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Electrochemical quartz crystal microbalance measurements with
energy dissipation monitoring (E-QCM-D) show that the catalytic
lifetime of the O,-reducing multicopper oxidase bilirubin oxidase
from Myrothecium verrucaria, adsorbed on or covalently attached to
a organothiol-modified gold electrode, is shortened from days to
hours when the applied potential is cycled to below a critical
potential (0.6 V vs. SHE at pH 6.0)

Immobilised oxidoreductases show a loss in electrocatalytic
activity with time, colloquially termed ‘film loss’, which limits
their applicability to technological applications such as
heterogeneous biocatalysis, biosensor development and fuel
cells.' We used the multicopper oxidase (MCO) bilirubin
oxidase from Myrothecium verrucaria (MvBOx) as a model
protein to dissect the mechanisms of film loss, using an elec-
trochemical quartz crystal microbalance with dissipation
measurement (E-QCM-D). This technique allows us to simul-
taneously measure the hydrated mass of the enzyme adsorbed
on the sensor surface, its mechanical coupling to the sensor and
its catalytic competence.

MCOs have been advanced as catalysts for the four-electron
reduction of O, to water, a key reaction in low-temperature fuel
cells.” Bilirubin oxidases carry out this reaction at near-neutral
PpH values, at a lower overpotential than Pt,*” and can produce
currents limited only by transport of O, into solution.®

Many methods exist for preparing oxidoreductases for
heterogeneous electrocatalysis, including uses in enzyme-cata-
lysed fuel cells.> A common and relatively straightforward
method is via direct adsorption on graphite electrodes.® The
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Broader context

The multicopper oxidases are a family of copper-containing enzymes that
includes laccases and bilirubin oxidases. They have been studied as effi-
cient replacements for platinum and its compounds to catalyse the four-
electron reduction of O, to H,O in low-temperature, enzymatically cata-
lysed fuel cells. Enzymes' specificity, selectivity against inhibition, and
ability to function at near-neutral pH values mean they can generate power
in living plants or animals. One of the barriers to the practical use of redox
enzymes in fuel cells—as well as biosensors and industrially useful
enzymatic transformations—is the proteins' slow loss in activity with
time. We simultaneously measured electrocatalytic activity, adsorbed
mass of enzyme, and the stiffness of this protein adlayer and concluded
that structural rearrangements and water loss are the primary culprits in
activity loss in these cathodes. The effect was most pronounced when we
simulated a changing power load by cycling the potential. Covalent
attachment did not mitigate activity loss. Enzyme-coated cathodes that
receive their electrons directly from an electrode, rather than via redox
mediators, will need additional stabilisation before they will be durable
enough for miniature fuel cells from which a sustained power output is
required.

roughness and heterogeneous surface chemistry of abraded
graphite supports many enzymes for analytical protein film
electrochemistry,” but complicates any analysis of activity loss
mechanisms. Immobilising enzymes in redox-active polymers,®
within porous electrodes™ or on high surface-area disper-
sions'™'* creates a reservoir of surplus enzyme that can mask
underlying activity loss. In this work, the electrode is the surface
of the QCM sensor, a flat, polished gold surface modified with
the short-chain thiol 3-mercaptopropionic acid (3MPA) to
produce a chemically homogeneous surface for stable adsorp-
tion of MyBOx and efficient direct electron transfer to it.****
An E-QCM has been used previously to follow the adsorption
and electrocatalysis of MyvBOx on bare gold sensors," but their
work was carried out in static conditions with dilute enzyme
solutions, did not include dissipation analysis, and presented
adlayer masses equivalent to ~10 layers of enzyme. Moreover,
we have found the simultaneous energy dissipation analysis,
which they could not do, is crucial to understanding the
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mechanisms of activity degradation, particularly when the
applied potential is not constant. Also, Olejnik et al. used an
E-QCM to study the activity and lifetime of covalently bound
laccase, a related MCO, but they measured activity only under
constant applied potential.*®

