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Laccase Inhibition by As*”As’*: Determination of Inhibition Mecha-
nism and Preliminary Application to a Self-Powered Biosensor

Tao Wang, Ross D. Milton, Sofiene Abdellaoui, David P. Hickey and Shelley D. Minteer *
Departments of Chemistry and Materials Science and Engineering, University of Utah, 315 S 1400 E Room 2020, Salt Lake

City, UT, 84112, USA. E-mail: minteer@chem.utah.edu.

ABSTRACT: The reversible inhibition of laccase by arsenite (As3+) and arsenate (Ass+) is reported for the first time. Oxygen-
reducing laccase bioelectrodes were found to be inhibited by both arsenic species for direct electron transfer bioelectrodes (using
anthracene functionalities for enzymatic orientation) and for mediated electron transfer bioelectrodes (using ABTS as an electron
mediator). Both arsenic species were determined to behave via a mixed inhibition model (behaving closely to that of uncompetitive
inhibitors) when evaluated spectrophotometrically using ABTS as the electron donor. Finally, laccase bioelectrodes were employed
within an enzymatic fuel cell, yielding a self-powered biosensor for arsenite and arsenate. This conceptual self-powered arsenic
biosensor demonstrated LODs of 13 pM for arsenite and 132 uM for arsenate. Further, this device possessed sensitivities of 0.91 £

0.07 mV/mM for arsenite and 0.98 + 0.02 mV/mM for arsenate.

Arsenic is a commonly occurring groundwater pollutant
largely originating from mines, industrial waste and other nat-
ural processes.” > Arsenic is present in the environment in both
organic and inorganic forms. Among polluting inorganic arse-
nic species, arsenate and arsenite are the most common and
toxic forms in groundwater,’ therefore their environmental
monitoring is necessary. Electrochemical monitoring of arse-
nic in water has been extensively studied and different electro-
chemical techniques have been evaluated for their suitability
of detecting arsenic in environmental samples, such as polar-
ography,* > and cathodic or anodic stripping voltammetry.*’
Electrochemical detection techniques for arsenic have been
transplanted to microarray platforms aimed at portable and
field-deployable sensing purposes as opposed to high sensi-
tivity applications (such as spectroscopic and chromatographic
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Scheme 1 — Direct electron transfer-type laccase bioelectrodes are
inhibited by arsenite and arsenate.

techniques), where portability is often troublesome.*’

Electrochemical arsenic sensors typically consist of a three-
electrode system including a working, reference and counter
electrode. A potentiostat is required to input energy into the
cell and regulate the sensor. Additionally, a three-electrode
device is bulky, which is unfavorable for field applications and
technologies. In this paper, we aim to transition to self-
powered systems for arsenic sensing.

An enzymatic fuel cell (EFC) utilizes enzymes as biocata-
lytic alternatives to commonly-used metal catalysts, such as
platinum. EFCs are compact two-electrode systems that gener-
ate power. Self-powered biosensors based on EFC technology
thus do not require an external electrical energy source.'®”
Previous studies on self-powered biosensors have demonstrat-
ed that they are able to be fueled or inhibited by an analyte.z}28
EFCs that are fueled by glucose have been extensively report-
ed””' and some have been extended to self-powered biosen-
sors.””** A large number of glucose/O, EFCs utilize laccase as
the cathodic biocatalyst for O, reduction to H20.33‘ 3540 Herein,
we report the first experimental evidence of the enzymatic
inhibition of laccase by both arsenite and arsenate. The enzy-
matic inhibition model was elucidated using 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) as a substrate
for colorimetric assays. Further, laccase was combined with
flavin adenine dinucleotide-dependent glucose dehydrogenase
(FAD-GDH) to yield a glucose/O, EFC that is able to operate
as a conceptual self-powered biosensor for arsenate and arse-
nite detection.

Experimental section

Chemicals and materials.
FAD-dependent glucose dehydrogenase (FAD-GDH) was
purchased from Sekisui Diagnostics (UK) and used as re-
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ceived. Toray carbon paper (untreated) was purchased from
Fuel Cell Earth (USA) and used as received. Hydroxyl-
functionalized multiwalled carbon nanotubes were purchased
from Cheaptubes and used as received. Tetrabutylammonium
bromide-modified Nafion (TBAB-Nafion) was prepared as
previously reported.*" All other chemicals were purchased
from Sigma Aldrich (reagent grade) and used as received.
Laccase bioelectrode fabrication.

