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g r a p h i c a l a b s t r a c t
� A novel screen printed microband
array biosensor for in situ total
phenol estimation in weakly sup-
ported media was developed.
� Numerical simulations using the
finite element method with new pe-
riodic boundary conditions were
performed.
� The use of the biosensor for tap water
quality monitoring was
demonstrated.
� The biosensor showed correlation
with a standard method for total
phenol analysis of wastewater
samples.
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a b s t r a c t

The monitoring of phenolic compounds in wastewaters in a simple manner is of great importance for
environmental control. Here, a novel screen printed laccase-based microband array for in situ, total
phenol estimation in wastewaters and for water quality monitoring without additional sample pre-
treatment is presented. Numerical simulations using the finite element method were utilized for the
characterization of micro-scale graphite electrodes. Anodization followed by covalent modification was
used for the electrode functionalization with laccase. The functionalization efficiency and the electro-
chemical performance in direct and catechol-mediated oxygen reduction were studied at the microband
laccase electrodes and compared with macro-scale electrode structures. The reduction of the dimensions
of the enzyme biosensor, when used under optimized conditions, led to a significant improvement in its
analytical characteristics. The elaborated microsensor showed fast responses towards catechol additions
to tap water e a weakly supported medium e characterized by a linear range from 0.2 to 10 mM, a
sensitivity of 1.35 ± 0.4 A M�1 cm�2 and a dynamic range up to 43 mM. This enhanced laccase-based
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microsensor was used for water quality monitoring and its performance for total phenol analysis of
wastewater samples from different stages of the cleaning process was compared to a standard method.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Improving water resourcemanagement and increasing access to
safe drinking water and basic sanitation areworld-wide issues with
the potential to improve the quality of life of billions of individuals
[1]. The European Union Water Framework Directive, currently
being implemented by all the Member states, addresses the man-
agement and protection of raw water supplies. This requires
monitoring of both raw water and drinking water.

The monitoring of phenolic compounds in raw waters and
wastewaters is of great importance for environmental control due
to their wide use in industry and natural occurrence in various
compounds [2]. The major anthropogenic sources of phenols are
industrial waste from the pulp and paper, mineral and petroleum
industries [3]. Many phenols are hazardous for humans, animals,
plants and microorganisms and therefore the detection of low
concentrations of phenols in water is an important issue [4]. Due to
the high toxicity of phenols, there are many specific regulations
regarding the phenol concentrations permitted in drinking and
wastewaters. The European Council directives have set a limit of
0.5 mg L�1 for total phenol concentration in drinking water [5] and
0.1 mg L�1 for phenols in wastewater [4].

Various methods have been used for the determination of
phenols in aqueous samples including traditional spectrophoto-
metric methods [6] and high-performance liquid chromatography
[7,8]. However, for rapid, specific and simple detection of phenolic
compounds, biosensors present a more promising approach. A
number of biosensors have been developed for phenol detection
based on enzymes such as tyrosinase, peroxidase and laccase [9].
Laccase is used in the work presented here and is an enzyme
containing copper at its active site, which catalyzes the reduction of
molecular oxygen to water without the intermediate formation of
hydrogen peroxide, thus simplifying the construction of a laccase-
based biosensor [10]. Laccase has a broader substrate specificity
than tyrosinase and peroxidase [11] and catalyzes the oxidation of
various phenolic compounds, such as o-, p- and some m-diphenols,
aminophenols, polyphenols, as well as phenol [12]. Laccase is
therefore a candidate for total phenol measurements. A variety of
biosensors for water sample analysis using laccase as a bio-
recognition element have been reported recently [11,13e17].
(Table 1).