Fig. 1 shows a typical adsorption of MyBOx on a 3MPA-
modified gold-coated sensor. Buffer saturated with O, was
passed continually through the measurement cell except at ca.
15 min when the enzyme was injected. For thin, rigid and evenly
distributed layers, the mass adsorbed on a QCM sensor is
proportional to the change in the resonant frequency of the
crystal's shear vibration modes;" in this work the proportion-
ality constant equals —17.9 ng ecm > Hz ' for the fundamental
frequency and —2.55 for the seventh harmonic, which was used
for its sensitivity to changes close to the surface and insensi-
tivity to variations in sensor mounting (see ESIf). The 300 Hz
drop in the resonant frequency of the seventh harmonic
(Fig. 1A) is consistent with the formation of a hydrated enzyme
monolayer of protein on the sensor surface (see ESIT). At the
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Fig. 1 E-QCM-D response (7t harmonic) with time for bilirubin oxidase adsorbed
non-covalently on a 3-mercaptopropionic acid layer: (A) frequency change, (B)
energy dissipation change, and (C) O, reduction current. Insets in (A) and (B)
highlight sensor response after adding 25 pl 24 mg ml~" enzyme (@®). Green dashed
lines show when a potential of 0.21 V vs. SHE was applied. Inset in (C) shows the
correlation between dissipation value and electrocatalytic activity. Conditions: 0.1 M
sodium phosphate pH 6.0 (pre-saturated with O,), 25 °C, 0.1 ml min~", projected
electrode area 0.80 cm?. Flow rate of O lowered for 10 min at M.
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same time, the energy dissipation of the crystal increased to a
maximum of about 3 ppm (Fig. 1B).

Dissipation is the sum of all energy losses in the system per
oscillation cycle."® Adsorption of proteins contributes towards
this dissipated energy and this change can give insight into
conformation changes during protein monolayer formation.*
Softer films experience more inelastic collisions than more rigid
films. The formation of softer films, therefore, produces higher
Ad values.

The surface of the QCM sensor also serves as a working
electrode to quantify the catalytic activity of the protein film and
any resistance to electron transfer from the sensor to the
proteins’ metal centres. The current is proportional to the areal
density of the enzyme on the surface and its turnover frequency
(see ESIt), thus providing a sensitive method to monitor cata-
lytic activity at the same time as changes in mass and stiffness
of the adlayer.

To probe how enzyme activity changes with time under
conditions approximating constant load in a fuel cell, a poten-
tial of 0 V vs. Ag|AgCl|3 M NacCl was applied 7.5 min after the
enzyme was injected and held constant for ca. 8 h. The applied
potential is low enough to drive enzymatically catalyzed O,
reduction, but too high for O, to be reduced on bare gold. An
initial steady-state current of —110 pA (Fig. 1C) was observed in
comparison to near-zero reduction current in the presence of
buffer saturated with argon (see ESIt). The current magnitude
was up to 30 pA larger for the first 1.0-1.5 min while dissolved
O, near the sensor surface was depleted. The initial turnover
frequency of the enzyme (k.,) under constant potential condi-
tions is about 35 s™' (see ESIf), about 7x lower than values
presented for MyBOX in the absence of mass-transport limita-
tions,” but more than 10x higher than previous work using an
EQCM setup.” Over the course of the measurement, the current
decayed to about 30% of its initial value.

Although the initial adsorbed mass of enzyme correlates with
the initial magnitude of the catalytic current, subsequent
changes in adsorbed mass with time do not parallel changes in
catalytic activity. The trace in Fig. 1A is typical: the mass dropped
by about an eighth over the first 2.5 h, then remained stable for
the next 5 h at (0.68 & 0.01) pg cm>. In contrast, changes in
energy dissipation with time show an almost linear correlation
with catalytic activity (Fig. 1C inset). Like the current magnitude,
the dissipation also drops by about 30% over time.} The changes
of MvBOx on bare gold sensors are almost identical (see ESIT).

