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ABSTRACT: We report on the fabrication of a complex electrode
architecture for efficient direct bioelectrocatalysis. In the developed
procedure, the redox enzyme pyrroloquinoline quinone-dependent
glucose dehydrogenase entrapped in a sulfonated polyaniline [poly(2-
methoxyaniline-S-sulfonic acid)-co-aniline] was immobilized on macro-
porous indium tin oxide (macroITO) electrodes. The use of the 3D-

conducting scaffold with a large surface area in combination with the

conductive polymer enables immobilization of large amounts of

enzyme and its efficient communication with the electrode, leading to enhanced direct bioelectrocatalysis. In the presence of
glucose, the fabricated bioelectrodes show an exceptionally high direct bioelectrocatalytical response without any additional
mediator. The catalytic current is increased more than 200-fold compared to planar ITO electrodes. Together with a high long-
term stability (the current response is maintained for >90% of the initial value even after 2 weeks of storage), the transparent 3D
macroITO structure with a conductive polymer represents a valuable basis for the construction of highly efficient bioelectronic
units, which are useful as indicators for processes liberating glucose and allowing optical and electrochemical transduction.
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B INTRODUCTION

The fabrication of electronic devices based on biological units is
a very attractive and an intensively explored concept because it
offers the possibility of benefitting from extremely high
efficiencies and selectivities of biological systems optimized
by nature. Successful examples of such technologies include
enzyme-based bioelectrochemical devices such as biosensors,
biofuel cells, and bioelectronics devices, which were already
fabricated for a number of biomolecules."™” A key for the
electrochemical device functionality is the electronic commu-
nication between the electrode and an enzyme, which require
proper design of the electrode architecture. The composition
and morphology of the electrode layers are particularly
important; equally essential is how the bioentities are bound
to the electrodes without any deterioration of their biological
functionality.®~""

Primarily highly conductive materials such as modified
graphite or metals have been utilized as electrodes for the
binding of redox biomolecules. However, these surfaces often
produce an unwanted orientation of immobilized bioentities.
Moreover, the nontransparent electrodes are not suitable for
photoelectrochemical applications requiring interaction with
light, as well as for fundamental spectroelectrochemical studies.
In this context, transparent conducting oxides (TCOs), such as
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tin-doped indium oxide (ITO)">7'® or other doped tin
oxides,"’ ™' have emerged as intensively used electrodes for
bioelectrochemical applications. Besides the common planar
geometries, TCO electrodes with controlled porous architec-
tures have received growing attention as alternative electrode
materials for enzyme immobilization.”””>® The interest in 3D-
porous electrodes is caused by their large surface area and an
accessible conducting interface enabling the incorporation of
large amounts of active species and their direct communication
with the electrode.

Porous TCO electrodes have been successfully applied for
the immobilization of various redox moieties. The reported
examples include electrochemiluminescent dyes demonstrating
more than 2 orders of magnitude higher electroluminescence
intensity on porous electrodes compared to the planar ones.*’
Furthermore, redox proteins, such as cytochrome ¢ (cyt
c),24’28’30_32 ferredoxin,> hemoglobin,26 and azurin,> were
successfully incorporated into porous TCO electrodes with a
very high loading related to the specific surface area of the
porous electrode. So far, however, the advantages offered by
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porous TCO electrodes could be demonstrated only for
relatively small biological species. Bulkier biological entities,
such as the majority of the practically relevant enzymes, or
more complex systems based on polymer-embedded enzymes
were practically not investigated, and a few reported systems
did not show the expected increase in the electrochemical
activity.'"”** The major reasons for that are either the small
pore size of the used TCO electrodes, making them
inaccessible for the large species, or the poor communication
between the incorporated enzyme and the electrode.

