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ABSTRACT: Understanding how environmental factors affect the bioelectrode efficiency and stability is of uttermost importance
to develop high-performance bioelectrochemical devices. By coupling fluorescence confocal microscopy in situ to electrochemistry,
this work focuses on the influence of the ionic strength on electro-enzymatic catalysis. In this context, the 4 e"/ 4 H* reduction of O,
into water by the bilirubin oxidase from Myrothecium verrucaria (MvBOD) is considered as a model. The effects of salt concentration
on the enzyme activity and stability were probed by enzymatic assays performed in homogeneous catalysis conditions and monitored
by UV-vis absorption spectroscopy. They were also investigated in heterogeneous catalysis conditions by electrochemical measure-
ments with MvBOD immobilized at a graphite microelectrode. We demonstrate that the catalytic activity and stability of the enzyme
both in solution and in the immobilized state at the bioelectrode were conserved with an electrolyte concentration of up to 0.5 M,
both in a buffered and a non-buffered electrolyte. Relying on this, we used fluorescence confocal laser scanning microscopy coupled
in situ to electrochemistry to explore the local pH of the electrolyte at the vicinity of the electrode surface at various ionic strengths
and for several overpotentials. 3D proton depletion profiles generated by the interfacial electroenzymatic reaction were recorded in
the presence of a pH sensitive fluorophore. These concentration profiles were shown to contract with increasing ionic strength, thus
highlighting the need for a minimal electrolyte concentration to ensure availability of charged substrates at the electrode surface
during electro-enzymatic experiments.

INTRODUCTION ~50-100 mM. Higher ionic strengths are sometimes used,?* but
this remains occasional since the rather low currents that are
typically recorded result in negligible ohmic losses. Adding
salts to the electrolyte is another way to tune the ionic strength.
However, salts are not innocent in the electroenzymatic process
since they can act as enzyme inhibitors or as activators.*8 They
may also strongly impact the loading/desorption of the enzyme
onto/from the electrochemical interface depending on the type
of interactions involved.®

Most redox enzymes undergo proton coupled electron
transfer.1® Controlling proton availability at the electrochemical
interface is thus of great importance to ensure efficient cataly-
sis. Proton transport is also a key parameter in two-electrode
devices such as EBFCs.!! Furthermore, extreme pH values can
lead to the irreversible enzyme denaturation requiring a control
of the local pH environment. More generally, pH is important
in electrocatalysis since the desired reaction or the parasitic re-
actions can be favored over one another depending on the pH
value.’? Among the recent techniques developed for mapping
pH with high spatial and temporal resolution®?, in situ fluores-
cence confocal laser scanning microscopy (FCLSM) can be
used to image proton diffusion profiles near the electrode sur-

Systematic studies of the effect of ionic strength on en- face. Early reported in t_he Tranlff ab_lotlc catalysis during O,
reduction or water oxidation'**?, this method was recently

zyme activity and stability at the electrochemical interface are shown to be suitable to characterize enzvme electrocatalvsis. o
lacking, although they might be important especially in the case 19 y ysis.

of enzyme physisorption. Bioelectrochemical experiments are
generally performed in buffers with typical molarities around

Performing electrochemistry of redox enzymes requires
combining the constraints associated with electrochemical tech-
niques with those originating from biological molecules. This
implies, on one hand, working in the presence of an electrolyte
and immobilizing the enzymes at the electrode surface, thus ex-
posing them to the electric field and the charges compensation
at the electrochemical interface. On the other hand, the enzyme
biological origin imposes mild working conditions, e.g. most of
the times near neutral pH, ambient temperature and buffered so-
lutions. Moreover, enzyme binding at the electrode must be soft
enough to preserve the protein structure and its activity. In this
context, the ionic strength of enzymatic and electrolytic solu-
tions is a crucial parameter since it might influence on all as-
pects of the bioelectrocatalysis. It directly affects mass transport
and substrate availability at the electrode interface. It dictates
the conductivity of the solution thus affecting current transport.
Purification procedures, in which proteins can be exposed to so-
lutions of high ionic strengths,! suggest that enzyme activity
and structure can be maintained upon exposure to high ionic
strengths. Furthermore, high concentrations of salts are also fre-
quently used for enzyme storage in the frozen state.
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Scheme 1- Illustration of the measurements performed by in
situ FCLSM. The Oz-reducing enzyme is immobilized at the
graphite microelectrode, which directly provides the electrons nec-
essary for the reaction. Simultaneously, proton consumption
changes the pH in the diffusion layer, which in turn modulates the
fluorescence of a pH-dependent reporter. The change of fluores-
cence intensity in the electrolyte volume is recorded by FCLSM.
Radial cross sections of 3D images give the expansion of the hem-
ispherical diffusion layer, here the “proton depletion layer”, which
is investigated at various potentials and ionic strengths.