A general drawback of previously reported biosensors for
phenol detection is their insufficient limits of quantification for
phenols in water samples and the need for addition of electrolyte
in the samples to enable the analysis. One way to improve the
quantification limit and to overcome the need of additional elec-
trolyte is by using microelectrodes, which exhibit a better signal/
noise ratio than conventional-sized electrodes because they
minimize the active surface area and the concomitant noise
associated with the double layer capacitance, while enhancing
mass transfer via multidimensional diffusion along directions
where the electrode dimensions are small relative to the diffusion
layer thickness [18]. However, immobilization of macromolecules
such as enzymes onmicroelectrodes while retaining their catalytic
activity is still a key challenge in the development of
microelectrode-based biosensors [19]. There are only a couple of
works in the literature on immobilization of laccase on
microelectrodes. Kubota et al. [20] have investigated laccase
immobilization on carbon-fiber microelectrodes (CFMEs, 10e20
fibers, 5 mm in length, 8 mm in diameter) via different immobili-
zation techniques. The highest biosensor response was obtained
using carbodiimide/glutaraldehyde for immobilization. The
biosensor had a linear response to catechol between 1 and 90 mM
with a sensitivity of 16 nA mM�1. In another work [21], laccase was
immobilized on CFMEs (7 mm in diameter and ca. 1.5 mm in
length) by cross-linking of enzyme, bovine serum albumin and
glutaraldehyde onto the single wall nanotube-modified CFMEs for
the construction of a biofuel cell. However, the CFMEs utilized in
both studies did not exhibit microelectrode behavior consistent
with convergent mass transport, and thus are not suitable for
analysis in electrolyte-free media. To the best of our knowledge,
there is no previously reported work on a biosensor for phenol
detection in weakly supported media without additional sample
pretreatment, such as addition of electrolyte.

The microband design of microelectrodes [22] is a cost-effective
and easily-fabricated compromise combining convergent mass
transport, due to the microscale width as the critical dimension
[23], and high output currents due to the macroscopic length.
Among the various techniques available for microband electrode
fabrication [24], screen printing stands out as an inexpensive
approach [25]. The application of cross cutting [26e28] to deliver
micro-scale thickness overcomes the problem of the insufficient
resolution of screen printing in the lateral dimensions (approx.
50 mm).

In this study, we report on the development of a novel laccase-
based microscale biosensor operating under a convergent diffusion
regime. Screen printing followed by cross cutting was utilized for
the fabrication of graphite microbands as a platform for further
covalent immobilization of laccase. Numerical simulations utilizing
the finite element method with a modified diffusion domain and
new periodic boundary conditions developed for electrode arrays
were used for modeling the voltammetric response of the devel-
oped microband electrodes. The diffusion domain approach is
widely used for the simulation of microelectrode arrays [29e32].
Anodization followed by covalent modification via N-ethyl-N’-(3-
dimethylaminopropyl)carbodiimide/N-hydroxysulfosuccinimide
(EDC/NHS) chemistry was used for the electrode modification with
laccase. Direct and mediated laccase bioelectrocatalytic oxidation
of phenols was studied on macro- and microscale graphite elec-
trodes. Significant enhancement of the analytical performance was
achieved by the establishment of convergent diffusion at the
microscale sensor which allowed, for the first time, the use of the
developed amperometric biosensor for the direct analysis of
weakly supported water samples without sample pretreatment.
Finally, the developed microsensor was utilized to monitor
phenolic compounds in wastewaters from different stages of the
cleaning process.
2. Experimental

2.1. Reagents

All inorganic salts, N-hydroxysulfosuccinimide (NHS) sodium
salt, 1-(3-dimethylaminopropyl)-3 ethylcarbodiimide (EDC), 1,1’-



Table 1
Analytical performance of different laccase based electrodes toward catechol.

Electrode description Detection
limit, mM

Dynamic
range,
mM

Sensitivity,
A
M�1 cm�2

Storage stability Water sample analyzed Reference

Polydopamine/Lac-
NiNPs/carbon
nanofiber

0.69 1e910 0.025 30 days in 0.2 M acetate buffer (pH 5.5)
at 4 �C

Tap water and lake water after filtration with membrane and
2-fold dilution with 0.2 M acetate buffer (pH 5.5)

[13]

Lac/reduced GO/
chitosan/GCE

7 15e700 0.223 1 week in 0.1 M HACeNaAC buffer
solution (pH 4.5) at 4 �C

Tap water and lake water spiked with 0.5 and 1.0 mgmL�1 of
hydroquinone in the HACeNaAC buffer (pH 4.5)

[14]

Polyethyleneimine-
AuNPs-Lac/GCE

0.03 0.36e11 e 90 days in air at 25 �C Tap water, mineral and urban drainage water spiked with
0.8 mM of catechol were added to 0.1 M acetate buffer (pH
5.0)

[15]

Glutaraldehyde/Lac-
NSTP/Au

0.05 0.1e100 0.0025 8 days in 0.05 M phosphate buffer at
4 �C

Olive oil mill wastewaters diluted with 0.1 M citrate buffer
(pH 5.0)

[16]

Lac/SAM/Au 13 e 0.0115 One month in dry state at 4 �C Surface water and industry wastewater 5-times diluted by
50 mM phosphate buffer (pH 6.5)