In this report, we demonstrate the clearly enhanced direct
bioelectrocatalysis of the redox enzyme pyrroloquinoline
quinone-dependent glucose dehydrogenase (PQQ-GDH)
fixed by a sulfonated polyaniline copolymer (PMSAl) on
macroporous ITO electrodes. This enzyme is insensitive to the
oxygen level in the sample and exhibits high catalytic activity at
physiological pH; hence, it represents an interesting bioentitg
for the engineering of biocatalytic glucose sensors.”>~>
Moreover, biocatalytic electrodes made of carbon nanotube
materials modified with PQQ-GDH have already been apglied
in biofuel cells effectively operating in physiological media.”®*!
Recently, we demonstrated the ability of sulfonated polyaniline
copolymer containing 2-methoxyaniline-5-sulfonic acid and
aniline monomers not only to react directly with PQQ-GDH*
but also to serve as a matrix without inhibiting the catalytic
activity of the entrapped enzyme on gold and planar ITO
electrodes.” In this study, we introduce a new system by
exploiting the polymer/enzyme interaction and combining both
compounds with the highly porous 3D structure of macro-
porous ITO electrodes while ensuring a high enzyme activity
and an efficient bioelectrocatalysis in the presence of glucose.

B RESULTS AND DISCUSSION

Fabrication and Characterization of macrolTO and
macrolTO/(PMSA1:PQQ-GDH) Electrodes. The principle of
the used electrodes is depicted in Scheme 1. Because the

Scheme 1. Principle of the Used Electrode Architecture
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accessibility of the electrode surface in 3D structures can limit
the bioelectrochemical performance, we intended to use a
porous ITO scaffold with sufficiently large pore size to allow
the efficient transport of polymer and enzyme during the
preparation but also to not limit the transport of the enzyme
substrate into the 3D electrode during operation. For this

purpose, we have composed our electrodes by the deposition of
macrolTO layers on top of commercial flat ITO substrates. The
thickness of the porous ITO layer is about 1.2 um after
calcination. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) of these coatings reveal
their homogeneous and crack-free morphology with a uniform
pore structure composed of ca. 300 nm interconnected
spherical pores (Figure 1A). The electrical conductivity of the
porous ITO scaffold is 4.0 + 0.3 S cm™" after annealing in a
forming-gas atmosphere at 400 °C.*°

Figure 1. Top view of SEM images of (A) blank macroITO and (B)
macrolTO/(PMSA1:PQQ-GDH) films.

The sulfonated polyaniline copolymer PMSAL has already
been shown to react efficiently with PQQ-GDH.** Because of
its good biocompatibility, it can also serve as a matrix, in which
PQQ-GDH can be entrapped without loss of the catalytic
activity. Both arguments are used here as starting points for the
study of this system on macrolTO electrodes (Scheme 1).
Figure 1B demonstrates the morphology of macroITO
electrodes after the polymer and enzyme are allowed to
deposit within the structure. It can be seen that the porosity
and homogeneity are not damaged upon polymer and enzyme
functionalization of the films even under current flow through
the system.

As a further confirmation, cyclic voltammetry of the
polymer/enzyme-coated electrodes has been performed. It
can be seen that the blank macroITO electrode does not show
any redox transformation (Figure 2A, curve 1). After
immobilization of PMSAI alone (Figure 2A, curve 2), two
clear redox couples are observed. A small peak at E; = +0.08 +
0.02 V and a more pronounced one at Eg, = +0.25 + 0.05 V vs
Ag/AgCl are consistent with leucoemeraldine to emeraldine
and emeraldine to pernigraniline redox transitions, respectively,
and are typical for sulfonated polyanilines.**~*" The voltam-
metric behavior of PMSALI on the macrolTO electrode is very
similar to that observed on the planar ITO;* however, the
amount of the immobilized PMSAL is much higher on the
macrolTO electrode compared to the flat one (see Materials
and Methods).

The incorporation of the polymer can be clearly observed in
the UV—vis spectra, which show a strong band at 469 nm
assigned to a low—wavelength polaron band of the polyaniline
emeraldine salt (ES) state.”* The incorporation of the PQQ-
GDH enzyme does not change the voltammetric behavior of
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Figure 2. (A) Cyclic voltammograms for the (1) blank macroITO, (2)
macrolTO/PMSAL, and (3) macrolTO/(PMSA1:PQQ-GDH) elec-
trodes. (B) UV—vis spectra of the (1) blank macroITO and 2-
macrolTO/(PMSA1:PQQ-GDH) electrodes. Measurements were
taken in a 20 mM MES + S mM CaCl, buffer at pH 6.

the polymer matrix much. The entrapped PQQ-GDH enzyme
does not show a direct electrochemical signal in the absence of
the glucose substrate; however, its presence leads to a change in
the charging properties resulting from the interaction of PQQ-
GDH with the polymeric chains (Figure 24, curves 2 and 3).
Therefore, we assume that the polymer and PQQ-GDH can
penetrate the porous electrode and the enzyme is immobilized
by means of the polymer. It should be pointed out that the
electrodes are considered to be fully loaded with adsorbed
material after 2 h of incubation in a polymer/enzyme solution
because no additional increase in the current density occurs
upon an increase of the incubation times to 1 or 2 days.