In this work, we performed spatially-resolved pH meas-
urements in order to determine to which extent the ionic
strength can afford sufficient substrate availability for the enzy-
matic electrochemical reaction and alleviate any detrimental lo-
cal pH. We selected the cathodic 4 electron-4 proton O, reduc-
tion reaction (ORR) by the bilirubin oxidase of Myrothecium
verrucaria (MvBOD). Its physisorption at a graphite microelec-
trode surface allows a direct electron pathway from the elec-
trode to the mononuclear blue copper site (T1 Cu). Electrons
are then transferred to the trinuclear Cu center where Oy is re-
duced.?22 We first investigated the influence of ionic strength
on the electrochemical signal and on the enzyme stability and
activity in solution via UV-vis absorption spectroscopy. Then,
to investigate the substrate transport properties, we recorded
fluorescence at different focal planes localized close to the in-
terface via in situ FCLSM in the presence of fluorescein as a
pH-dependent fluorescent probe. We rebuilt 3D proton concen-
tration profiles at the vicinity of the electrode surface during
chronoamperometry experiments performed at different ionic
strengths (Scheme 1). We especially highlight how the ionic
strength strongly influences proton depletion profiles induced
by the enzymatic reaction at graphite microelectrodes.

EXPERIMENTAL SECTION

Chemicals and Materials. 2,2'-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid (ABTS), ammonium sulphate (AS),
fluorescein, potassium phosphate monobasic (KH,PO4) and sul-
furic acid (95 — 98 %), were obtained from Sigma Aldrich. So-
dium hydroxide (50% w/w) came from Acros Organics and po-
tassium phosphate dibasic (K;HPO,) from Fluka Analytical.
Potassium phosphate buffer pH 6.0 (PB) was prepared by mix-
ing K;HPO, and KH,PO, in appropriate ratios. All solutions
were prepared with deionised water (Elga, U.K.). Bilirubin ox-
idase from Myrothecium verrucaria was received from Amano
Enzyme (Japan) and used without further purification. The cus-
tom-built working electrode consists of a type-H graphite pencil
rod (@ = 0.3 mm) (Staedtler, Germany) inserted into a glass

tube. The electrical connection is ensured by wrapping a thin
wire around one end of the rod and coating with silver glue. The
connection is wrapped with parafilm. The other end of the tube
is filled with epoxy resin for insulation so that only the outer-
most surface of the electrode is in contact with the enzyme so-
lution (during enzyme immobilization) or the electrolyte solu-
tion (in electrochemical measurements).

Bioelectrochemistry. Enzyme immobilisation was per-
formed by dipping the graphite electrode into a 10 pM enzyme
solution in 50 mM phosphate buffer (pH 6.0) (unless specified
otherwise) for 10 minutes at 4°C. Bioelectrochemical experi-
ments were performed in a conventional three-electrode cell,
consisting of an Ag/AgCI/KCl sat. reference electrode
(Ametek), a platinum wire as the counter electrode and the cus-
tom-made working electrode as described above. All potentials
are referred to the Ag/AgCI/KCI sat. reference electrode. All
experiments were performed at room temperature. The electro-
lyte solution (ammonium sulphate pH 5.4 (AS) or phosphate
buffer pH 6.0 (PB), of different concentrations: 10, 50, 100 and
500 mM) was saturated with oxygen prior to electrochemical
measurements. A continuous oxygen flow was maintained in
the solution throughout the measurements. A constant potential
of 0.0 V was applied for 60 s prior to cyclic voltammetry (CV)
scans to avoid formation of an inactive resting enzyme form®.
The CV potential window for the enzymatic O, reduction was
set between +0.7 V and 0 V, with a scan rate of 0.005 V s*. The
onset potentials were estimated as the potentials at which the
current reaches 2% of its maximal value. The error bars were
calculated from standard deviation divided by the square root
of number of measurements (at least 3 replicates).

Modelling of the Cyclic Voltammetry (CV) Curves.
Origin 8.5 was used to fit the electroenzymatic CV curves ac-
cording to the formalism developed by Fourmond and Léger for
irreversible reductive enzymatic catalysis (equation 1):2

N R Kor 1 (1)
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Where a and b are defined for a one-electron transition by:
F o
a=1+eop =1+exp(—(E —E°yr)) (2
And

b= ey = ey = exp=(E = E°y/r))  (3)

F, R, and T have their usual meaning, E°,  is the formal po-
tential for the one-electron conversion of the T1 copper center,
ire% is the value of the reductive limiting current, k°, is the
rate constant of electron transfer at O overpotential for the one-
electron conversion Ox/R, k,..4is the rate constant of the asso-
ciated chemical step and Sdo is the dispersion parameter, which
represents the distribution of enzyme orientations at the elec-
trode surface.