[11]

Lac-polyaniline/thick
film interdigitated

e 0.2e1 e e Synthetic waste water diluted by 0.1 M acetate buffer (pH
4.5)

[17]

Lac/NHS-EDC/MBA 0.009 0.2e110 0.770 2 weeks in dry state at 4 �C, one month
in 0.1 M acetate buffer (pH 5.0) at 4 �C

Tap and waste waters directly, without additional sample
pretreatment

This work

Lac e laccase, NPs e nanoparticles, GO e graphene oxide, GCE e glassy carbon electrode, NSTP - N-succiniimidyl-3-thiopropionate, SAM e self-assembled monolayer.
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ferrocenedimethanol, catechol and laccase from Trametes versicolor
(activity � 10 U mg�1), were purchased from Sigma (Sweden). All
chemicals were of reagent grade and used as received. Experiments
were carried out with Milli-Q water from a Millipore Milli-Q
system.

Waste water samples were obtained from the sewage treatment
pilot plant at Hammarby Sj€ostad (Sweden) and used as received.

2.2. Apparatus

The graphite microband arrays (MBA) were screen printed as
described previously [25]. Briefly, carbon composite working elec-
trodes were screen printed from graphite ink (7102 Carbon,
DuPont) through a patterned stencil onto a polyethylene tere-
phthalate (Hostaphane GN, Mitsubishi Polyester Film GmbH)
plastic substrate. The printed structures were cured for 4 min at
130 �C, followed by screen printing of 5 layers of insulation ink
(5018 A Dielectric, DuPont) on top of the graphite and then curing
in UV (Aktiprint T). Arrays of 10 microbands with lengths of 0.6 and
0.8 mm, respectively, and 0.4 mm gap were fabricated (Fig. 1A). The
graphite screen printed microband arrays were used as working
electrodes after cutting normal to the substrate surface with office
scissors. The microband working electrode was then connected to
the potentiostat using a conductive adhesive tape and crocodile
clips. An Autolab type III potentiostat system (Autolab, EcoChemie,
Netherlands) was used for cyclic voltammetry (CV) and chro-
noamperometric measurements. The measurements were per-
formed within a Faraday cage to reduce noise from surrounding
equipment. It is possible, however, to use the microband electrode
array without a Faraday cage as well for measurements in the field.
Recovery of the microband electrode arrays was achieved by cut-
ting a small portion of the working electrode in order to produce a
new graphite surface.

A glassy carbon graphite disk electrode (GCE, diam. 3 mm, CH
Instruments, Inc., USA) and a screen printed graphite disk electrode
(SPD, diam. 4 mm, DropSens, Spain) were used as working elec-
trodes of macroscopic dimensions. The GCE was successively pol-
ished with alumina powders (1.0 and 0.03 mm) followed by
ultrasonication in pure water before use. An Ag/AgCl electrode in
3 M KCl, a saturated calomel electrode (SCE) (Radiometer, Copen-
hagen) or a platinum wire were used as reference electrode. A
platinum wire was used as counter electrode.

GCE, SPD and MBA pretreatment was done by applying anodic
potentials (ranging from þ1.2 to þ2.0 V) for 30 s in 0.05 M
phosphate buffer solution (pH 7.0) [33]. In addition GCE pretreat-
ment was also done by a 5min potential pulse at 1.8 V followed by a
1 min potential pulse at �1.5 V in 0.05 M phosphate buffer solution
(pH 7.0) [34].

2.3. Assessment of the surface concentration of carboxylic groups

The toluidine blue (TB) method [30,35] was utilized for the
estimation of the amount of carboxylic groups on the electrode
surfaces. Pretreated electrodes were soaked in 0.5mMTB in 0.1mM
NaOH overnight for TB binding. Then the electrode surface was
washed with 0.1 mM NaOH solution and pure water twice. The
amount of TB molecules attached to the electrode surface was
estimated by optical and electrochemical measurements assuming
1:1 stoichiometry of the TB-carboxylic group complex.

In the optical protocol, 100 mL of 50% acetic acid was added to
remove the TB dye from the carboxyl groups on the surface of the
electrode. The optical density of the solution was measured at
630 nm using a microplate reader. The concentration of released TB
was determined using a calibration plot. For the electrochemical
protocol, a scan rate study of the voltammetric response of the TB-
modified electrodes allowed an estimation of the surface coverage
[36].