Thus, the term ‘film loss’ is not strictly accurate here: the
slow loss of activity in MvBOx must be due to some non-
desorptive process like structural changes or copper loss. The
strong correlation between adlayer stiffness (inversely related to
Ad) and activity implicates structural changes as the primary
source of activity loss. The effect of applied potential on protein
structure also appears in the plot of Ad, vs. Af; (see ESIT), which
normalises dissipation to adsorbed mass to quantify visco-
elastic losses.'>”® The magnitude of dd,/df; is more than two
times higher when a potential is applied: the protein layer
stiffens substantially under applied potential.

To simulate the effect of a variable load on an enzymatic
biofuel cell, complementary E-QCM-D measurements were
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Fig. 2 Effect of potential cycling on bilirubin oxidase adsorbed on a 3-mercap-
topropionic acid layer. (A) Frequency response from the addition of 24 mg ml~"
MvBOXx (@) followed by 60 potential cycles between 0.91 and 0.11 V vs. SHE at 10
mV s~' (green dashed lines); arrows mark the start of numbered cycles. Inset
shows the relationship between enzyme activity (current at the lowest potential
for that scan) and energy dissipation for each scan, normalized to values from
scan 1. (B) Selected scans from the cyclic voltammetry. (C) Frequency (Hz) and
dissipation (ppm) responses with applied potential (V vs. SHE) for scans 30 and 31.
Conditions: O,-saturated 0.1 M sodium phosphate buffer pH 6.0 at 25 °C flowing
at 0.1 ml min~" with continuous O, bubbling; 7" harmonic.

recorded with the potential cycling (Fig. 2). In contrast to the
relatively stable mass when the applied potential is held
constant, cycling the potential causes an immediate drop in
adsorbed mass (Fig. 2A): the mass typically drops by 20-25%
over ca. 15 min. The catalytic current degrades simultaneously,
falling by about a third in the same period (Fig. 2B).§ As in the
constant potential cases, the correlation between activity and
dissipation (Fig. 2A inset) was nearly linear, albeit with a non-
zero intercept.

If the scan range is kept above 0.6 V vs. SHE, the pattern of
mass and activity loss is like that for chronoamperometry.
Decreasing the scan rate to 1 mV s~ led to the same mass loss
but only about half the activity loss. Changing the step size had
no significant effect on either current loss or mass loss
(see ESIY).

After about 10-20 potential cycles, the frequency trace sta-
bilises, but the O, reduction activity approaches zero. A QCM
measures hydrated mass and about 45% of the protein's mass is
entrained water (see ESI{) that contributes to frequency
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changes of the sensor, suggesting that the enzyme adlayer
extensively dehydrates during potential cycling. However, in
this case some desorption cannot be ruled out.

When the potential was cycled, both the frequency and
dissipation traces showed periodic changes that were slightly
out of phase with the applied potential (Fig. 2C). The frequency
traces showed multiple peaks and a maximum peak-to-peak
amplitude of ca. 9 Hz (0.02 pg cm™?), about 3% of an enzyme
monolayer. The varying potential or electric field near the
surface may repeatedly distort the adsorbed protein, causing it
to repeatedly expel mass in the form of water or ions, and
hastening its denaturation. This hypothesis is consistent with
STM observations on single molecules of another MCO, laccase
from Streptomyces coelicolor, that showed different heights
for reduced and oxidised enzyme on a thiol-modified gold
electrode.*

To control for the possibility that diminishing activity is due
to enzyme desorption, MvBOx was covalently linked to a thiol-
modified gold crystal via an amide linkage between an activated
carboxylate on the surface and one of the lysine side chains on
the protein's exterior (Fig. 3), identical to EDC-NHS-type
coupling reactions. After uncoupled enzyme was washed away,
the potential was cycled. Unlike the adsorbed samples, the mass
dropped by only 6% in the first 7 cycles then stabilised between
0.68 and 0.70 ug cm 2. Despite this, the catalytic activity still
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Fig. 3 Effect of potential cycling on (A) frequency response and (B) dissipation
response for bilirubin oxidase covalently bound via an amide linkage to a thiol-
modified QCM sensor. After addition of 25 uL of 24 mg ml~! MvBOx (@), buffer
flow stopped (V) to allow adsorption and reaction with surface layer (reaction
adapted from the literature)? then resumed (V) for ca. 10 min before voltammetry.
Potential cycled 26 times between 0.91 and 0.31 V vs. SHE (green dashed lines).
Arrows indicate start of selected cycles and correspond to numbering in top inset.
Lower inset relates activity and dissipation as in Fig. 2. Other conditions as in Fig. 2.
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dropped off rapidly (Fig. 3A inset), diminishing by 80% in less
than 1 h. The activity versus dissipation trace (Fig. 3B inset)
displayed the same characteristic correlation, again suggesting
that structural changes are responsible for activity loss, even if
they are not accompanied by a large mass loss.

