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ABSTRACT: We report on efficient bioelectrocatalysis of the redox enzyme

fructose dehydrogenase (FDH) upon its interaction with the sulfonated polyaniline A
PMSA1 (poly(2-methoxyaniline-S-sulfonic acid)-co-aniline). This interaction has :
been monitored in solution and on the surface of planar and macroporous indium S
tin oxide (ITO) electrodes by UV—vis and cyclic voltammetric measurements. \ 2
Moreover, an enhancement of the catalytic activity for fructose conversion induced _ FoH S
by a structural change of sulfonated polyaniline PMSA1 caused by the presence of POLYANILINE
Ca’" ions is observed. An entrapment of the Ca*"-bound polymer and enzyme inside .
the pores of macroporous ITO electrodes leads to a significantly increased (~35-
fold) bioelectrocatalytic signal in comparison to that of a flat ITO and allows the
fabrication of highly efficient electrodes with good stability.
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B INTRODUCTION kDa). The enzyme is a flavoprotein—cytochrome ¢ complex,
since subunits I and II contain covalently bound flavin adenine
dinucleotide (FAD) and heme C as prosthetic groups,
respectively.'” FDH allows a direct electron transfer (DET)
type bioelectrocatalysis,>>*" which strongly depends on the
electrode material. However, until now no report on contacting
FDH with the help of conducting polymers capable of
enhancing its bioelectrochemical activity has been known.

We demonstrate here a FDH-based tunable bioelectrocata-
Iytic system by entrapping the enzyme into a sulfonate
polyaniline matrix on transparent electrode surfaces. Sulfonated
polyanilines have already been established as materials suitable
for the construction of different sensing electrodes as e.g. for
detection of DNA hybridization®*** or low-molecular-weight
compounds such as oxalate and organophosphate.”**> This is
mainly due to their high conductivity in comparison to

Fabrication of electronic devices based on biomolecules such as
proteins, enzymes, antibodies, or DNA fragments has attracted
continuing attention due to the unprecedentedly high
efficiencies and selectivities of biological systems. One of the
major challenges for the commercial development of
bioelectronic devices such as biosensors and biofuel cells is
the implementation of biomolecules into electronic circuits,
ensuring the complete retention of their biological proper-
ties.'”® Contacting biomolecules with electrode surfaces
modified with conductive, conjugated polymers has become
widely used for the construction of sensing units with
electrochemical or optical readout. Even though the concept
of direct polymer/biomolecule wiring is not new, only a limited
number of functional systems, including the enzymes alcohol
dehydrogenase, laccase, and pyrroloquinoline quinone depend-

ent glucose dehydrogenase (PQQ-GDH), entrapped into nonsubsFituted polyanillil.les together w1th other advz.intages
polypyrrole, thiophene, or polyaniline have been demonstra- such B P roved solubility and redox activity over a wide pH
ted 913 range. Moreover, sulfonated polyanilines have been used

The redox enzyme p-fructose dehydrogenase (FDH; EC in our group as building blocks for the design of novel

multilayer architectures with cytochrome ¢ only****

cytochrome ¢ with xanthine oxidase,>* bilirubin oxidase,
and sulfite oxidase.””

and

1.1.99.11) from Gluconobacter japonicus (formerly Glucono- ey

bacter industrius)'* catalyzes the oxidation of p-fructose to
produce S-keto-D-fructose. Due to its strict substrate specificity
to D-fructose,"® it is widely used for the development of
biosensors and biofuel cells.'*™'® FDH is a heterotrimeric Received: January 22, 2015
membrane-bound enzyme with a molecular mass of ca. 140 Revised:  February 16, 2015
kDa, consisting of subunits I (67 kDa), II (51 kDa), and III (20 Published: February 18, 2015
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It has also been demonstrated that the sulfonated polyaniline
copolymer PMSAI, containing a 2-methoxyaniline-S-sulfonic
acid (MAS) monomer, is not only able to react directly with
PQQ-GDH?® but can also serve as an immobilization matrix
without inhibiting the catalytic activity of the entrapped enzyme
on gold,"" planar ITO,"" and macroporous ITO electrodes.'’
The polymer acts here as a conducting environment helping to
close the enzymatic cycle by withdrawing electrons from the
substrate-reduced enzyme.