Laccase bioelectrodes are fabricated based upon a previous-
ly-published procedure: 20 mg/ml laccase in pH 5.5 citrate-
phosphate buffer was mixed with 100 mg/ml anthracene-
functionalized multi-walled carbon nanotubes (Ac-MWCNTs)
and vortex-mixed for a total of 4 mins along with sonication
for a total of 1 min.*' The resulting mixture was then mixed
with 25% v/v TBAB-Nafion, vortex-mixed for an additional
minute and sonicated for an additional 15 s. Then approxi-
mately 33 pL of the mixture is applied to a 1 cm® square of
Toray carbon paper surface via brush and dried under room
temperature before evaluation.

FAD-GDH bioanode fabrication.

Dimethylferrocene-functionalized linear poly(ethylenimine)
(FeMe,-LPEI) was synthesized and FAD-GDH bioelectrodes
were prepared, as previously reported.*

The FAD-GDH bioanodes were fabricated by mixing 10
mg/ml FAD-GDH, 30 mg/ml ferrocene redox polymer and
10% v/v EGDGE in a ratio of 56:24:3. A 10 pL aliquot of this
mixture was applied to a 0.25 cm” Toray paper electrode sur-
face and dried for 12 hr at room temperature. Electrodes were
rinsed immediately before use.

UV-Vis assay for determining laccase inhibition mecha-
nism.

UV-Vis kinetic assays were performed on a BioTex Syner-
gy HTX multiplate reader. The absorbance of ABTS was
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Figure 1 - Representative cyclic voltammograms of laccase bioelec-
trodes in citrate-phosphate buffer (200 mM, pH 5.5, stirred) in the pres-
ence of 50 mM arsenate (blue line) or 50 mM arsenite (red line). Inhibit-
ed laccase bioelectrodes were rinsed and evaluated in fresh citrate-
phosphate buffer (representative dataset presented as dashed black line
for As®* and As”" inhibited bioelectrodes). All electrodes were evaluated
at a scan rate of 5 mV/s.

measured at 420 nm and ABTS concentrations were: 500, 100,
40, 20, 10, 4 pM. The concentrations of arsenite and arsenate
tested were 0.5, 1, 2, 4, 8, 12 mM and the concentration of
laccase was 13 pg/ml. All tests were performed in citrate-
phosphate buffer (200 mM pH 5.5).

Electrochemical measurements.

A conventional 3-electrode configuration was used for cy-
clic voltammetry and amperometric i-t experiments. A saturat-
ed calomel electrode (SCE) was used as the reference elec-
trode and a platinum mesh was used as the counter electrode.
Enzymatic fuel cells were evaluated by galvanostatically
drawing increasing current from the device at a slow ramp rate
(0.1 pA/s) until short circuit. The self-powered biosensor was
evaluated by continuously drawing 10% of the maximum cur-
rent density of the enzymatic fuel cell and monitoring the po-
tential difference with increasing concentrations of arsenite of
arsenate. All experiments were performed at 22 + 1 °C.

Results and discussion:
Determination of laccase inhibition reversibility.

Laccase is known to be able to undergo both mediated and
direct electron transfer (MET and DET).** Laccase bioelec-
trodes are prepared using AcCMWCNTs to orientate the type 1
copper center of laccase towards the electrode surface.* This
favorable orientation results in DET of laccase, yielding a
bioelectrode that is able to undergo the direct bioelectrocata-
lytic reduction of O, to H,O (Figure 1).
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Figure 2 - Spectroscopic determination of apparent Michaelis-Menten
kinetics for the oxidation of ABTS with different concentrations of A)
arsenite or B) arsenate present. Kinetics were determined at pH 5.5, by
following the enzymatic oxidation of ABTS at 420 nm.
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Figure 3 - Lineweaver-Burk double reciprocal plot of the reduction
of O, by laccase, monitored by following ABTS oxidation in citrate-

phosphate buffer with differing concentrations of A) arsenite and B)
arsenate. Data presented as mean (n=3).