In situ fluorescence microscopy during electrochemi-
cal experiments. The specially made opto-electrochemical cell
comprising a 170 um-thick optical window was positioned di-
rectly above the objective of a laser scanning confocal micro-
scope Olympus FV1000-1X81. The working (WE) and refer-
ence electrodes are described above. The counter electrode is a
titanium wire. Images were collected using an Olympus 20x ob-
jective MPLFLN (numerical aperture: 0.40). The electrochem-
ical cell is mounted on the microscope stage thanks to a specif-
ically 3D-printed holder, so that the WE can be positioned and
focused manually in the x and y directions with good precision.
The excited light travels through the objective to the WE sur-
face, which is a few millimetres away from the optical window,




and then the emitted light is also collected through the objective
(Scheme S1%%). A precise focus of the electrode surface is ob-
tained using the laser reflection mode of the microscope at the
excitation wavelength A = 543 nm with light collection in the
range 500 - 580 nm through a 405/488 nm dichroic mirror filter.
Afterwards, images are collected in situ during electrochemical
measurements (chronoamperometry (CA)) in fluorescein-con-
taining AS (initial pH = 5.4) or PB (initial pH = 5.8) solution at
excitation wavelength A = 488 nm. The light is collected in the
range of 500-580 nm, after filtering with a 405/488/633 nm di-
chroic mirror. A constant potential is applied for 500 s and im-
ages are collected by scanning the WE from z = -20 (i.e. inside
the electrode, z = 0 being the electrode surface position) to z =
+300 pum along the z-axis (zsep = 5 Um) after the steady state
has been reached. Measurements were performed in triplicates.

UV-vis absorption spectroscopy. Absorbance measure-
ments were performed at a wavelength A = 420 nm using a Var-
ian Cary 50 UV-vis spectrophotometer (Varian, Agilent Tech-
nologies). The temperature was kept constant at 25 °C using a
Varian Cary single cell Peltier accessory. The reaction rate was
quantified by mixing 0.05 uM of MvBOD in different concen-
trations of AS or PB (10, 50, 100 and 500 mM) with 1.5 mM
ABTS. ABTS acts as the reducer in homogeneous conditions.
It is transparent in its reduced form and turns blue when oxi-
dized. The catalytic constant (kc.) of MvBOD was calculated by
the equation 4:

1 1 dAbs
- [Enzyme]  60XxeXxL X ( dt ) “)
where ¢ is ABTS molar absorptivity (¢(420 nm) =36 mM™ cm
1y and L is the path length (L = 1 cm). Error bars were calculated
from standard deviation divided by the square root of number
of measurements, n = 3.

Fluorescence spectroscopy. Fluorescence spectra of
fluorescein in different concentrations of AS (pH =5.4) and PB
(pH = 6.0) were recorded using a FluoroMax-4 spectrofluorom-
eter (HORIBA Scientific). The excitation wavelength is 453 nm
(slit width = 1 nm) and light is collected in the range of 470 —
600 nm (slit width: 1 nm). At least 3 replicates were performed.

kcat

Results and discussion

How the electrolyte concentration influences the en-
zyme (electro)activity. We first studied how varying the ionic
strengths could affect enzymatic bio(electro)catalysis, and we
probed the enzyme electroactivity (activity at the electrode sur-
face by electrochemistry) and its specific activity in solution.
One of the selected electrolytes, namely ammonium sulphate
pH 5.4 (AS), is rather unusual in bioelectrochemistry. It has
been selected here for its non-buffering properties allowing a
wide pH modulation at the electrochemical interface, which is
the basis of our fluorescence imaging strategy. It is also widely
used at very high concentrations (~10 M) for salting out due to
its non-denaturizing properties. We have shown previously that
the enzyme activity and stability at the electrode and the CV
trace of the electrochemical signature for O, reduction by
MvBOD were not affected by the addition of 75 mM AS to a 25
mM phosphate buffer electrolyte.® Moreover, the chosen pH is
a compromise between enzyme optimal activity (pH 6.5)% and
pH allowing fluorescence modulation with fluorescein. Indeed,
the transition between the mono-anionic and the di-anionic
forms of fluorescein which leads to the drastic increase of quan-
tum yield from 0.37 to 0.93 is characterized by pKa = 6.4.2% For
comparison, experiments have also been performed in a more
usual buffered electrolyte, namely phosphate buffer (PB) at pH

6.0, which is expected to reduce the influence of turnover-
linked pH changes.