In this study the interaction between the sulfonated
polyaniline PMSA1 and FDH has been initially monitored in
solution. The unprecedented enhancement of the catalytic
reaction has been demonstrated upon addition of Ca®* ions to
the polymer/enzyme solution in the presence of the substrate
fructose. Exploiting this interaction, a new, tunable, and shuttle-
free biohybrid system on electrodes has been constructed. For
this purpose the enzyme has been entrapped into polymer films
on indium tin oxide (ITO) and on the 3D structure of
macroporous indium tin oxide (macrolTO) electrode surfaces.
The influence of Ca** ions on the polymer and the efficiency of
the electron transfer with free and immobilized FDH is
discussed.

B RESULTS AND DISCUSSION

Polymer Enzyme Reaction in Solution. Scheme 1
demonstrates the construction principle of our polymer/

Scheme 1. Schematic Ilustration of the Polymer-Based
Enzyme Electrode Architecture
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enzyme electrode. One prerequisite for the successful develop-
ment of a functional and stable polymer/enzyme electrode
system is an efficient electron transfer between the enzyme and
the chosen polymer. Therefore, the interaction between
PMSAI1 and FDH has been first monitored in solution. For
this purpose UV—vis spectroscopy measurements at different
pH values (pH range 4.0—6.5) have been performed. The pH
range has been chosen according to ogtimum pH values
reported in the literature for the enzyme.'”%*

At these pH values PMSA1 polymer exists in its emeraldine
salt (ES) oxidation state after synthesis.*® Figure 1 illustrates
the spectral changes occurring after addition of the substrate
fructose to a solution containing a mixture of PMSAI and FDH
at pH 5.5. Two characteristic bands at 325 and 469 nm (curve
1) can be assigned to 7—z* transitions and to a low-wavelength
polaron band, respectively. They are characteristic of the ES
state.”® Upon addition of fructose strong bands at 330 and 393
nm appear, whereas the low-wavelength polaron band slightly
shifts to 463 nm with decreased intensity. It seems that the
electronic structure of PMSAI is changed due to partial
polymer reduction upon the enzymatic conversion of fructose,

2082

Absorbance

0.2+

400 500 600 700

Wavelength, nm

300

Figure 1. UV—vis spectra of PMSA1 with FDH in the absence (1) and
in the presence (2) of the substrate fructose. Experimental conditions:
[PMSAL1] = 40 ug/mL, [FDH] = 18 ug/mL, [fructose] = 100 mM in
10 mM MES buffer at pH S.5, t = 25 °C.

demonstrating the ability of PMSALI to act as a reaction partner
for FDH.

In order to gain an insight into the nature of the polymer—
enzyme interaction, the overall charge on both reacting species
has to be taken into account. Since the isoelectric points of
both sulfonated polyaniline and FDH are determined to be pI
<5.0,"'it is evident that at pH >5.0 both species are negatively
charged in solution, so that an electrostatic repulsion between
the polymer and the FDH can be expected. Therefore, we have
tested whether the interaction between the polymer and the
enzyme can be tuned by changing the charge of PMSAIL. One
approach would be the use of Ca*" ions, since it has been
reported that they can coordinate to SO;~ groups on aniline
rings in emeraldine salt polyanilines, partially screening the
electrostatic repulsions between SO;™ negative charges along
the chains.**** Moreover, recently we have reported about the
ability of Ca®" ions to support the electrostatic interaction of
two sulfonated polyanilines to form multilayer structures.''
Therefore, the spectroscopic properties of PMSAl in the
presence of different Ca®* amounts are the first to be clarified.

Figure 2a demonstrates the overall change in UV-—vis
absorbance of polymer PMSA1 upon addition of increasing
Ca’" concentrations. A clear decrease of absorbance at 469 nm
together with the appearance of a distinct band at 393 nm and a
small increase in absorbance at wavelength >600 nm ([Ca®*]
>200 mM) can be followed. These results confirm that there is
a strong interaction between calcium ions and the polymer
chains, showing saturation at higher calcium concentrations
(Figure 2b).