UV—vis spectra of the blank macroITO and macroITO/
(PMSA1:PQQ-GDH) electrodes are summarized in Figure 2B.
The appearance of the strong band at 469 nm assigned to a
low-wavelength polaron band of the polyaniline ES state %
indicates the immobilized polymer/enzyme network on
macrolTO. The concentration of the enzyme is not sufficient
to have impact on the polymer spectra. Further spectroscopic
features from the polymer are difficult to resolve because the
macrolTO electrodes show a basic absorbance in the range
below 450 nm (Figure 2B, curve 1).

Bioelectrochemical Oxidation of Glucose at the
macrolTO/(PMSA1:PQQ-GDH) Electrodes. Upon the addi-
tion of the glucose substrate to the buffer solution, the
macrolTO/(PMSA1:PQQ-GDH) electrode shows a significant
bioelectrocatalytic current, giving proof of the presence of the
electroactive enzyme in the film (Figure 3A). Control
experiments without enzyme show no glucose conversion in
this potential range. The catalytic current starts from a potential
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Figure 3. (A) Cyclic voltammograms and (B) UV—vis spectra of the
macrolTO/(PMSA1:PQQ-GDH) electrodes in the absence (1) and in
the presence (2) of glucose. Measurements were taken in a 20 mM
MES + 5 mM CaCl, buffer at pH 6.

of about E = —0.1 V vs Ag/AgCl and reaches a change of Al =
13 + 3 pA at E = +0.35 V, n = 3 (curve 2). Bioelectrocatalysis
demonstrates efficient electron exchange between the redox
center of the entrapped enzyme and the accessible porous
conductive electrode surface, indicating that the polymer
environment inside the macroITO pores ensures the catalytic
activity of PQQ-GDH and allows efficient electron withdrawal
from the reduced enzyme.

When we compare the catalytic current density of the
macroporous PQQ-GDH electrode developed here with those
of electrodes that have been constructed in a similar manner on
flat ITO (AI = S7 nA), a significant improvement of the
bioelectrocatalytic properties of the system can be demon-
strated. The catalytic currents for the same glucose
concentration are increased by more than 2 orders of
magnitude (~228-fold) by using macrolTO electrodes. When
one compares this enhancement with the electroactive area
increase from flat ITO to porous macrolTO—concluded from
analysis of the voltammetric charging current in a pure buffer
solution (see Materials and Methods), which gives about a 40-
fold increase—it is obvious that not only the high surface
within the macroITO structure but also the high polymer
amount in combination with entrapment of the enzyme
contribute to the drastically enhanced bioelectrocatalytic
current. This is a clear achievement of the presented electrode,
compared to other bioelectrocatalytic systems.**

In order to demonstrate application of the nanoporous
system as an optical transducer, macrolTO/(PMSA1:PQQ-
GDH) electrodes have been measured by UV—vis in the
presence and in the absence of substrate. Figure 3B
demonstrates the spectral changes of the mixed polymer/
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enzyme film on macroITO in the absence (curve 1) and in the
presence (curve 2) of S mM glucose. According to the known
redox-state-dependent spectral characteristics of PMSA1,*>#¥%¢
it can be seen that reduction of the polymer upon the addition
of glucose occurs with the appearance of a characteristic band at
408 nm. Despite absorbance of macroITO itself in this
wavelength range, the polymer change can be clearly verified
and supports our electrochemical data, demonstrating that
electron transfer between the entrapped PQQ-GDH and the
surrounding polymer in the macroporous electrodes can be
followed also by optical means.