Enzyme specific activity. The specific homogeneous ac-
tivity of MvBOD recorded by UV-vis absorption spectroscopy
only slighted decreased with increasing ionic strength. For in-
stance, in PB the enzyme loses 22 % of its activity when PB
concentration is increased from 10 to 500 mM, while in AS 16
% loss is observed when increasing electrolyte concentration
from 100 to 500 mM. This might be explained by diminished
electrostatic interactions at high ionic strengths between the en-
zyme and the ABTS substrate, which bears two sulfonic acid
functions. While the first corresponds to a strong acid, the sec-
ond protonation is characterized by pKa~2, meaning that ABTS
global charge is -2 in our mild acidic pH conditions.?” Our pre-
vious analysis have shown that while the protein global charge
is negative at this pH, the zone surrounding the involved T1 Cu
is positively charged. We can therefore assume that electrostatic
forces contribute to the enzyme/substrate interactions. Increas-
ing the salt concentration leads to ions interacting both with the
protein and its substrate, so that the salt acts as an electrostatic
shield decreasing the strength of these interactions. Interest-
ingly also, quite similar activities are recorded in PB and AS,
although the pH differs by 0.6 unit. We have measured the en-
zyme specific activity at different pH in both electrolytes at a
given ionic strength (100 mM) and observed the classical bell-
shaped evolution for the two of them (Figure S1). However, the
maxima also differ by ~0.5 pH unit in the two electrolytes, be-
ing pH 6.5 and 6.0 in PB and AS, respectively.

Enzyme electroactivity. The evolution of electroactivity
with electrolyte molarity is presented in Figure 1 (b and c). As
anticipated, typical catalytic sigmoidal reduction curves are ob-
served (Figure 1 b). When enzymes are immobilized at the elec-
trode surface, the recorded current in the presence of substrate
directly reflects the number of substrate molecules converted by
the enzyme per unit of time at a given potential. This depends
not only on the enzyme kinetics but also on the amount of en-
zyme and its interaction with the electrode surface. Therefore,
the catalytic current is a complex combination of the quantity
of immobilized enzyme, its specific activity in the immobilized
form, and its ability to withdraw electrons from the electrode.
We observe that electroactivity is typically lower in AS than in
PB whatever the electrolyte concentration, while no obvious
difference in specific activity between the two electrolytes
could be recorded (Figure 1 a). Since we have shown previously
that addition of AS in a PB buffered electrolyte did not affect
enzyme electroactivity,® purely electrochemical factors must
account for the differences. The influence of electrode surface
size could be neglected since similar capacitive currents are rec-
orded. On the contrary, electrode surface chemistry is expected
to vary since the two electrolytes have a different pH value.
Considering that the pKa of the graphite surface is 5.6, the
surface is slightly more negatively charged in the case of PB pH
6.0, which could induce a more favorable MvBOD immobiliza-
tion leading to higher currents. The modelling of CV curves in-
dicates that the distribution of enzyme orientations is narrower
in PB than in AS. More details can be found in SI. Consistently
with the specific activity, electroactivity is maximal at pH 6.5
in PB and at pH 6.0 in AS, respectively (Figure S2). Interest-
ingly also, while the specific activity is similar, the electroac-
tivity remains smaller in AS than in PB whatever the pH. There-
fore, not only the pH but also the nature of the electrolyte has



an influence on the magnitude of the electrochemical current
and on the pH dependency of enzyme specific activity.
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Figure 1. Influence of ionic strength on enzyme activity. (a)
Specific activity (kcat) of MVBOD in different molarities of AS pH
5.4 (orange bar) and PB pH 6.0 (blue bar) solutions determined by
UV-vis absorption spectroscopy. (b) Cyclic voltammograms (CVs)
of ORR in increasing concentrations of AS pH 5.4 (orange line)
and PB pH 6.0 (blue line) from left to right: 10 mM, 50 mM, 100
mM and 500 mM. The dotted lines indicate CVs recorded without
enzyme. (c) Bar chart reporting the catalytic current at 0.0 V vs.
Ag/AgCl against concentrations of AS pH 5.4 (orange) and PB pH
6.0 (blue). Experimental conditions: 25 °C, O-saturated solutions.
In (b) and (c), the enzyme is physically adsorbed at graphite
microelectrodes.