The reversibility of arsenic inhibition to laccase was first
investigated by evaluating laccase bioelectrodes in buffer (in
the absence of arsenate or arsenite). Laccase bioelectrode that
are immersed in buffer that contains dissolved O, results in a
catalytic reductive wave, due to the direct bioelectrocatalytic
reduction of O, to H,O by laccase (onset potential of approxi-
mately +600 mV vs. SCE). The addition of arsenite or arsenate
yields a decreased catalytic response for O, reduction, due to
enzymatic inhibition. Replacing the buffer with arse-
nate/arsenite-free buffer returns the catalytic current generated
by O, reduction to approximately 100%, demonstrating the
reversibility of the inhibition mechanism.

Analytical Chemistry

A) Sequential arsenite injection
600 - / o]
<« 5004 b
£ o~ 3
o X 604 '
< 4004 = .
= = 404 i,
$ 3004 L
(=] .
= .
o 2004 2 4 6 8 10 12
5 [Arsenite] (mM)
O
100 4 0, purge
N, purge
N /
0 L T T 1
2000 4000 6000 8000
Time (s)
100 .
B) Sequential arsenate injection 95 A‘;
480 4
§ 404 My,
< :
2 4004 4
172}
5 :
2 4 6 8 10 12
.D.. 360 4 [Arsenate] (mM)
c
o
5
O 3204
4 O, purge
809
404
N, purge . . . .
2000 4000 6000
Time (s)

Figure 4 - Representative amperometric i-t curves of laccase bioelectrodes
with successive injections of A) arsenite and B) arsenate. (Inset figure:
Averaged percentage change of each laccase electrode with injections of
A) arsenite and B) arsenate). Experiments were performed at pH 5.5 (200

mM citrate-phosphate buffer), under hydrodynamic (stirred) conditions.

Determination of laccase inhibition mechanism of arse-
nate and arsenite via UV-Vis colorimetric assay.

After electrochemically determining the reversibility of lac-
case inhibition by arsenate and arsenite, UV-Vis colorimetric
assays were performed utilizing ABTS as the electron donor.
An apparent rate versus arsenite and arsenate concentration is
presented in Figure 2. Increasing concentrations of arsenite
and arsenate (from O to 12 mM) result in decreasing Vmax
from approximately 1.02 £ 0.08 abs/min to 0.13 = 0.00
abs/min for arsenite and from 1.16 + 0.06 abs/min to 0.66 +
0.04 abs/min for arsenate (Figure 2 and Table 1). Additionally,
the Michaelis constant (Ky) also decreases, which is indicative

|Arsenite] 0 mM 0.5 mM 1 mM 2 mM 4 mM 8§ mM 12 mM
Viax (@bs/min) 1.02+0.08 | 0.99+0.07 0.92 +£0.04 0.78 £0.02 0.59 +0.05 0.27 £0.01 0.13+0.0
Ky (mM) 232+57 21.7+4.9 213+3.5 19.7+2.1 158 +£5.1 126 £1.6 102+1.0
[Arsenate] 0 mM 0.5 mM 1 mM 2 mM 4 mM 8§ mM 12 mM
Vnax (abs/min) 1.16 £0.06 1.15+0.06 1.15+0.07 1.15+0.07 0.93 £0.09 0.77 £0.05 0.66 £ 0.04
Ky (mM) 314+£52 32.6+52 30.6 £5.6 303+5.5 21.3+64 15.6 £3.8 149+29

Table 1 - V.« and Ky values of O, reduced by laccase monitored by following the absorbance of ABTS in citrate-phosphate buffer, the data is obtained

with non-linear regression fitting.
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Figure 5 - Representative cyclic voltammograms of FAD-GDH
bioanodes in citrate-phosphate buffer (pH 5.5, 200 mM) without
glucose (black line), with 100 mM glucose (blue line), with 100 mM
glucose and 5 mM arsenite (red line), and with 100 mM glucose and
5 mM arsenate (pink line). All experiments were performed at 10