2.4. Laccase activity assay

One unit of laccase activity was defined as the amount of
enzyme oxidizing 1 mmol substrate perminute. Suitable amounts of
enzyme necessary to obtain an absorbance of 0.4e1.0 after
approximately 1.5 min was used in all photometric measure-
ments. The ABTS (ε420 ¼ 36000 M�1 cm�1) test was performed in
100 mM acetate buffer at pH 5.0 with 0.8 mM final concentration of
the substrate [37]. The laccase activity was found to be 10.5 ± 0.4
U mg�1.

2.5. Laccase immobilization

Enzyme immobilization onto the electrode surface was done via
EDC/NHS coupling between amine groups of laccase and the car-
boxylic groups of the pretreated electrodes [38]. The GCE, SPD or
MBA electrodes were left in 5 mM NHS and 5 mM EDC solution in
water for 2 h at room temperature for surface modification. After
rinsing with distilled water, the electrodes were left in a laccase
solution in water (100 U mL�1) at 4 �C overnight. The non-



Fig. 1. Microband electrode characterization. A: The layout of the screen printed
graphite microband electrode arrays; B: Simulation domain at a single microband
electrode; C: Experimental and simulated voltammetric responses (solid and dashed
curves, respectively) of ferrocenedimethanol at the graphite microband electrode
(0.1 M HCl, 1 mM FcDM, scan rates: 50 mV/s (red and blue curves) and 200 mV/s (black
curves); Inset: voltammetric response at the graphite disk electrode.
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immobilized enzyme was removed by repeated washing with
deionized water. The laccase-modified electrodes were stored at
4 �C in 0.1 M acetate buffer solution (pH 5.0) when not in use. The
fabrication time for the MBA-based biosensor was minimum 10 h.
2.6. Real sample analysis

As a reference method for phenols detection, gas chromatog-
raphyemass spectrometry tandem mass spectrometry (GCeMS/
MS) (triple quadrupole) in electron impactmode andmulti reaction
monitoring was used. The GC instrument was an Agilent Technol-
ogy 7890 A connected to an Agilent 7000 A mass spectrometer and
an Agilent 7683B autoinjector. The water samples were concen-
trated in a solid phase column at pH 2 prior to measurements. The
sample was eluted from the column with organic solvents. The
eluate was dried over sodium sulfate before derivatization with N-
Methyl-N- (trimethylsilyl) trifluoroacetamide. The derivatized
sample was analyzed by GCeMS/MS.

For electrochemical measurements a platinum wire was used
for analysis of water samples as a pseudo-reference electrode
instead of separate counter and reference electrodes. The applied
potential used for amperometric measurements was �0.4 V (vs the
Pt wire), which corresponds to 0 V vs the SCE. A Faradaic cage was
used for the real sample analysis. This was, however, only necessary
in order to substantiate the performance, while in field analysis
high enough signal-to-noise ratios can be achieved by the devel-
oped microband electrodes.

3. Theoretical model of the microband electrodes

A rectangular form of each microband electrode in the array
(Fig. 1A) was assumed with a microband width w of 7 mm [25], a
length l of 0.4 mm and a distance between the electrodes in the
array d of 0.4 mm. In order to describe the voltammetric response
of the MBA, a single electrolyte domain (Fig. 1B) bound to a single
graphite microelectrode and the surrounding in-plane insulator
were chosen.

Both species A and B involved in mass transport undergo a one-
electron redox reaction at the electrode surface:

A ����������!kf

kb
Bþ e� (1)

where kf and kb are the forward and backward rate constants. Only
species A is present in the bulk solution. If the electrode reaction
follows Butler-Volmer kinetics, the rate constants can be defined
as:

kf ¼ k�exp
1�að ÞFðE tð Þ�E�Þ

RT

� �
; kb¼ k�exp

�aFðE tð Þ�E�Þ
RT

� �

(2)

where k� is the standard electron transfer rate constant, a¼0.5 is
the transfer coefficient, F is the Faraday constant, E� is the formal
potential of the redox couple, E(t) is the potential applied to the
microband electrode, R is the gas constant and T (298 K) is the
temperature.

The mass transport of species in Cartesian coordinates is
described by Fick's second law of diffusion:

vcA
vt
¼ V
!�

DAV
!
cA
�

vcB
vt
¼ V
!�

DBV
!
cB
� (3)

where DA and DB are the diffusion coefficients, cA and cB are the
concentrations of the species, respectively.