The start potential for glucose oxidation of the enzyme
electrode macrolTO/(PMSA1:PQQ-GDH) is located near the
redox potential of the enzyme. However, the question arises as
to whether the electrons are transferred directly to the
electrode surface or small amounts of free PQQ are acting as
mediators,*** because PQQ might be present in the polymer
film or in the porous electrode as a result of partial denaturation
of the holoenzyme during immobilization. To clarify this
question, the macrolTO/(PMSA1:PQQ-GDH) electrodes
have been examined in the presence of 5 mM glucose with
increasing concentration of free PQQ in solution. Figure 4
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154
< 104
= ]
0
-5
-10 4
'15 T T T T T T
-0.1 0.0 0.1 0.2 0.3 0.4
E,V

Figure 4. Cyclic voltammograms of the macroITO/(PMSA1:PQQ-
GDH) electrode in solutions containing glucose and increasing
amounts of free PQQ. Measurements were performed in a 20 mM
MES + 5 mM CaCl, buffer at pH 6 and a scan rate of S mV s™".

demonstrates that even an amount of 20 uM PQQ, which is 4
times higher than the concentration of the enzyme during the
entrapment process, does not cause any significant enhance-
ment of the bioelectrocatalytic response. These measurements,
together with the reconstitution procedure of the enzyme in
which an excess of free PQQ with respect to the enzyme
concentration is avoided, discard a hypothesis on the potential
mediation of electron transfer by some denaturated enzyme
with liberated PQQ.

At this point, it is necessary to add some comments on the
nature of electron transfer in the established polymer/enzyme
electrode system. As one can see from Figure 4, the polymer is
redox-active on the macroporous electrode. However, accord-
ing to the formal potential of polymer conversions and the
starting potential of bioelectrocatalysis, we conclude that its
oxidation is not necessary to collect electrons from the reduced
enzyme. This indicates that no mediation by the polymer takes
place. Consequently, the conducting properties of sulfonated
polyaniline have been exploited in this concept to drive electron
transfer from the enzyme PQQ-GDH to the polymer-modified
electrode. The polymer acts as an immobilization matrix,

holding and wiring the enzyme within the pores of macroITO
electrodes.

Analytical Performance of the macrolTO/
(PMSA1:PQQ-GDH) Electrodes. Figure SA shows the
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Figure 5. (A) Change in the catalytic current density of the
macrolTO/(PMSA1:PQQ-GDH) electrode as a function of the
glucose concentration. Bioelectrocatalytic signals were registered
from the respective cyclic voltammograms at E = +0.35 V (surface
area used for the calculation = 0.032 cm?). (B) Stability of macrolTO/
(PMSA1:PQQ-GDH) at [glucose] = S mM. Measurements were
performed in a 20 mM MES + S mM CaCl, buffer at pH 6 and a scan
rate of 5 mV s7".

calibration curve obtained for macrolTO/(PMSA1:PQQ-
GDH) electrodes (n = 3). The oxidation current was
determined as a function of the glucose concentration at E =
+0.35 V vs Ag/AgCl. The current follows the glucose
concentration in the range from 0.025 to 2 mM and reaches
saturation at 5—10 mM. An apparent K, value of 0.33 mM
glucose has been calculated, which is considerably smaller than
the intrinsic K, of soluble GDH in solution (~45 mM);>*~%
nevertheless, it fits into the range of apparent K, (0.1—5 mM)
on some modified electrodes.>*™>® This shows that, besides
enzyme kinetics, electron transfer, together with the accessi-
bility of the enzyme’s active center toward the substrate, are
important factors for the behavior of the whole system. It has to
be explicitly noted here that glucose detection can be
performed at much lower potential because bioelectrocatalysis
already starts at —0.1 V vs Ag/AgCl. This is advantageous in
complex media, in which other redox-active substances are
present.

Because long-term stability is an exceptionally important
parameter for evaluation of the performance of a detection
system, we have traced the stability of our macrolTO/
(PMSA1:PQQ-GDH) electrodes by testing their activity in a
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glucose solution, after the electrodes were kept at 4 °C in 20
mM MES + S mMCaCl,, pH 6, when not in use. Figure 5B
shows that the catalytic current response maintained over 90%
of the initial value after 12 days. This is significant progress
compared to other kinds of PQQ-GDH immobilization
procedures, resulting in substantial activity loss already during
the first week, and demonstrates that the entrapment of PQQ-
GDH in the sulfonated polyaniline films within the macro-
porous electrodes leads to an improved retainment of activity.
Additionally, it has to be mentioned here that no intermittent
treatment of the electrodes with PQQ has been performed,
demonstrating that the environment in the 3D structure is well
adapted to the enzyme. The high stability makes this type of
architecture promising for consideration as a candidate for the
construction of enzyme-based biosensors.