To analyze the polymer changes, one should take into
account that the self-doped polyanilines are known for their
switching among completely oxidized (pernigraniline), half-
oxidized (emeraldine), and completely reduced (leucoemer-
aldine) redox states.”**° The oxidation state strongly
influences the conductivity and reactivity of polyanilines,
whereas the highest conductivity can be ensured in the
emeraldine state (ES).***” Furthermore, interactions between
different metal cations with sulfonate moieties of polyanilines
have been reported by several groups.***7>° On the basis of
their spectroscopic observations two polymer conformations
have been supposed, even though no structural confirmations
have been provided.****™%° According to these findings, we
hypothesize that the spectroscopic features in Figure 2b are due
to the change in different PMSAl conformations (usually
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Figure 2. (a) Overall absorbance change of PMSAI upon addition of
different Ca** concentrations (from S to 800 mM). (b) Change in
absorbance at 393 and 469 nm. Experimental conditions: [PMSA1] =
40 pg/mL in 10 mM MES buffer at pH 5.5.

referred to as “extended coil” and “compact coil”), in line with
existing arguments in the literature.*>**~>°

The question that arises in this respect is whether the change
in the polymer can affect its interaction with the enzyme FDH.
For this purpose the same experimental conditions as in our
starting measurements (Figure 1) have been kept, except of the
addition of [Ca?*] = 20 mM to the solution of PMSAIL,
enzyme, and substrate. This calcium concentration corresponds
to the end of the linear range of Ca**-dependent absorbance
changes of PMSAL as depicted in Figure 2b. The addition of 20
mM of Ca* to the polymer/enzyme/fructose solution
drastically changes the absorption spectrum (Figure 3a, curve
3). However, this spectrum cannot be unambiguously
attributed to the completely reduced form of PMSA1.>** It
may rather represent a superimposed spectrum resulting from
two different effects depicted in Figures 1 and 2a. In order to
get a more detailed insight into whether the presence of
calcium ions changes the interaction with the enzyme, we have
carried out cyclic voltammetry measurements under the same
experimental conditions.

Cyclic voltammetric measurements (Figure 3b) have been
performed on ITO electrodes with the polymer and enzyme in
solution. The electrochemical response of the mixed solution of
PMSA1 and FDH (curve 2) without fructose results in the
appearance of a weak redox couple with a formal potential of
+0.25 + 0.05 V vs Ag/AgCl as reported before.'”*>' = After
addition of fructose an oxidative bioelectrocatalytic current is
observed starting slightly below 0 V vs Ag/AgCl, indicating an
electron flow toward the ITO surface. It reaches a value of AI =
150 nA at E = +0.35 V vs Ag/AgCl. Furthermore, the addition
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Figure 3. (a) UV—vis spectra of PMSA1 with FDH in the absence (1)
and in the presence of fructose (2) together with the added Ca** (3).
(b) CV of blank ITO electrode (1) and ITO electrode immersed in
solution of PMSA1 + FDH without addition (2) and after addition (3)
of fructose. Curve 4 corresponds to system 3 after addition of 20 mM
Ca®", Experimental conditions: [PMSA1] = 40 pg/mL, [FDH] = 18
ug/mL, [Ca®] = 20 mM, [fructose] = 100 mM in 10 mM MES buffer
at pH 8.5, t = 25 °C, scan rate S mV/s.
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of 20 mM Ca®" results in a significant (3-fold) enhancement of
the bioelectrocatalytic current (AI = 450 nA at E = +0.35 vs
Ag/AgCl). These results clearly support the idea of an
enhanced catalytic activity in the presence of Ca’*, as indicated
by the photometric measurements. However, it is not clear
whether this fact originates from the improved interaction of
the enzyme and the polymer or from an enhanced enzymatic
conversion of fructose. Consequently, we have investigated this
in more detail.