The boundary condition for eq. (3) at the electrode surface
�
z ¼

0;� l
2 � x � l

2;�w
2 � y � w

2

�
is given by:

�DA n
!

V
!
cA ¼ DB n

!
V
!
cB ¼ kf cA � kbcB (4)

where n! is a normal vector. Zero normal flux at the bottom



A.N. Sekretaryova et al. / Analytica Chimica Acta 907 (2016) 45e53 49
insulator boundary has been assumed:

�DA n
!

V
!
cA ¼ �DB n

!
V
!
cB ¼ 0 (5)

A constant bulk concentration (cA¼1 mM, cB¼0 M) has been
assumed on the top surface of the domain (y2 þ z2 ¼ R2D; z>0). The
initial concentrations in the computational domain are assumed to
be constant and equal to the bulk concentration. Here,
RD ¼ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2t0DA

p
is the maximum extent of the diffusion layer over

the duration of the simulation. A periodic boundary condition has
been set along the x direction in order to take into account the
periodic structure of the microband array:
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(6)

In the CV simulation the electrode surface potential is imposed
to vary back and forth between two potentials with constant scan
rate (Supplementary Note 1). The simulation was performed using
the COMSOL Multiphysics 4.3b software provided by the Swedish
National Infrastructure for Computing (SNIC) at Link€oping Univer-
sity. Eq. (3) with its accompanying boundary conditions eqs.
(4)e(6) was solved using the Transport of Diluted Species interface.
The computation domainwas meshed using a free triangular mesh.
Different sizes of the mesh elements were tested to ensure the
accuracy of the simulation. In order to solve the problem accurately,
the direct MUMPS solver was used.

The average current density for the MBA is assumed to be equal
to the current density for a single microelectrode. Thus, the average
current density could be obtained by surface integration over the
electrode boundary:

j ¼ � F
wl

Z l
2

� l
2

Zw
2

�w
2

DA n
!

V
!
cA
��
z¼0dxdy (7)
4. Results and discussion

4.1. Microband electrode array characterization

One of the possible approaches to achieve performance
enhancement of an electroanalytical system, such as improved
detection limit and increase in sensitivity, is the modification of the
working electrode design to facilitate convergent mass transport.
Shrinkage of the electrode dimensions improves the detection limit
due to an increase of the Faradaic to capacitive current ratio [39,40].
Voltammetric responses of the ferrocenedimetanol redox probe (DA

¼ DB ¼ 7 � 10�6 cm2/s , k� ¼ 2 � 10�2 cm/s, E�¼ 0.255 V) were
studied on the graphite screenprinted electrodes (Fig.1C). TheMBA
showed pronounced sigmoidal voltammetric responses, typical for
micro-scale electrodes with enhanced mass transport of the redox
material to/from the electrode, due to convergent diffusion. The
transition from redox peak currents obtained at the macro-scale
electrode (Inset of Fig. 1C) to the wave-shaped response of the
micro-scale electrode, is due to the enhancement of rates of reac-
tant and product mass transfer to and from the electrode surface
respectively [41], as a result of convergent diffusion. Assuming a
microband electrode width of 7 mm [25], more than two orders of
magnitude larger current density for the redox process was ob-
tained with the micro-scale electrode, which illustrates the sensi-
tivity increase achieved due to convergent diffusion. The
enhancement of the sensitivity at theMBAwas larger than obtained
for charged redox probes (ferro/ferricyanide and hexaaminer-
uthenium) [25], which probably illustrates the different contribu-
tions of surface states to the electrode reaction kinetics. The
observed voltammetric responses on the MBA were still charac-
terized by peak redox currents and a dependence of the currents on
the scan rate. This illustrates that the observed current plateaus are
not true steady-state currents. Thus, although having enhanced
mass transfer, leading to a current density increase, the microband
arrays showed mixed diffusional behavior over the time domain of
the recorded cyclic voltammograms.

The experimental data collected at different scan rates and
anodic limits showed good agreement with simulated voltam-
metric responses obtained with the use of the new model devel-
oped for the MBA. The small difference between numerical and
experimental data could be related to uncertainty in the estimated
values of diffusion coefficient, geometrical parameters of the device
and the initial bulk concentrations. One or a few of these parame-
ters could be varied to fit the experimental data. The concentration
profiles of the reactant species (Fig. A.2) obtained at potentials of
steady-state and zero currents, show highly nonlinear diffusion,
which spreads mostly in the radial direction. Since the distance
between the microelectrodes is large, a small overlapping between
the diffusion clouds is observed only at high scan rates.