The trend is also slightly different in the two electro-
lytes. In AS, current is doubled when electrolyte concentration
is increased from 10 to 50 mM. An increase is expected from
the pure electrochemical viewpoint since at low ionic strength
the increased electrolyte resistance might be responsible for
lowering currents, but it should be negligible for such low cur-
rents. A more reasonable explanation is that the substrate avail-
ability decreases, as we will discuss later. For higher electrolyte
concentrations, the catalytic current and thus the enzyme elec-
troactivity is not varying much with increasing ionic strength
(Figure 1c). A straightforward conclusion is that high electro-
lyte concentrations do not affect the activity of immobilized en-
zyme over short times (i.e. minutes). The influence on stability
will be discussed hereafter. In PB, 75 % current increase is ob-
served with increasing ionic strength from 10 to 100 mM,

followed by a slight decrease at 500 mM (13 %). The maximal
current is not obtained for the same electrolyte concentration as
in AS but for close ionic strength values: indeed, given the com-
position of the two electrolytes, PB ionic strength lpg is given
by lps = 1.25 x Cpg at pH 6.0 while AS ionic strength las is given
by Ias= 3 X Cas. The decrease observed afterwards might orig-
inate from a decreased activity of the immobilized enzyme, or
a lower amount of enzyme being left at the electrode surface
when the electrode is introduced in the electrolyte solution. We
performed further experiments to clarify the relative contribu-
tions of the amount and activity of physisorbed enzyme in elec-
troactivity. From the corresponding results, gathered in Figure
S3, we discuss in Sl the nature of interactions involved in en-
zyme attachment at graphite, with enzyme loading reaching an
optimum at moderate ionic strengths. We conclude that the evo-
lution of electroactivity with increasing ionic strength directly
reflects the amount of immobilized enzyme.

A last interesting feature regarding the electrochemical
signature is a small increase of ORR onset potential with in-
creasing ionic strength (Figure 1b, Table S1). This onset is gen-
erally linked to the potential of T1 Cu since electrocatalysis is
mainly considered to occur via direct electron transfer between
the electrode and this copper site.?° This observation could in-
dicate a shift of the T1 Cu potential. The value of MvBOD T1
Cu potential has been reported to be 670 mV vs. NHE at pH 72°
and to vary with pH.?> % An influence of ionic strength is not
surprising since it affects ion activity, which in turn plays a role
in the apparent standard potential. We give more details in SI.
Another possibility is the decrease of activation overpotential
with increasing ionic strength. This can be explained from the
pure electrochemical viewpoint or from the catalytic side. On
one hand, the additional energy necessary to activate the ions
discharged at the required rate to promote the current flow
would reduce with increasing ionic concentration. On the other
hand, increased enzyme mobility at the interface with increas-
ing ionic strength would account for an activation overpotential
decrease. More details can also be found in SI.

To sum-up the experimental data of this first section, the
main result is that both the enzyme activity and electroactivity
of MvBOD appear to be preserved when increasing the electro-
lyte concentration up to 0.5 M. Under these conditions, only a
marginal decrease of activity was noticed.

Stability of the solubilized enzyme. We then explored
the effect of ionic strength on the enzyme stability. Few studies
on the topic can be found in the literature.® 3! Recently, Tsuji-
mura et al. studied the effect of adding large quantities of am-
monium sulphate (among other salts) on the heat stability of a
FAD-dependent glucose dehydrogenase (GDH).3! The enzyme
was diluted in the electrolyte solution and the effect on the cat-
alytic activity was determined. The GDH was stabilized by add-
ing 0.5 M AS, showing enhanced residual activity after heat
treatment at 50°C for 60 min. This was attributed to the com-
paction of the enzyme by kosmotropic anions (i.e. ions favoring
order), which preserves its native structure. At a higher temper-
ature (60°C), the stabilization was observed only for concentra-
tions above 1.0 M. At both 50 and 60°C, no clear effect was
observed for salt concentrations between 0.1 and 0.5 M. The
influence of phosphate for heat-stabilization was also studied
and no clear effect was observed for concentrations below 1 M.
As far as we know, the influence of these ions on the stability
at much lower temperatures (RT or 25°C) has not been investi-
gated.



First, we investigated how incubating the enzyme in
solutions of varying ionic strength could affect its stability in
solution. We diluted the enzyme in solutions of varying ionic
strengths and activity towards ORR in homogeneous catalysis
was probed by UV-vis absorption spectroscopy before and after
1-hour incubation at room temperature. Enzymatic assays were
performed in classical conditions (100 mM PB pH 6.0, ABTS
as the electron donor). First of all, no clear influence of the ionic
strength on the residual activity was observed (Figure 2). More-
over, the preservation of activity is similar in the PB and in the
AS solutions, while the GDH showed a better stability in AS.%
Since AS is more acidic here, we also performed the same ex-
periment at different pH in both electrolytes at a given ionic
strength (100 mM). The same tendency was observed in both
electrolytes (Figure S4), with a slight and linear increase of sta-
bility with increasing pH: the residual activity increases from
64% at pH 5.0 to 74% at pH 6.5 and from 69% at pH 6.0 to 76%
at pH 7.5 in AS and in PB, respectively. This shows that while
the electrolyte acidity slightly decreases the enzyme stability,
the electrolyte nature is contributing only weakly.
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Figure 2. Influence of ionic strength of storage solutions on en-
zyme stability. Percentage of conserved specific activity (Kcat) of
MvBOD determined by UV-vis absorption spectroscopy after stor-
age at RT for 1 hour at 5 uM in different molarities of AS pH 5.4
(orange bar) and PB pH 6.0 (blue bar) solutions. Experimental con-
ditions: 25 °C, O2-saturated solutions.