Since the electrochemical experiments clearly verify that the
polymer can accept electrons from the enzyme, UV—vis was
used to follow the reaction. Figure 4a summarizes pH-
dependent initial rates of the polymer reduction in the presence
and in the absence of 20 mM Ca*', demonstrating a significant
(2.5-fold) increase in the reaction rate in comparison to the
Ca?-free conditions. However, in order to attribute the
enhanced polymer reduction to the calcium-supported
interaction between the polymer and the FDH, the activity of
the enzyme in dependence on the Ca** concentrations needs to
be studied in the absence of the polymer. We have performed
the measurements of the enzyme activity according to the
established assay (see the Experimental Section) in the
presence of increasing Ca®* concentrations (see Figure 4a).
Clearly visible is an increase in enzymatic activity of FDH in the
presence of Ca’*. However, this increase is much smaller than
that observed for the FDH—polymer reaction, being only about
1.45-fold of the activity in Ca®'-free buffer. This means that the
increase in reaction efficiency exemplified in Figure 4a and from
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Figure 4. (a) pH-dependent initial rate V; of polymer reduction in the
presence of FDH, fructose, and Ca®* (measured by UV—vis). The
reduction was measured at 408 nm. The rate was calculated from the
time-dependent absorbance change according to the Lambert—Beer
equation using the extinction coefficients of oxidized and reduced
polymers. (b) Determination of the enzyme activity according to
Ameyama'® with increasing Ca®* concentrations at pH $.5.
Experimental conditions: [polymer] = 40 ug/mL, [FDH] = 18 ug/
mL, [fructose] = 100 mM in 10 mM MES buffer.

the electrochemical measurements (Figure 3b), which show a
2.5-fold enhancement, can be mainly attributed to the
improved interaction of the enzyme with the Ca®*-bound
polymer.

Application of PMSA1-FDH Reaction for the Con-
struction of Enzyme Electrodes. In the next step of the
study we have investigated whether it is possible to build
efficient enzyme electrodes using the PMSAI polymer and
FDH, exploiting hereby the enhanced interaction in the
presence of Ca®* ions. For this purpose the approach of
enzyme entrapment has been chosen in order to ensure a good
stability of the system. First, planar ITO electrodes have been
modified with a PMSALI film and entrapped FDH.

The electrode modification has been performed by
adsorption from polymer/enzyme solutions in the absence
and in the presence of Ca®" ions. Cyclic voltammograms of the
ITO/(PMSA1:FDH) electrode incubated in a Ca**-free buffer
solution (Figure Sa, curve 1) without fructose are similar to
those observed in solution, with one weak redox couple at E =
+025 + 0.05 V vs Ag/AgCl attributed to the PMSAI
conversion. After addition of fructose (curve 2) bioelectroca-
talytic currents are observed, giving proof of the presence of the
electroactive enzyme in the film. The catalytic current starts at
E = 0V vs Ag/AgCl], reaching the value of AI = 1S nA at E =
+0.35 V vs Ag/AgCl. After addition of 20 mM Ca®* (curve 3) a
clearly enhanced bioelectrocatalytic current with AI = 35 nA at
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Figure 5. CVs of (a) ITO/(PMSAL:FDH) immobilized in Ca®*-free
solution (1), after addition of fructose (2), and after consequent
addition of 20 mM of Ca** (3) and (b) ITO/(PMSAI1:FDH)
immobilized in the presence of Ca** (1) and in the presence of
fructose (2). Experimental conditions: [fructose] = 100 mM in 10 mM
MES buffer with or without 20 mM CaCl, at pH S.5, t = 25 °C, scan
rate S mV/s.

E = +0.35 V vs Ag/AgCl appears. This is in agreement with
measurements in solution (Figure 3b); however, the catalytic
current intensities are significantly smaller.

