1. Schematic of the APPJ setup (left) and picture of the plasma jet (right)
Figure 2. Photograph and schematic of the biocathodes developed in this work

Figure 3. Cls XPS spectra for untreated graphite and graphite after APPJ treatment. APPJ
treatment conditions: one cycle, distance nozzle/substrate 1 cm, Nitrogen flow 2000 L.h'!, line

speed 10 m.min"!, PCT 80 %, pulse frequency 21 kHz.

Figure 4. Evolution of the contact angle with the distance between the torch nozzle and the

substrate

Figure 5. Evolution of the biocathode current density as a function of the water contact angle
according to the results of the Fractional Factorial Design and of the Central Composite

Design. The regression curve is obtained with a value of R?=0.719.

Figure 6. Contour plot of the biocathode current density calculated from the second order
model and a CCD. The experimental results of the reduction current density at 0.2 V/SCE (in
uA/cm?) are also given in blue. Note that the model extrapolated outside the experimental

domain delimited by a circle may not be correct.

Figure 7. CI2p XPS spectrum of plasma treated graphite after reaction with 2-chlorobenzoic

hydrazide.

Figure 8. SEM images of carbon nanowalls deposited by plasma on graphite discs depending

on the treatment time (a) 30 s; (b) 60 s; (c and d) 120 s. Scale bars indicate 1 pm.

Figure 9. Cls XPS spectra of graphite@CNW 120s treated a) before APPJ treatment, b) after
APPJ treatment (d=1 cm and V= 10 m.min’!) without laccase and c) after the same APPJ

treatment with laccase immobilization by EDC/NHS
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Figure 10. Dioxygen reduction current densities on graphite@CNWs120s biocathodes with
unmodified and oxidized laccase, with or without coupling agent (EDC/NHS) and for soft (d

= 1.5 cm, V =20 m/min) or strong (d = 1 cm, V = 10 m/min) plasma treatment conditions.
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Figure 1. Schematic of the APPJ setup (left) and picture of the plasma jet (right)
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Figure 2. Photograph and schematic of the biocathodes developed in this work
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Figure 3. Cls XPS spectra for untreated graphite and graphite after APPJ treatment. APPJ
treatment conditions: one cycle, distance nozzle/substrate 1 cm, Nitrogen flow 2000 L.h'!, line

speed 10 m.min"!, PCT 80 %, pulse frequency 21 kHz.
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Figure 5. Evolution of the biocathode current density as a function of the water contact angle
according to the results of the Fractional Factorial Design and of the Central Composite

Design. The regression curve is obtained with a value of R?=0.719.

50



454 /
39.9 82.4 .3
] 506 A 15.1%6
T 40- :
E 105
£ 61.7
>
£ 35
8 72.6
(0]
o 48.2 ®86.7 o
£ 835
€ 3 .
,
[
©
()]
5
g 25 104.4 94.7
= 944 944 |
97.7 /
20 105 ! I X 1 » ’ L I . I ¥
11 12 13 14 15 16 1.7

Jet nozzle to susbtrate distance (cm)

Figure 6. Contour plot of the biocathode current density calculated from the second order
model and a CCD. The experimental results of the reduction current density at 0.2 V/SCE (in
uA/cm?) are also given in blue. Note that the model extrapolated outside the experimental

domain delimited by a circle may not be correct.
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Figure 7. CI2p XPS spectrum of plasma treated graphite after reaction with 2-chlorobenzoic

hydrazide.
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Figure 8. SEM images of carbon nanowalls deposited by plasma on graphite discs depending

on the treatment time (a) 30 s; (b) 60 s; (c and d) 120 s; scale bars indicate 1 pm
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Figure 9. C1s XPS spectra of graphite@CNW 120s treated a) before APPJ treatment, b) after

APPJ treatment (d=1 cm and V= 10 m.min’!) without laccase and c) after the same APPJ

treatment with laccase immobilization by EDC/NHS
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Figure 10. Dioxygen reduction current densities on graphite@CNWs120s biocathodes with
unmodified and oxidized laccase, with or without coupling agent (EDC/NHS) and for soft (d

= 1.5 cm, V =20 m/min) or strong (d = 1 cm, V = 10 m/min) plasma treatment conditions.
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