Being the critical dimension of themicroscale electrode [23], the
microband electrode width limits the observed current density. In
accordance with our previous findings [25], the modelling revealed
only a minor influence of the distance between themicroelectrodes
and the microband length on the values of the observed current
densities, laying within the error of the utilized method of nu-
merical simulations (data not shown).

The theoretical modelling thus confirms that the rather crudely
produced microbands, in particular the cross cutting with scissors,
do indeed show the expected microband electrode behavior. The
modelling furthermore allows for further electrode development
and a better understanding of the three dimensional reactant
concentrations.

4.2. Electrode pretreatment for covalent laccase immobilization

Different immobilization techniques [20,42,43] and various
electrode materials and configurations [44e46] have previously
been used in the construction of biosensors for phenol detection.
Covalent enzyme immobilization via EDC/NHS chemistry [38] was
chosen for laccase attachment to the electrode surface due to the
fast and easy protocol [20] and the resulting enzyme stabilization.

Carboxylic groups, required for binding the enzyme via EDC/
NHS, were introduced onto the surface of the GCE, SPD and MBA by
anodization at various anodic potentials and quantified by two
electrochemical methods, differential pulse voltammetry (DPV)
[33,34] and TB detection [35].

DPV (Fig. A.3) revealed the presence of a distinct redox peak at
potentials �0.1 V e þ0.1 V depending on electrode surface,
assigned to the carboxylic functional groups [47], appearing after
the pretreatment. The pretreatment of GCE at different potentials
during a short time (30 s) did not lead to any peak appearance.
However, pretreatment by a 5 min potential pulse at 1.8 V followed
by a 1 min potential pulse at �1.5 V [34] led to the appearance of a



Fig. 2. Bioelectrocatalysis on laccase-modified carbon electrodes. A and B represent the schemes of direct electron transfer (DET) and mediated electron transfer (MET), respectively,
Cat and BQ are catechol and benzoquinone, respectively. C: DET on laccase-modified electrodes. Background-subtracted linear sweep voltammograms obtained at laccase-modified
GCE, SPD and MBA (solid, dotted and dashed curves, respectively) in air-saturated buffer. D, E and F: MET on laccase-modified GCE, SPD and MBA respectively. Linear sweep
voltammograms obtained after addition of 0, 10, 50 and 100 mM (black, red, green and blue curves, respectively) of catechol; 0.1 M acetate buffer, the scan rate is 1 mV s�1.
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well-defined response of the oxygen functional groups. In contrast
to the SPD (Fig. A.3B), the MBA showed the presence of a charac-
teristic peak even before anodization (Fig. A.3C), which indicates
the creation of carboxylic groups and mechanical activation of the
graphite surface by the cutting. Increase of the anodization po-
tential of the MBA led to the redox peak rising and accordingly
higher activation of the graphite surface. A growth of the back-
ground currents with increase of the anodization potential, as a
result of a surface area increase, was seen for all electrode struc-
tures. The GCE responses were characterized by more than one
order of magnitude larger background currents. These effects
illustrate the different surface properties of the studied electrode
structures.

The quantification of the TB molecules bound to the activated
surface, assuming a 1:1 stoichiometry for the assessment of the
surface concentration of the carboxylic groups, was carried out
independently by spectroscopy [30,35] and by electrochemistry
(Supplementary Note 2). The surface concentrations of the car-
boxylic groups on the SPD and the GCE quantified by spectroscopy
and electrochemistry are in a good agreement (Table A.1). More-
over, the height of the DPV redox peaks, assigned to carboxylic
functionality, correlates well with the carboxylic group surface
concentrations assessed via the TB method.

Anodization of the microband under optimized conditions as
indicated by the DPV measurements, showed a larger total con-
centration of immobilized TB compared to the other anodization
conditions of the MBA and to the other electrodes. The optimized
conditions of anodization for all three electrode materials were
used in the further studies.

4.3. Properties of the laccase-modified electrodes

The carboxylic groups created on the electrode surface by
anodization were used for covalent immobilization of laccase via
EDC/NHS chemistry [38]. Laccases can undergo both direct and
mediated heterogeneous electron transfer between the electrode
surface and the active site of the enzyme (Fig. 2A and B) [48]. Being
immobilized onto the electrode surface, laccases catalyze four-
electron oxygen reduction to water via direct electron transfer
[10], appearing as an increase of the cathodic current of oxygen
reduction in the presence of the enzyme (Fig. 2C). In spite of a
higher surface concentration of carboxylic groups available for
enzyme immobilization, the GCE showed smaller catalytic current
densities in comparison with both screen printed electrode struc-
tures, which probably relates to the presence of graphite particles
in the printed graphite ink, which can enhance the direct electron
transfer efficiency [33].

