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ABSTRACT: The bioelectrocatalytic sulfite oxidation by human sulfite

oxidase (hSO) on indium tin oxide (ITO) is reported, which is facilitated by

functionalizing of the electrode surface with polyethylenimine (PEI)- |e-
entrapped CdS nanoparticles and enzyme. hSO was assembled onto the
electrode with a high surface loading of electroactive enzyme. In the presence
of sulfite but without additional mediators, a high bioelectrocatalytic current
was generated. Reference experiments with only PEI showed direct electron
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transfer and catalytic activity of hSO, but these were less pronounced. The

application of the polyelectrolyte-entrapped quantum dots (QDs) on ITO

electrodes provides a compatible surface for enzyme binding with promotion of electron transfer. Variations of the buffer solution
conditions, e.g., ionic strength, pH, viscosity, and the effect of oxygen, were studied in order to understand intramolecular and
heterogeneous electron transfer from hSO to the electrode. The results are consistent with a model derived for the enzyme by
using flash photolysis in solution and spectroelectrochemistry and molecular dynamic simulations of h1SO on monolayer-modified
gold electrodes. Moreover, for the first time a photoelectrochemical electrode involving immobilized hSO is demonstrated where
photoexcitation of the CdS/hSO-modified electrode lead to an enhanced generation of bioelectrocatalytic currents upon sulfite
addition. Oxidation starts already at the redox potential of the electron transfer domain of hSO and is greatly increased by
application of a small overpotential to the CdS/hSO-modified ITO.
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1. INTRODUCTION

Nanotechnology has gained considerable interest in the field of
analytical chemistry in combination with bioanalytical systems
in the past two decades. Nanostructured materials exhibit
properties markedly different from those of conventional bulk
materials mainly because of their unique microstructure." The
main factors that influence the mechanical, optical, electric, and
magnetic properties of the nanoparticles as well as their
chemical reactivity are the surface effect and the size-dependent
quantum dot (QD) effect.”™" Quantum dots (QDs) are
nanocrystalline particles (<10 nm) with unique quantum-
confined photonic and electronic properties. In 1998, Nie” and
Alivisatos® demonstrated the potential application of QDs as
fluorescent labels. The use of semiconductive QDs to follow
biocatalytic events and to establish photobioelectrochemical
systems is an active area of research.” For example, electro-
chemistry and photobiocatalysis of enzymes immobilized on
semiconductive material for bioelectronic devices,® '° detec-
tion,”"" or artificial photosynthesis'> were reported. The latter
systems use the rectifying properties of the semiconductors to
generate directed photocurrents. It was possible to control the
direction of the photocurrent by application of a potential and
to follow biocatalysis via indication of mediators or via an
electroactive product or cosubstrate.® The direct reaction of a
protein became possible after modification of semiconductor
nanoparticles with an appropriate hydrophilic and charged
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shell.”"® To obtain an optically controlled charge transfer from
cytochrome ¢ (cyt c) to a gold electrode, CdSe-ZnS QDs were
immobilized on the electrode. Only the application of
additional anionic surface modifier of the QDs resulted in
enhanced photocurrents."” Via the combination of cyt ¢ and
enzymes on QDs-modified electrodes, photoswitchable bio-
electrocatalytic sensors were created, where the electrochemical
conversion of cyt ¢ is amplified by the enzyme in the presence
of its substrate.” However, the enzymes were not directly
reacting with the activated nanoparticles. Recently our group
and others demonstrated direct unmediated electronic
communication of the molybdenum enzyme human sulfite
oxidase (hSO) to electrodes using gold nanoparticles.'*
Sulfite oxidases (SO) form one of the three families of
mononuclear molybdoenzymes that have been defined on the
basis the different active site structures.'”'® SO from animals
generally are homodimers, which consists of an N-terminal
heme-containing domain (SO-HD) bonding cyt bS, and a C-
terminal domain containing the molybdenum complex cofactor
(Moco) and a dimerization site (SO-MD). SO can catalyze the
oxidation of sulfite to sulfate, coupled with the subsequent
reduction of two equivalents of cyt c.'”'® This reaction has
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Scheme 1. Sketch of the Two Procedures for Modification of Electrodes with PEI-Capped CdS QDs and hSO“
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“The left picture illustrates electrostatic adsorption of hSO to PEI-capped CdS QDs that are covalently linked to the self-assembled DTSP on gold.
The modification of ITO (right picture) involves electrostatic adsorption of CdS QDs to the negatively charged ITO followed by adsorption of hSO.