Covalent attachment did not stabilise the catalytic activity. It
also decreased the efficiency of electron transfer from the
electrode to the enzyme. The position of E.,, a characteristic
potential defined by the maximum of the change in current with
potential on a swept-potential voltammogram, shifts by —0.1V,
meaning that the covalently attached enzyme needs a greater
driving force (~10 kJ mol ™) to drive electrocatalysis compared
to the adsorbed sample. The increased charge-transfer resis-
tance is also evident in the shape of the voltammograms in the
inset of Fig. 3A: a more linear, ohmic response dominates the
sigmoid shape characteristic of electrochemical-chemical (EC)
reactions (compare to Fig. 2B).

Reactive dye labelling measurements identified three reac-
tive lysine side chains on MvBOx through which the enzyme
could couple to the surface (see ESIT). All of these groups
position both of the enzyme's electron acceptors more than
2 nm from the electrode surface, too far for interfacial electron
transfer rate compatible with biochemical processes.*

Controls using catalytically inactive bovine serum albumin
(BSA) on 3MPA-layers showed stable frequency and dissipation
traces when the potential was cycled.

The structures of the high-potential MCOs used for fuel cell
cathodes are similar,> so the patterns of activity loss are likely
to be the similar for all three-domain MCOs. For example, lac-
case from Trametes versicolor (TvL) showed similar patterns of
mass and activity loss, though the magnitudes differed (ESIT).
The observed behaviour depends on protein structure and
electrode composition, however. For example, covalent attach-
ment by amide linkage stabilised a [NiFe] hydrogenase over 2 h
in response to potential steps up to 250 mV,* and covalently
bound [FeFe] hydrogenases showed activity decay time
constants ranging from hours to days depending on immobi-
lisation method." in activity that was attributed to fast desorp-
tion and slower denaturation processes.

Also, an enzyme can be stabilised by its immediate envi-
ronment: surface modifications and buffered polyelectrolytes
let some fuel cell enzymes retain some activity for months.*>
The current goal, therefore, is to relate extended catalytic
stability to enzyme structure and the enzyme's interface with
the electrode and other surroundings.

Conclusions

We applied E-QCM-D as a real-time probe of the potential-
dependent stability of enzymes used as catalysts in fuel cell
cathodes. The catalytic activity of MvBOx drops rapidly when the
applied potential is cycled to simulate variable loads on a fuel
cell cathode. Although this activity loss was accompanied by
some loss of mass from the adlayer, covalent attachment did
not improve catalytic stability and also resulted in lower power
output because of longer distances for interfacial electron
transfer. Catalytic activity decreased even when the adlayer's
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mass remained stable, such as when the applied potential was
constant. Decreasing catalytic activity always correlated with
increasing layer stiffness, implicating structural rearrange-
ments over desorption as the primary mechanism of activity
loss. These observations suggest that without additional treat-
ment or overpotential limits, MCO-coated cathodes may be
unsuitable for long-term power generation in enzymatically
catalysed fuel cells.
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1 The dissipation trace for enzyme loadings greater than about 0.6 mg (10 nmol)
initially spikes but returns to a stable baseline in about 10 min, indicative of
loosely bound protein (ESIf). The value of Ad™ is taken from the post-spike
baseline.

§ Reduction current magnitudes above 110 pA produced CV scans with a flattened
shape indicative of mass-transport polarisation, so the current at 0.4 V vs. SHE on
the reductive sweep was used for activity loss calculations.
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