Percentage of residual activity

Stability of the immobilized enzyme. Stability of the
electroenzymatic ORR results from both the biochemical
stability of the immobilized enzyme and the mechanical
stability of its immobilization at the electrode. The bioelectrode
stability, illustrated by the evolution of signal intensity with
cycling time, is similar regardless of the electrolyte
concentration (Figure 3) or its nature (Figure S5). The decrease
is faster in the first cycles before the current tends to stabilize,
with 60% of the initial intensity that is maintained after 10
cycles (~45 minutes). A fast equilibrium between
adsorbed/desorbed enzyme might be established before the
cycling has started whatever the ionic strength. Therefore, the
major contribution to the decrease of the response must be
related to the intrinsic stability of the adsorbed enzyme,
meaning that the immobilized enzyme is as stable as in solution
on this timescale. More interesting is the absence of significant
difference between the two electrolytes, although pH is
expected to change cyclically over time at the electrode surface
in the non-buffered electrolyte,® which could result in damages
on the exposed enzyme at the interface. This experiment
suggests that either a balance between an increased stability and
a decreased specific activity of enzyme at higher pH is obtained,

or enzyme immobilization somehow prevents the damaging
effects of pH change.
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Figure 3. Influence of ionic strength on bioelectrode stability in
phosphate buffer pH 6.0. MvBOD is physisorbed at the graphite
electrode surface and the potential is cycled between 0.7 and 0.0 V
vs. Ag/AgCI. The graph shows the percentage deviation of current
at 0.0 V vs. Ag/AgCl against time and cycle number in different
concentrations of electrolyte: 10 mM (blue dots), 50 mM (orange
dots), 100 mM (yellow dots) and 500 mM (grey dots), respectively.

Stability of enzyme immobilization. The bioelectrode
stability is not decreasing with increasing ionic strengths,
possibly due to the establishment of an equilibrium before the
electrochemical measurements. However, if enzyme
immobilization is relying on pure electrostatic interactions, the
catalytic signal is expected to decrease upon a brutal increase of
ionic strength. For example, Zebda and co-workers showed that
adsorption/desorption of Trametes versicolor laccase on amino-
functionalized carbon nanotubes could be tuned by changing
the ionic strength in the electrolyte. In particular, adding 500
mM NaHCO; to the buffer provoked the loss of 65% of the
immobilized laccase.® In a further experiment, we added a
concentrated electrolyte in the electrochemical cell during the
measurement (Figure S6). In a first step the electrolyte
concentration was increased from 50 to 100 mM, and in a
second step to 500 mM. Results slightly differ between the two
electrolytes. In PB, 92% and 75% of initial current are
conserved in the first and second steps, respectively. In AS even
more electroactivity is conserved (95% in the first step and 80%
after the second one). This observation, combined with what we
have discussed above, tends towards the conclusion that various
interactions are involved in the physisorption of MvBOD at the
graphite electrode surface. Again, the major conclusion of these
experiments is that the intrinsic stability of the enzyme bound
to the electrode surface is only marginally affected when
increasing the electrolyte concentration up to 0.5 M. Therefore,
there is no obstacle to studying the behavior of the enzymatic
electrode at these electrolyte concentrations over the timescale
required for the proposed in-situ FCLSM coupling method.

3D-Mapping of the electrode/electrolyte interface by
fluorescence confocal laser scanning microscopy. The next
step towards the understanding of ORR by MvBOD was to in-
vestigate proton availability at the vicinity of the electrode sur-
face with varying ionic strength. For this purpose, we selected
fluorescein, which is a well-known pH-dependent fluorophore.
Its pKa matches well with the MvBOD optimum activity,
whereas its electro-inactivity in the desired potential range



makes it suitable to evidence pH changes at the electrochemical
interface during enzymatic ORR.® Using fluorescence spectros-
copy control experiments we checked that the fluorescein quan-
tum yield is not affected by increasing sulphate or phosphate
anions concentrations, nor by the presence of O, (Figure S7 &
S8). Fluorescence intensity evolution with varying ionic
strength shows no specific trend, suggesting that AS or PB do
not particularly quench the fluorescence of fluorescein. This lat-
ter is also the same under pure O,, pure N, or air, showing that
O quenching is negligible. To give a comparison, addition of
20 mM iodide to the same fluorescein solution leads to a 20%
fluorescence intensity decrease (Figure S9 and Table S2).