The presence of organic substrate molecules, e.g. catechol,
which can be re-reduced at the electrode surface and act as an
electron shuttle between the active site of laccase as an oxidizer
and the electrode surface as a reducer, leads to the concept of
mediated electron transfer manifested as an increase in the
cathodic current of oxygen reduction (Figs. 2De3F) [10].

It should be stressed that true mediated bioelectrocatalysis of
laccases should appear as an increase in the reduction current
with increased substrate concentration due to the laccase-
catalyzed substrate oxidation by oxygen at potentials close to
0 V (vs SCE). The contradictious data commonly found in recent
literature and characterized by an increase in anodic current
upon substrate concentration increase, only testifies to the
oxidation of the substrate at the modified electrode surface,
which makes those observations irrelevant to mediated laccase
bioelectrocatalysis.

Amperometry was utilized for measurements using the laccase-
modified microscale electrodes under optimized conditions. The
catalytic current output was directly proportional to the substrate
concentration. A pH study (Fig. A.5A) showed a maximum amper-
ometric response for 10 mM catechol at pH 5.0, which is in agree-
ment with previously reported values for T. versicolor laccase
immobilized via EDC/NHS chemistry [16]. A potential study
(Fig. A.5B) showedmaximum response for 10 mM catechol at 0 V (vs
SCE), and this is also similar to values reported previously [16] and



Fig. 3. Enhanced analytical performance of the laccase-modified MBA. A: An example
of amperometric response of the laccase-modified MBA to successive additions of
catechol solution at 0 V potential vs SCE (0.1 M acetate buffer); B: Calibration curves for
the laccase-modified MBA (▫) and the SPD (B) (P ¼ 0.95, n ¼ 5, error bars represent
the standard deviation of a t-student distribution).
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minimizes the possible interference by other compounds present in
water samples.

The amperometric response of the MBA modified with cova-
lently attached laccase (for a comparison with MBA electrodes
modified with adsorbed enzyme see Fig. A.6) upon addition of
catechol under optimized conditions (Fig. 3A) showed an excellent
operational stability, which reflects a balanced mass transfer of
reagent and product to/from the electrode surface. The calibration
plots obtained for both laccase-modified SPD and MBA (Fig. 3B)
reflect a significant improvement in the analytical performance for
the MBA. A significant decrease in the limit of detection (from
0.8 mM for the SPD to 9 pM for the MBA, calculated as 3�SD/
sensitivity, where SD is the standard deviation of the baseline
current) was achieved due to the low noise currents generated by
the microsensor. A thirty-fold increase in sensitivity (0.77 ± 0.02
A M�1 cm�2 for the MBA vs 0.023 ± 0.002 A M�1 cm�2 for the SPD)
was accompanied by an enhancement of the reproducibility for
measurements using 5 different bioelectrodes prepared in the same
manner (2.5% RSD for the MBA vs 8.9% for the SPD) at the micro-
scale enzyme-modified electrode due to the establishment of
convergent diffusion. Moreover, an expansion of the dynamic range
(0.2e110 mM for the MBA compared to 2e110 mM for the SPD) was
observed with the decrease in sensor dimensions.

The MBA-based biosensors could be stored for one month in
0.1 M acetate buffer (pH 5.0) or for 2 weeks in dry state without
observable loss of enzyme activity, but they are not applicable for
long-term repeatable use after storage. On the second day of
measurements the biosensors has lost 20% of the current response
compared to the first day of measurements.

4.4. Real sample analysis

Due to the wide substrate specificities towards phenol sub-
strates, mediated bioelectrocatalysis of laccases can be utilized as a
versatile platform for the development of reagentless, in situ
monitoring devices for the detection of phenols.

Direct amperometric measurements of catechol in unsupported
tap water (i.e. without addition of buffer or electrolyte) was utilized
as amodel for awater quality monitoring platform. A two-electrode
setup, with a laccase-modified electrode polarization of �0.4 V
with respect to a platinum wire used as a pseudo-reference elec-
trode was applied in order to simplify the analytical system.