T i 49, 50
of an uncompetitive inhibition mechanism.”™ * To further

elucidate the inhibition mechanism, Lineweaver-Burk double-
reciprocal plots were evaluated for differing concentrations of
each inhibitor (Figure 3). A convergence of data sets on the Y-
axis of Lineweaver-Burk plots is typical of a competitive inhi-
bition mechanism, while convergence of related data sets on
the X-axis is indicative of a non-competitive inhibition mech-
anism. Analysis of the Lineweaver-Burk double-reciprocal
plots indicate a mixed inhibition model (incorporating both
uncompetitive and noncompetitive inhibition models), alt-
hough the nonlinear regressions performed above suggest the
inhibition model lay nearer to that of an uncompetitive inhibi-
tion model. The K; value for laccase inhibition by arsenic was
determined for a mixed inhibition model (by non-linear re-
gression), with 2.3 + 1.4 mM reported for arsenite and 15.4 £
10.1 mM reported for arsenate. R’ values for individual Mich-
aelis-Menten fittings are reported in Table 2. An uncompeti-
tive inhibition model fit by non-linear regression yielded over-
all R values of 0.9617 for arsenate and 0.9420 for arsenite (n
=3).
Laccase inhibition monitored by amperometry.

Subsequently, amperometric i-t analysis (Figure 4) was per-
formed at 0.2 V (vs. SCE) with consecutive injections of either
arsenate or arsenite. At this potential O, is reduced to H,O by
the laccase biocathodes. Following the introduction of oxygen
into the nitrogen-purged buffer, a catalytic current is observed
corresponding to the direct bioelectrocatalytic of reduction of
oxygen by laccase. With each subsequent injection of arsenite
or arsenate, a decrease in catalytic current is observed with
arsenite/arsenate concentrations ranging from 0.5 to 11 mM.
The corresponding catalytic currents decrease for the laccase
biocathodes in the range of 5-90% current for arsenite and 2-
30% current for arsenate. The laccase bioelectrodes exhibited
sensitivities of 46.9 + 7.0 pA/mM and 10.6 = 1.2 pA/mM for

A) 460
450
&
1S
©
S 1402
= e
S 2
o 30 —
3 g
g 3
420 5
=
(o]
110 &
L) T L) L)
0 50 100 150 200 250 300
Current density (uA/cm?)
B) 0.550 100.0 "
995 ] i
0.545 4 o ",
0.540 4 s 985 ** {
— g 980 { *
2 05354 > a1 hii
S g
T 0530+ i
o
(o]
a

é é 10 1'2 1'4 1'6 (‘E 2'0 2'2
[Arsenate] (mM)

0.520
0.515-
0.510 ; : r
0 1000 2000 3000
Time (s)
0) 0.570 - 1oy
0.565 - w5l W,
0.560- wol  fo,
L ]
0.555 4 g :Z ii*}
S 0.550 Z {”
S ty,
= t
2
(e}
o 2 4 6 8 10 12 14 16 18 20 22

[Arsenite] (mM)

0 1000 2000 3000
Time (s)

Figure 6 — A) Representative polarization curve for a glucose/O,
EFC (black solid line), operating in citrate-phosphate buffer (pH
5.5, 200 mM, stirred) containing 100 mM glucose. Corresponding
power curves are presented as dashed lines. EFCs were also operat-
ed in the presence of 20 mM arsenite (red lines) and 20 mM arse-
nate (blue lines). Representative chronopotentiometric traces are
presented for EFCs operating at 10% current draw with sequential
injections of B) 1 mM arsenite C) and 1 mM arsenate. Inset graphs
present the averaged percentage change of the EFCs’ potential
differences with arsenic injections. Error bars represent standard
deviation (n = 3 electrode pairs).

arsenite and arsenate, respectively. Their corresponding linear
dynamic ranges were approximately 0.5 — 5 mM arsenite (R* =
0.9923) and 0.5 — 8 mM arsenate (R2 =0.9894).

[Arsenite] 0 0.5 1 2 4 8 12
R’ 0.9317 0.9635 0.9635 0.9499 0.8358 0.2593 0.9557
[Arsenate] 0 0.5 1 2 4 8 12
R’ 0.9787 0.9801 0.9774 0.9620 0.8710 0.9330 0.9624

Table 2- R? values for the non-linear regression fitting of laccase activity monitored by UV under different concentration of arsenite and arsenate
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Finally, additional amperometric experiments were per-
formed to further elucidate the enzymatic inhibition model
(Supplemental Information). Laccase bioelectrodes were pre-
pared in the absence of anthracene-functionalities on the
MWCNTs (to eliminate DET contributions) and enzymatic
bioelectrocatalysis was facilitated with injections of ABTS as
the electron mediator and substrate (under constant O, concen-
trations) in the presence of arsenite (Figure S1 A) and arsenate
(Figure S1 B). R* values for multiple inhibition models ap-
plied to this data by non-linear regression fits are presented in
Table S1, where mixed inhibition models had the greatest cor-
relation for both inhibitors.