Cyclic voltammograms of the ITO/(PMSA1:FDH) electrode
prepared in the presence of 20 mM of Ca’* in MES buffer
solution (Figure Sb, curve 2) demonstrate a higher
bioelectrocatalytic response after addition of fructose, since
the value of AI = 48 nA at E = +0.35 V vs Ag/AgCl can be
reached. This fact can be easily explained by a long incubation
time (2 h), during which time Ca®" ions are expected to bind to
the SO;~ groups on PMSAIL, and thus the enzyme is
coimmobilized with the Ca?*-bound polymer for better
interaction. Therefore, we are able to see the enhancement of
the polymer—enzyme reaction also on ITO electrodes. It has to
be emphasized here that in this case eflicient bioelectrocatalysis
has been observed by measuring the electrodes in buffer
solution containing no free Ca®>" ions. Moreover, the starting
potential of the bioelectrocatalytic fructose conversion is in
agreement with the enzyme conversion on various electrode
surfaces reported by Kano.”*?!

Efficient bioelectrocatalysis has also been observed with
PQQ-GDH immobilized on different surfaces with sulfonated
polyanilines.'®****~¢ This was shown to proceed via a direct
electron transfer pathway, even though interpretations of the
reaction mechanism in the literature are controversial.”’ In
order to evaluate whether a surface layer works as a mediator,
one has to consider the formal potentials of the redox

DOI: 10.1021/acscatal.5b00136
ACS Catal. 2015, 5, 2081—-2087


http://dx.doi.org/10.1021/acscatal.5b00136

ACS Catalysis

Research Article

conversions of different components of the system. The
sulfonated polyanilines are redox active, although the peaks in
the immobilized state are sometimes rather weak. When a
bioelectrocatalytic current would be observed at potentials
corresponding to the redox potential of the polymer, indicating
that the oxidation process of the polymer triggers the
bioelectrocatalysis, mediation can be concluded. However,
when the bioelectrocatalysis is observed at much lower
potentials, a direct electron transfer mechanism is valid,
exploiting the conducting properties of the polymer. For
PQQ-GDH at polymer-modified electrodes the catalytic
current starts at about —0.1 V vs Ag/AgCl—far below the
redox peaks of the polymer (+0.05 and +0.2 V vs Ag/AgCl).**
The starting potential of the electrocatalytic currents on the
FDH—polymer electrode is also rather low (~0 V vs Ag/AgCl),
also suggesting a direct electron transfer pathway for this
system. The rather similar starting potentials for different
enzymes may be attributed in the first row to the conductivity
of sulfonated polyanilines. Consequently, also reports on the
polymer-supported bioelectrocatalysis of PQQ-dependent
alcohol dehydrogenase and PQQ-dependent aldehyde dehy-
drogenase need to be reconsidered, since redox activity is found
at potentials of about +0.2 mV vs Ag/AgCl, but catalgfsis already
starts at potentials of about +0.05 mV vs Ag/AgCL> It should
also be noted here that the addition of Ca*" cations generally
increases the bioelectrocatalytic activity of PQQ-containing
enzymes,58 but FDH is a FAD-containing enzyme, which was
independently studied in the present report.

In order to enhance the efficiency of the bioelectrocatalysis of
FDH, 3D macroporous ITO electrode structures have been
used. These materials have attracted great interest in recent
years, since they can accommodate a largely increased amount
of catalyst, resulting in enhanced signal generation. We have
used a macroporous ITO electrode with a thickness of the
porous ITO layer of about 1.2 ym and a pore size of 300 nm
(Figure 6b,c), allowing a good access of polymer and enzyme to
the inner surface during the immobilization and substrate
molecules during operation. The macroporous ITO electrodes
are incubated with a PMSA1/FDH mixture containing a
medium concentration ratio of 1.5 mg mL~! PMSA1/18 ug/
mL FDH (see the Experimental Section). This concentration
has been selected on the basis of the variation of the polymer/
enzyme ratio, which demonstrates that there is only a limited
concentration range in which bioelectrocatalysis occurs. At
polymer concentrations higher than 1.5 mg mL ™" rather small
catalytic currents can be detected. SEM micrographs after
immobilization of the polymer/enzyme system have shown that
the 3D structure was not affected by the treatment with the
polymer—enzyme mixture.