In the in-situ FCLSM mode, the 3-electrode electro-
chemical cell is placed on the stage of an inverted confocal mi-
croscope and the working electrode faces the objective. Several
potential steps were applied at the electrode for the four electro-
lyte concentrations, and the current was recorded over time.
Simultaneously, fluorescence was recorded in the electrolyte
solution in planes parallel to the electrode surface after the
steady-state (indicated by a current remaining constant) was
reached. The experiment was first performed at a potential of +
0.6 V vs. Ag/AgCl, i.e. above the catalysis onset and close to
the open circuit potential of the bioelectrode, to confirm the ab-
sence of spurious fluorescence modulation at the interface.
Then, potentials of + 0.4 V, + 0.2 VV and 0.0 V vs. Ag/AgCI at
which enzymatic O, reduction readily occurs were applied. De-
creasing the potential increases the driving force of the reaction
and the number of enzymes participating in catalysis.®? In each
case, the focal plane was incrementally moved away from the
electrode surface, allowing to rebuild the 3D fluorescence pro-
files at various ionic strengths. Radial cross sections of these 3D
images recorded in PB and AS are shown in Figure 4 and Figure
5, respectively. Fluorescein fluorescence quantum yield drasti-
cally increases from 37% in the mono-anionic form to 93% in
the di-anionic form. The maximal fluorescence intensity

reflects therefore the maximal pH, so that the fluorescence pro-
files correspond to the proton depletion at the electrode.

The electrode/electrolyte boundary can be clearly distin-
guished: the electrolyte appears brighter than the electrode due
to the residual fluorescence of fluorescein at the initial pH. The
conductive area can also be discerned as it causes a kind of
“shadow” in the electrolyte. This could result from optical ef-
fects due to the darker carbon material. A first key observation
is that the electrolyte fluorescence is homogeneous and no mod-
ulation at the electrode interface can be observed at 0.6 V vs.
Ag/AQCI, neither in PB (Figure 4) nor in AS (Figure 5). This is
consistent with no reaction occurring at this applied potential.

In PB, for electrolyte concentrations above 10 mM, flu-
orescence intensity change at the electrode surface is very low
(Figure 4), although the recorded currents prove that enzymatic
catalysis is taking place (data not shown). Only the electrode
“shadow” is disappearing at lower potentials. By contrast, in the
low supported 10 mM PB electrolyte, a clear fluorescence mod-
ulation related to enzymatic electrocatalysis is seen at + 0.4, +
0.2 and 0.0 V vs. Ag/AgCl. The interfacial fluorescence inten-
sity also increases with decreasing applied potentials but its
shape and expansion are difficult to quantify. However, it is
striking that small buffer concentrations are not sufficient to
avoid pH modulation at the electro-enzymatic interface. The
fluorescence modulation is expected to be larger in AS than in
PB. Indeed, the homogeneous reaction taking place in PB with
the buffer ensures a quasi-constant pH at the interface. Never-
theless, we have shown previously that pH changes caused by
the enzymatic reaction at macroelectrodes could be recorded
even in the presence of 25 mM buffer.® However, they are more
difficult to evidence at smaller electrodes where the enzymatic
currents, and thus the proton consumption rate, are lower.
Moreover, to remain in the buffer range of PB a slightly higher
initial pH than in AS was chosen (5.8 instead of 5.4). Since this
is closer to the fluorescein pKa, the same pH increase results in
a lower fluorescence modulation.

| Increasing phosphate buffer concentration
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Figure 4. Radial cross sections of the proton depletion profiles at the enzymatic electrode during chronoamperometric measurements at a
constant potential (from top to bottom: + 0.6 V, +0.4 V, +0.2 V and 0.0 V (vs. Ag/AgCl)) in increasing concentrations of PB pH 5.8 (from
left to right: 10 mM, 50 mM, 100 mM and 500 mM). The dotted line indicates the electrode/electrolyte boundary; the arrow indicates the
conductive surface. Fluorescence intensity scale and an indication of pH values are given at the bottom. Electrolyte: PB, initial pH = 5.8, 10
MM fluorescein, quiescent electrolyte under air atmosphere. Aexcitation = 488 nm