B CONCLUSION

In summary, we have demonstrated an efficient platform for the
entrapment of PQQ-GDH by fabricating a polymer/enzyme
network inside the pores of macroITO. MacroITO has been
shown to represent a suitable 3D electrode matrix for the
incorporation of sulfonated polyaniline and PQQ-GDH, taking
advantage of a pore size that does not limit immobilization of
large amounts of enzyme in an active form. The amount of
bound polymer within the macroporous electrodes is high
enough to observe electrochemical signals and spectroscopic
signatures. The large inner surface area of the material is well
accessible for enzyme and substrate because a tremendously
enhanced bioelectrocatalytic response in comparison with those
of flat Au and ITO electrodes is observed. Bioelectrocatalysis
starts near the potential of the enzyme redox center; ie., no
large overpotential is needed to drive the reaction. In particular,
the mild fabrication process and the active role of the polymer
film in closing the enzymatic cycle (i.e, withdrawing electrons
from the reduced biomolecule) lead to a system with high
stability because eflicient bioelectrocatalysis can be detected
even after more than 12 days in permanent electrolyte contact.
We envision that the combination of the 3D porous electrode
structure with a conductive polymer and an enzyme can be
used for the development of many bioanalytical devices that
combine optical and electrochemical detection for application
in health care or environmental monitoring,

B MATERIALS AND METHODS

Chemicals. MES [2-(N-morpholino)ethanesulfonic acid] buffer
was purchased from Sigma-Aldrich (Taufkirchen, Germany), and
dehydrated calcium chloride and anhydrous p-glucose were obtained
from Fluka Analytics (Taufkirchen, Germany). They were used
without further purification. Poly(2-methoxyaniline-S-sulfonic acid)-
co-aniline polymer (PMSAL; Scheme 1) was synthesized as reported
before.*>>® sGDH (Acinetobacter calcoaceticus) was a kind gift from
Roche Diagnostics GmbH. The enzyme was recombinantly expressed
in Escherichia coli. PQQ was purchased from Wako Pure Chemical
Industries. 18 MQ Millipore water (Eschborn, Germany) was used for
all types of measurements.

Preparation of Nanostructured macrolTO Films. Porous ITO
electrodes used in this work were prepared by a direct coassembly of
poly(methyl methacrylate) (PMMA) beads and indium tin hydroxide
nanoparticles (nano-ITOH) as described before.*® In brief, PMMA
beads with a diameter of 370 nm were synthesized according to an
emulsion polymerization route.*”®’ Indium tin hydroxide nano-
particles were prepared by a solvothermal procedure.”” In a typical
synthesis of nano-ITOH, tin(IV) chloride pentahydrate (Aldrich;
0.122 g, 0.35 mmol) was added to a clear solution of indium(III)
chloride (Aldrich; 0.698 g, 3.16 mmol) in 7 mL of ethylene glycol

17891

(Aldrich; >99%, used without further drying). The molar ratio of tin
and indium was 1:9 (mol:mol). Separately, 0420 g of sodium
hydroxide (Aldrich; 97%) was dissolved in 7 mL of ethylene glycol.
Both solutions were combined at 0 °C, stirred for another 15 min, and
transferred into a glass-lined autoclave, which was kept in a laboratory
oven preheated at 205 °C for 24 h. The formed product was separated
by centrifugation (47800 rcf for 20 min), washed once in ca. 14 mL of
bidistilled water (manual stirring), and centrifuged again at 47800 rcf
for 20 min. The water should be decanted immediately after
centrifugation to prevent redispersion of ITOH nanoparticles.