Figure 6a shows cyclic voltammograms in Ca**-free buffer
solution of a macroITO/(PMSA1:FDH) electrode prepared in
the presence of Ca?" ions, which are recorded in the absence
(1) and in the presence (2) of fructose. A redox couple at E =
+025 + 0.05 V vs Ag/AgCl attributed to the PMSAI
conversion is clearly observed. Upon addition of fructose to
the buffer solution, the macrolTO/(PMSA1:FDH) electrode
exhibits an efficient bioelectrocatalytic current. The catalytic
current starts from a potential of about E = 0 V vs Ag/AgCl and
reaches at +0.35 V a value of AI = 1.6 + 0.2 uA, with n = 3
(Figure 6a, curve 2). In addition, for this electrode architecture
we can state that the oxidation process at +0.25 V vs Ag/AgCl
is not necessary to collect the electrons from the enzyme. The
bioelectrocatalysis demonstrates the efficient electron exchange
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Figure 6. (a) CVs of macrolTO/(PMSA1:FDH) immobilized in the
presence of Ca** (1) and in the presence of fructose (2). Experimental
conditions: [fructose] = 100 mM in 10 mM MES buffer with 20 mM
CaCl, at pH S.5, t = 25 °C, scan rate S mV/s. (b) Top view and (c)
cross-section SEM images of the 3D macroporous ITO electrodes.

between a 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 FDH and allows efficient electron
withdrawal from the reduced enzyme. However, at this point it
cannot be stated which redox center is involved in the reaction
with the polymer electrode. Since redox potentials of heme ¢
moieties of FDH have been recently reported to be 10 + 4, 60
+ 8, and 150 + 4 mV vs Ag/AgClL>" the heme involvement is
highly probable, but interaction with the FAD subunit cannot
be excluded.

On comparison of the catalytic currents of the macroporous
FDH electrodes with those on planar ITO (Figure Sb), a
significant improvement of the bioelectrocatalytic properties of
the system can be demonstrated, since a 35-fold increase in the
catalytic current is achieved. This value is in good agreement
with the almost 40 times higher electroactive area of the porous
macrolTO in comparison to that of the flat ITO, as determined
from the analysis of the voltammetric charging current of both
electrodes in a pure buffer solution (measured at a scan rate of
50 mV/s).

Because long-term stability is an important parameter for
evaluation of the performance of a detection system, we have
traced the stability of our macrolTO/(PMSA1:FDH) electro-
des by testing their activity in a fructose solution, after the
electrodes have been kept at 4 °C in 10 mM MES + 20 mM
CaCl,, pH S.5, when not in use. The catalytic current response
maintains over 50% of the initial value after 4 days,
demonstrating that the entrapment of FDH in the sulfonated
polyaniline films within the macroporous electrodes leads to a
good retention of activity. Thus, our biohybrid system
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developed by making use of a sulfonated polyaniline and its
interaction with FDH and combination with macroporous 3D
structures is a promising candidate to be used for biosensorial

purposes.

B CONCLUSION

We have demonstrated that an interaction between the
sulfonated polyaniline PMSA1 and the redox enzyme FDH
occurs in solution and on the electrodes, enabling the
fabrication of efficient FDH-based bioelectrocatalytic systems.
Moreover, an unprecedented enhancement of the catalytic
activity of the redox enzyme FDH has been found—induced by
the coordination of Ca*" ions to sulfonic acid groups on the
aniline ring of PMSAL.

Further developments have been performed by coimmobi-
lization of FDH and the polymer on flat and macroporous ITO
structures. This has allowed the construction of efficient
enzyme electrodes with a good stability. The magnitude of
FDH bioelectrocatalysis can already be tuned during the
immobilization process by exploiting the calcium—polymer
interaction and 3D electrode structures. The direct bioelec-
trocatalysis in combination with a tunable efficiency and a high
stability make this type of architecture a promising system for
the construction of enzyme-based biosensors.