In the AS electrolyte, the fluorescence intensity increases at
higher overpotentials with a much larger amplitude as illus-
trated by the marked red color observed especially with the 10
mM and the 50 mM solutions (Figure 5). It is noteworthy that
the microscope parameters were kept constant and that the same

look-up table was used to encode the fluorescence intensity in
Figures 4 and 5. To help the reader, we indicate on the fluores-
cence scale the initial pH values. The images show a maximal
fluorescence intensity at the electrode/electrolyte interface, in-
dicative of proton consumption linked to the localized



enzymatic O, reduction. An extended quasi-hemispherical flu-
orescence gradient is observed at low ionic strengths which in-
dicates that proton depletion is expanding in the electrolyte in
the direction of the electric field. This is in full agreement with
the fact that protons which are positively charged migrate under
the influence of the electric field which is oriented from the
cathode (i.e. the working electrode) to the anode (i.e. the coun-
ter electrode). In the close vicinity of the electrode surface, the

electric field is perpendicular to the surface and directed down-
wards, meaning towards the bulk electrolyte. The negatively
charged mono- and di-anionic forms of fluorescein should mi-
grate in the reverse direction. However, it has been previously
shown that when using a 10 uM solution, fluorescein migration
can be neglected from electrolyte concentrations as low as 1
mM,*® which is the case in our experimental conditions.

| Increasing ammonium sulphate concentration

50 mM

100 mM
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Figure 5. Radial cross sections of the proton depletion profiles at the enzymatic electrodes during chronoamperometric measurements at a
constant potential (from top to bottom: + 0.6 V, +0.4 V, +0.2 V and 0.0 V (vs. Ag/AgCl)) in increasing concentrations of AS pH 5.4 (from
left to right: 10 mM, 50 mM, 100 mM and 500 mM). The dotted line indicates the electrode/electrolyte interface; the arrow indicates the
conductive surface. Fluorescence intensity scale and an indication of pH values are given at the bottom. Electrolyte: AS, initial pH = 5.4, 10
UM fluorescein, quiescent electrolyte under air atmosphere. Aexcitation = 488 nm

Like in the PB electrolyte, the expansion of the depletion layer
is maximal at 10 mM electrolyte concentration, where the cata-
lytic current has been shown to be minimal. On the contrary,
the depletion layer is contracted at high ionic strengths. Again,
this agrees fully with the fact that the numerous electrolyte ions
ensure the current transport via migration, which in turns de-
creases the migration of the charged species involved in the
electroenzymatic process (i.e. the protons). The extension of the
depletion layer also increases in both axial and lateral directions
with increasing overpotentials. At 0.0 V, the depth of the deple-
tion layer can be estimated to increase from 100 pm in the case
of the 500 mM electrolyte (which eventually masks the shadow
of the electrode), to over 300 pum for solution molarities below
100 mM. From these data, the ionic strength required to ensure
substrate availability at the electrode surface can be anticipated.
This unprecedented level of information is essential in the case
of H,/O, EBFCs where protons ensure the current transport
while being involved both in anodic and cathodic reactions. In
this specific case, we have investigated H* availability, which
evidences drastic pH changes at the electrode interface. More-
over, since fluorophores sensitive to almost any chemicals are
available we can envision doing the same for more complex
substrates.

CONCLUSION

We described here the use of in situ FCLSM during electro-
chemical experiments to characterize the influence of the ionic
strength on substrate mass transport at the bio-electrochemical
interface. As a model, we selected the enzymatic O, reduction
to water by MvBOD, which involves the consumption of the H*
charged species. We clearly evidenced an expansion of the pro-
ton depletion layer at the interface with decreasing ionic
strength. Just as the diffusion layer, the length of this depletion
layer will affect the current densities and can become limiting

especially at high electrode reaction rates. Moreover, the re-
quired minimal electrolyte concentration should not affect the
intensity and stability of the bioelectrochemical signal. To esti-
mate a reasonable ionic strength compromise and ensure the va-
lidity of our FCLSM study, we examined the influence of elec-
trolyte concentrations on the activity and stability of 1) the en-
zyme and 2) the enzymatic bioelectrode for the cathodic O, re-
duction. We showed that neither a marked inhibition nor a de-
stabilization of the enzyme or the bioelectrode can be observed
in electrolyte concentrations up to 0.5 M. However, more ex-
haustive studies of the influence of electrolyte for bioelectrode
stabilization/destabilization would require to deal with even
higher concentrations in the molar range, like those mentioned
for example by N. Nemoto et al.®. Despite that, this study pro-
vides a new methodology to investigate the distance-dependent
modulation of the electrolyte chemical composition during bio-
electrocatalysis. Since this directly affects the current density
generated in two-electrode devices like EBFCs, the method can
be a key characterization to improve and optimize their perfor-
mances, while the results presented here bring new qualitative
clues in order to address bioelectrocatalysis in unusual condi-
tions like more saline environments. Moreover, although this
study focused on the proton transport, the observed behavior
can be transposed to some extent to that of any charged species.
In the case of EBFCs, studying how ionic strength influences
the transport properties of ion exchange membrane, which sep-
arates physically the anode and the cathode, will also be of ma-
jor interest. Finally, in this case of an enzymatic reduction reac-
tion that is linked to a pH increase, pH changes at the electrode
interface are shown not to be the major destabilizing factor.
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