For the fabrication of macroporous films, still wet nano-ITOH (300
mg) containing 100 mg of dry inorganic content was dispersed in 0.75
mL of water (Millipore Q grade), stirred at room temperature until the
colloidal solution turned transparent or slightly opaque, and
ultrasonicated for 30 min. Separately, an aqueous colloidal PMMA
suspension (1S wt %) was stirred for 1 h and ultrasonicated for 30
min. The amount of PMMA beads was calculated from the weight of
nano-ITOH (dry content) as 3 weight parts of PMMA to 1 weight
part of ITOH; in this example, it corresponds to 2 mL of 15 wt %
PMMA dispersion. Finally, hydroxypropylcellulose (HPC; MW ca.
100000, from Sigma-Aldrich) was added to a combined solution of
PMMA and nano-ITOH, stirred together for 3—4 h, and ultra-
sonicated for 30 min. The amount of cellulose corresponds to 10 wt %
of the PMMA beads; in this example, it is 30 mg of HPC in a total
volume of 3 mL, which corresponds to 1 wt % HPC. The
homogeneous dispersion was dip-coated three times on planar ITO
substrates at a dip-coating rate of 0.63 mm s~ with a drying step at 80
°C for 45 min after each coating. The relative humidity and
temperature in the coating chamber were 35% and 20 °C, respectively.
The films were finally calcined in air at 400 °C (achieved with a ramp
of 13 °C min™") for 30 min. To improve the electrical conductivity of
the ITO layers, they were additionally heated in forming gas
(composed of 5% hydrogen and 95% nitrogen) at 400 °C (achieved
with a ramp of 2 °C min™") for 30 min.

Preparation of the Enzyme Solution. sGDH was dissolved in §
mM MES buffer in the presence of 1 mM CaCl,, and the pH was
adjusted to 5. apoGDH was reconstituted by a PQQ-GDH ratio of 1
according to Olsthoorn and Duine.*> For this purpose, sGDH and
PQQ were incubated together for 1 h at room temperature in the dark.
Aliquots were stored at —20 °C. Prior to each measurement, the
specific activity of the reconstituted enzyme was determined to be
2200 + 30 U mg™' by using 2,6-dichlorophenolindophenol as an
electron acceptor.

Construction of Polymer/Enzyme Films. For the preparation of
polymer/enzyme films, the previously cleaned rectangular ITO-coated
glass slides with a surface resistivity of 15—25 Q sq~' (obtained from
Sigma-Aldrich, Taufkirchen, Germany) and nanostructured ITO were
initially incubated in buffer solutions of the PMSA1:PQQ-GDH
mixture (1.5 mg mL™ PMSAI; 5 uM PQQ-GDH; 20 mM MES + 5
mM CaCl,; pH 6) in darkness for 2 h. Afterward, the PMSA1:PQQ-
GDH electrode was dipped into the same buffer without enzyme and
polymer to wash away the unbound material.

Instruments and Characterization Methods. Film character-
ization by SEM was performed on a JEOL JSM-6500F scanning
electron microscope equipped with a field-emission gun at 10 kV.
Bright-field and high-resolution TEM as well as scanning TEM in
high-angle annular dark-field mode were carried out using a field-
emission FEI Titan 80-300 operated at 300 kV.

Electrochemical measurements were performed at room temper-
ature in a homemade 1 mL cell using an Ag/AgCl/1 M KCI reference
(Biometra, Germany) and a platinum wire counter electrode. Cyclic
voltammetric experiments were carried out with a gAutolab Type II
device (Metrohm, The Netherlands). The scan rate was set to 5 mV
s™. The potential range was chosen as between —0.4 and +0.4 V vs
Ag/AgCl. Data analysis was performed using GPES software (General
Purpose for Electrochemical System, Eco Chemie, The Netherlands).
UV—vis measurements were carried out using an Evolution 300
spectrophotometer (Thermo Fischer Scientific, Germany).

The amount of immobilized polymer was compared by integration
of voltammetric peaks measured on both flat ITO + polymer* and
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macrolTO + polymer electrodes under the same experimental
conditions (20 mM MES + S mM CaCly; pH 6; scan rate of —$
mV s7!). The electroactive area increase of the macroITO with respect
to the flat ITO was estimated by comparing the charging current of
both electrodes in CV measurements at a scan rate of 50 mV/s vs Ag/
AgCl.
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