been explored for biosensors where cyt ¢ mediated electrons to
the electrode using animal SO'”?° or bacterial sulfite
dehydrogenase.”** Direct voltammetry can provide further
insights to the enzyme mechanism as was initially demonstrated
for chicken SO (cSO) on pyrolytic graphite.”” This work
identified the heme of the SO-HD as an inbound relay between
the catalytic site and the electrode for the catalytic turnover of
¢SO. Electrodes with the very homologous human enzyme hSO
were constructed using self-assembled monolayers of amino
alkyl thiols** or monolayers that have been additionally covered
by polycations.” Here also the SO-HD acts as a redox relay.
Recently we showed that high catalytic currents are also
achieved with hSO adsorbed to polyethylenimine (PEI)
covalently bound to nanostructured gold electrodes.”® In this
connection, small PEI-entrapped Au nanoparticles synthesized
in ionic liquids'**® and covalently coupled to a monolayer-
modified gold electrode enhance direct electron transfer.'* On
such electrodes, pronounced nonturnover currents are
observed, and upon substrate addition, large electrocatalytic
currents appeared. However, the substrate-dependent signals

were still impaired by a parasitic reaction of molecular
oxygen. %S

The aim of the present work was to develop a modified
electrode that enables very eflicient bioelectrocatalysis and
photoelectrochemical reaction using direct electronic commu-
nication to an enzyme on an activated semiconductor
nanoparticle-modified transparent electrode.

For this purpose, PEI-capped CdS QDs are attached to the
transparent indium tin oxide (ITO) electrode to assist
attachment of hSO and to provide a photoactivated
functionality. QDs of about 2 nm size were synthesized by a
recently developed green synthesis route.”” The resulting CdS
nanoparticles are entrapped by the hyperbranched PE]I,
containing primary secondary and tertiary amino groups.
Electrochemical experiments have been carried out on ITO
electrodes in order to achieve efficient heterogeneous and
intramolecular electron transfer for hSO bioelectrocatalysis and
to enable us to investigate the role of CdS QDs and the effect
of visible light on the photocurrent response of the biosensor.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were of analytical grade and were
used as received. 3,3"-Dithiodipropionic acid di(N-hydroxysuccinimide
ester) (DTSP) was purchased from TCI (Eschborn, Germany). ITO
slides, sodium sulfite, sulfuric acid, and hydrogen tetrachloroaureate
were purchased from Sigma-Aldrich (Steinheim, Germany). Tris-
(hydroxymethyl) aminomethane (Tris base) was obtained from Serva

(Heidelberg, Germany). Nitric acid, potassium dihydrogen phosphate,
and dipotassium hydrogen phosphate were from Merck (Darmstadt,
Germany). Potassium carbonate and polyethylenglycol 400 (PEG
400) were purchased from Roth (Karlsruhe, Germany). CdCl, (>99%)
and Na,S (>99%) were obtained from Fluka and used as received.
Branched polyethylenimine (PEIL Lupasol G 100 with M, = 5000 g
mol ") was from BASF (Ludwigshafen, Germany). The solutions were
prepared with 18 MQ Millipore water (Millipore, Eschborn,
Germany).

2.2. Expression and Purification of hSO. h)SO was expressed in
Escherichia coli TP1000 cells containing plasmid pTG718 and was
purified following a previously reported protocol.'”

2.3. Synthesis of Nanoparticles. PEl-capped CdS QDs were
synthesized according to the previously reported procedure.”” Briefly,
0.75 mL of a precooled aqueous 0.5 mM CdCl, solution was dropwise
added to 3 mL of a 1 wt % PEI solution under stirring while the
temperature was maintained at 2 °C. After that, the same amount of a
precooled aqueous 0.5 mM Na,$S solution was slowly added, and the
mixture was stirred for about S min. The whole procedure was carried
out in a dark environment.

Synthesis of PEI-capped AuNPs in aqueous solution followed the
protocol reported by Note et al.>* Aqueous solutions of 1 wt % PEI
and 2 mM HAuCl, solution were prepared, mixed with 1:1 ratio (w/
w) at room temperature, and heated up to 100 °C for S min. The
generated nanoparticle-containing solution was cooled down to room
temperature using a water bath and then kept at 4 °C.

2.4. Characterization of Nanoparticles. PEI-capped CdS
nanoparticles (CdS QDs) and AuNPs were characterized by using
dynamic light scattering (DLS) at 25 °C at 173° (backscattering
technique) with a Nano Zetasizer 3600 (Malvern). The freshly
prepared CdS nanoparticles show a maximum of 2.3 nm in the number
plot and of 2.7 nm in the intensity plot, indicating that very small PEI-
capped QDs are formed. These results are in good agreement with our
recently published data in the presence of PEI samples of higher molar
mass.”” By using the above-desribed procedure for making Au
nanoparticles,”® stable PEI-entrapped Au nanoparticles with an Z
average of 144 + 0.4 nm are formed. Both freshly prepared aqueous
nanoparticle dispersions were used without further treatment in the
following electrode fabrication procedure.