Self-powered laccase arsenite and arsenate sensor.

Following the determination of the inhibition mechanism
for laccase, previously-reported FAD-GDH bioanodes (incor-
porating a ferrocene redox polymer for MET) were coupled
with laccase biocathodes (undergoing DET), yielding glu-
cose/O, EFCs operating on 100 mM glucose.*”” The bioanodes
and biocathodes were prepared on Toray carbon paper elec-
trodes, with the biocathodes as the limiting components (for
enhanced arsenite/arsenate sensitivity). Figure 5 demonstrates
the mediated bioelectrocatalytic oxidation of glucose by FAD-
GDH, where the presence of arsenite and arsenate do not af-
fect enzymatic activity. Figure 6A presents a polarization and
resulting power curve for the glucose/O, EFC, in the absence
and presence of arsenite/arsenate. EFCs were evaluated gal-
vanostatically, by drawing gradually increasing current from
the EFC until short circuit (ramp rate of 1 pA/s). The EFCs
possessed open circuit potentials (OCPs) of 723.3 £ 4.5 mV.
The maximum current and power densities were 289.7 + 12.4
pA ecm-2 and 57.2 + 1.9 pW cm™ (mean =+ standard deviation,
n=73).

As a self-powered sensor that does not require any external
energy source to operate, only 10% of the maximum current is
drawn from the glucose/O, EFC and the potential difference is
monitored as a function of time (Figure 6B and C). With 10%
of the maximum current withdrawn from the biofuel cell, it
can be seen that the biofuel cell retains approximately 73% of
its OCP. Successive aliquots of arsenite or arsenate are inject-
ed into the electrolyte/buffer/fuel solution, which results in a
decrease in potential difference of the EFC. For arsenite or
arsenate at a final concentration of 1 mM to 20 mM, a de-
crease in the potential difference of the EFC of 20 mV is ob-
served. To eliminate variation between each EFC, the percent-
age change of the initial OCP of EFC is averaged and plotted.

Differences in the inhibitory effects of arsenic for the self-
powered EFC experiments and the amperometric laccase ex-
periments are due to the experimental conditions employed
(potentiostatic and galvanostatic), where galvanostatic exper-
iments are continuously changing the potential of the bioelec-
trode. The continuously changing potential difference between
the T1 Cu site of laccase and the electrode architecture contin-
uously alter the catalytic turnover of the bioelectrodes and by
default, alter the effects of the inhibitors at the bioelectrodes. '

Conclusions.

In conclusion, this article reports the enzymatic inhibition of
laccase and laccase bioelectrodes (DET type) by both arsenite
and arsenate, for which a mixed inhibition model (with prefer-
ence towards an uncompetitive inhibition model) was deter-
mined by UV-Vis spectrophotometric assays. The laccase

Analytical Chemistry

biocathodes were then employed within a glucose/O, EFC,
yielding a self-powered arsenite/arsenate biosensor. The de-
vice possessed LODs of 13 pM for arsenite and 132 pM for
arsenate, with sensitivities of 0.91 + 0.07 mV/mM for arsenite
and 0.98 + 0.02 mV/mM for arsenate, capable for detection
acute arsenite and arsenate poisoning.”> Linear dynamic ranges
for the EFCs were evaluated for 1 — 20 mM arsenite (R2 =
0.9934) and 1 — 8 mM arsenate (R2 = 0.9810). Further, the
device only operated at 10% current draw of the maximum
current density of the EFC.

While this conceptual study demonstrates how the inhibition
of laccase and laccase bioelectrodes by arsenite and arsenate
can yield a self-powered biosensor for their detection, future
studies will address the suitability of this system in actual field
samples as well as develop an array system to investigate the
possible effect of other contaminants on the self-powered bio-
sensor (i.e. fluoride). Interference from chloride is expected to
minimal, because the use of anthracene as an orientation moie-
ty has been demonstrated to be able to out-compete chloride
inhibition (which acts as a competitive inhibitor).”
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