B EXPERIMENTAL SECTION

Chemicals. MES (2-(N-morpholino)ethanesulfonic acid)
buffer was purchased from Sigma-Aldrich (Taufkirchen,
Germany), dehydrated calcium chloride, sodium dodecyl
sulfate (SDS), iron(III) sulfate, and D-fructose were obtained
from Fluka Analytics (Taufkirchen, Germany), and 85%
phosphoric acid was provided by Merck (Darmstadt,
Germany). They were used without further purification.
Poly(2-methoxyaniline-S-sulfonic acid)-co-aniline polymer
(PMSAL; Scheme 1) was synthesized as reported before.**
Millipore water (18 MQ) was used for all types of
measurements.

Enzyme Solution. FDH from Gluconobacter japonicus was
provided by Sigma-Aldrich as a lyophilized powder containing
additional salts and agents for stabilization. According to the
provider, the purchased sample of 4.5 mg of FDH contained
5.1% protein. Therefore, a 0.5 mg of protein/mL stock solution
was prepared after dissolving the lyophilizate in 0.5 mL of
Mcllvaine buffer (pH 4.5). The enzyme solution was used
without further purification. Its specific activity—1186 U/mg of
protein—was determined prior to the use as described by the
provider: the principle of the activity test is based on
ferricyanide reduction by FDH in the presence of fructose.'’
The reaction is stopped by the addition of a solution containing
phosphoric acid, SDS, and iron(III) sulfate. SDS denatures the
enzyme and thus disables further reduction of ferricyanide.
Iron(I1I) sulfate reacts with the reaction product (ferrocyanide)
to Prussian blue, which is detected spectrophotometrically at
660 nm at room temperature.

Measurements in Solution. UV-Vis Spectroscopy. At
first, PMSAL1 and FDH were mixed successively in MES buffer
(10 mM, pH 4.0—6.5). After mixing and addition of a constant
amount of the substrate fructose, UV—vis spectra were
collected in the absence and in the presence of 20 mM
CaCl,. Since the reduction of polymers is accompanied by the
appearance of a strong absorbance band at 408 nm, the
absorbance increase in time was followed at this wavelength.

2086

Afterward, the Lambert—Beer equation was used for the
calculation of the corresponding reaction rates. The following
concentrations were used: [PMSA1] = 40 ug/mL, [FDH] = 18
ug/mL, [fructose] = 100 mM (unless noted otherwise).

Cyclic Voltammetry. Previously cleaned rectangular ITO
coated glass slides with surface resistivity 15—25 Q sq~'
(obtained from Sigma-Aldrich, Taufkirchen, Germany) were
used as working electrodes. PMSAl polymer, FDH, and
fructose were mixed successively in 10 mM MES buffer in the
absence and in the presence of 20 mM CaCl,; afterward, cyclic
voltammetry was applied to follow the reaction. The following
concentrations were used: [PMSA1] = 40 ug/mL, [FDH] = 18
ug/mL, [fructose] = 100 mM (unless noted otherwise).

Construction of Polymer/Enzyme Films. For the
preparation of polymer/enzyme films, the previously cleaned
rectangular ITO coated glass slides and macroporous ITO
(prepared by a direct coassembly of poly(methyl methacrylate)
beads (PMMA) and indium tin hydroxide nanoparticles (nano-
ITOH) with subsequent calcination as described before'®®°)
were initially incubated in buffer solutions of the PMSA1-FDH
mixture (1.5 mg mL™ PMSAL, 18 ug/mL FDH; 10 mM MES
with or without 20 mM CaCl,, pH 5.5) for 2 h. Afterward, the
PMSA1/FDH electrode was dipped into the same buffer
without enzyme and polymer to wash away the unbound
material.

Instruments. Electrochemical measurements were per-
formed at room temperature in a homemade 1 mL cell using
an Ag/AgCl/1 M KCI reference (Biometra, Germany) and a
platinum-wire counter electrode. Cyclic voltammetric experi-
ments were carried out with a gAutolab Type II device
(Metrohm, The Netherlands). The scan rate was set to S 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, Utrecht, The Netherlands). UV—vis measurements
were carried out using an Evolution 300 spectrophotometer
(Thermo Fischer Scientific, Germany).
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