Unlike the microscale MBA-based biosensor, the macroscale
laccase-modified SPD showed a poor and unreliable response in
unsupported tapwater towards catechol (Fig. A.7), which illustrates
the advantage of using the microscale electrode geometry charac-
terized by convergent diffusion [49]. The microsensor showed fast
responses towards catechol with a high signal-to-noise ratio
(Fig. A.8A) characterized by a linear range from 0.2 to 10 mM
(0.022e1.1 mg L�1), a sensitivity of 1.35 ± 0.4 A M�1 cm�2 and a
dynamic range up to 43 mM (4.7 mg L�1) (Fig. A.8B). Tap water
contamination by wastewater intrusion in a drinking water distri-
bution network is an example of a failure that might occur and the
detection of phenol as a marker of such a failurewas investigated in
a model study. First, the operational stability of the biosensor in tap
water was investigated (Fig. A.8C). The biosensor demonstrated
stable current response during 3 h. The small drift of the current
response is possibly related to instability of the reference electrode
rather thanwith the stability of the biosensor and can be overcome
by optimization of the reference electrode. Amperometry at the
laccase-based microsensor showed a reliable detection of 0.1%
contamination by wastewater, illustrating the possibility of using
the microsensor for tap water quality monitoring. (Fig. 4B).

The developed microscale sensor was also utilized for the
analysis of laccase substrates in industrial samples of wastewater
obtained from the water treatment facility at positions before and
after different cleaning steps (Fig. 4A). The method of standard
additions of catechol was utilized for the analysis of samples of low
catechol equivalent concentrations (Fig. A.9A,B). For measurements
in samples with concentrations outside the dynamic range of the
microsensor, the current change recorded 20 s after a potential step
of�0.4 V showed better stability and could be used as an analytical
response (Fig. A.9C). The latter method was therefore used for all
samples (Table A.2). Results obtained with the method of standard
additions and by recording current transients showed good corre-
lation for samples of low catechol equivalent concentrations
(samples 2, 3 and 5). Table A.2 summarizes the measured concen-
trations of catechol equivalent for the different water samples. The
large decrease of concentration of catechol equivalent illustrates
the efficiency of the cleaning steps at the water treatment facility.

A correlation analysis was performed to compare the concen-
trations of catechol equivalent measured by the laccase-modified
microsensor and the phenolic compounds assessed indepen-
dently by GCeMS/MS (Fig. 4C). The concentrations of 2,6-di-tert-
butyl-4-methylphenol, butyl-4-hydroxyanisol, 4-bromophenol,
2,4-dibromophenol, 2,4,6-tribromophenol, 4-tert-butylphenol, 4-
iso-nonylphenol, pentachlorophenol, bisphenol A and triclosan
were measured by GCeMS/MS with a mass-spectrometry library
analysis. It is seen that the deviation is larger at lower concentra-
tions, which illustrates the lower limits of detection achieved by
GCeMS/MS. The correlation of catechol equivalent with the total
concentration of phenolic compounds showed a good correlation
for concentrations above the limit for phenols in wastewaters



Fig. 4. Water analysis by the laccase-modified MBA. A: Scheme of water samples from different stages of wastewater cleaning; B: Amperometric response of the laccase-based
microsensor to additions of sewage water (Sample 1) to tap water at �0.4 V vs Pt wire; C: Correlation analysis of catechol equivalent concentrations measured by the laccase-
based microsensor with total phenol concentrations assessed by GCeMS/MS.
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(0.1 mg L�1) [4]. Thus, while also offering the advantages of
continuous, in situ monitoring and low cost, the developed
reagentless laccase-based microsensor showed a good correlation
with the GCeMS/MS protocol.
5. Conclusions

A novel laccase based microsensor applicable for in situ moni-
toring of phenols in weakly supported media has been demon-
strated for the first time. We showed by numerical simulations
using the finite element method that the electrochemical behavior
of the fabricated microband electrode is dominated by convergent
diffusion. We showed a significant improvement of the analytical
performance of a microband enzyme biosensor, compared to cor-
responding macroscale systems, due to the establishment of
convergent diffusion in the microband case rather than the planar
mass transfer for the macroscale systems. This enhanced laccase-
based microsensor displayed potential to directly monitor tap
water contamination by wastewater intrusion in a drinking water
distribution network and revealed a correlation with a standard
method for in situ monitoring of total phenols in wastewaters
without additional sample preatretment.
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