2.5. Electrode Fabrication. The two procedures illustrated in
Scheme 1 were used for the creation of CdS QDs-modified electrodes.
PEI-capped nanoparticles assembled on ITO are based on charge
interaction of the polycationic polymer PEI and the negatively charged
ITO. The enzyme hSO adsorbs to polycationic layer containing the
self-assembled nanoparticle/polyelectrolyte layer. The modification of
the gold surface includes a self-assembled monolayer (SAM) of DTSP
and the cross-linkage between the succinimide active ester and the
primary amines of PEIL

2.5.1. Preparation of Modified ITO Electrodes. To clean the
surface of the electrodes, the ITO slides were first pretreated in 1 wt %
Alconox aqueous solution for at least 30 min, followed by incubation
in 70% (v/v) ethanol for 20 min, and two pretreatments in Milli-Q
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Figure 1. CVs of (a) ITO/CdS/hSO, (b) ITO/PEI/ASO, (c) ITO/hSO, and (d) ITO/CdS electrodes recorded under nonturnover conditions in
750 mM Tris-acetate buffer solution (pH 8.4) saturated with nitrogen. The scan rate is 100 mV s™".

water each for at least 10 min. Prior to CdS QDs adsorption, the
electrodes were equilibrated overnight in S mM potassium phosphate
buffer at pH 7.0. After drying with a stream of nitrogen gas, 100 uL of
0.5 mM CdS QDs solution was placed onto the conductive surface of
the ITO slide and left for at least 2 h at room temperature. The
modified electrode (henceforth simply ITO/CdS) was then rinsed
with water to remove unabsorbed nanoparticles. For immobilization of
hSO, 100 uL of freshly prepared S uM hSO solution (enzyme
dissolved in 0.5 mM Tris-acetate solution, pH 7.0) was placed onto the
QDs-modified ITO surface for 1 h at 4 °C. The electrodes were
subsequently washed with 0.5 mM Tris-acetate buffer solution (pH
7.0). The enzyme-modified electrode, henceforth ITO/CdS/hSO, was
stored dry at 4 °C when not in use.

The ITO/PEI/hSO electrode was fabricated using the same method
except that PEI was used instead of the CdS QDs. The ITO/hSO
electrodes were prepared with omission of either PEI or CdS QDs.

2.5.2. Preparation of Modified Au Electrodes. Gold wires
(diameter = 0.5 mm, Goodfellow, Bad Nauheim, Germany) were
cleaned as reported by Frasca et al.'* The cleaned wires were
immersed into a S0 mM DTSP solution (DTSP dissolved in DMSO)
for 2 h at room temperature for the formation of a self-assembled
monolayer on the surface. The DTSP-modified electrodes were then
rinsed with DMSO and water and then immersed into 0.2 M K,CO,
(pH 10.0) for 20 min in order to activate the surface. Then, the
electrodes were incubated in either CdS QDs or AuNPs solution for 1
h at room temperature. Immobilization of hSO was achieved by
immersion of the NP-modified gold electrode into 0.5 mM Tris-
acetate at pH 7.0 containing 2 M hSO at 4 °C for 30 min. The
modified electrodes were stored dry at 4 °C when not in use. Before
each measurement, the Au/CdS/hSO or Au/AuNPs/hSO electrodes
were thoroughly rinsed with S mM Tris-acetate (pH 8.4) to remove
enzyme that was not tightly bound.

2.6. Electrochemical Investigations. Electrochemical measure-
ments were carried out using a custom-made 1 mL measuring chamber
equipped with a Ag/AgCl/1 M KCl reference electrode and platinum-
wire counter electrode. The working electrodes were modified ITO
slides or modified Au wires according to the procedure described
above. Experiments were carried out at room temperature with a
PalmSens potentiostat and analyzed with PSLite 3.0 software
(Palmsens, The Netherlands). Scan rates were varied between 0.02
and 3 V s7' to determine surface coverage and electron transfer rate
constant. A scan rate of 0.002 V s~ was normally used to record
catalytic currents. Amperometric experiments were carried out under
constant stirring of the solution and applying a potential of 0 V (vs
Ag/AgCl/1M KClI) to the working electrode. Unless stated otherwise,
the electrolyte solutions were purged with nitrogen gas for 30 min to
reduce the level of oxygen dissolved before each electrochemical
measurement.

The photocurrent measurements are carried out in a 1 mL
homemade spectro-electrochemical cell equipped with a quartz
window opposite the working electrode, a Ag/AgCl reference
electrode, and a Pt counter electrode. The measurements were carried
out using photodiodes from Conrad GmbH (Germany) (45 mW

LED, 340—700 nm wavelength) mounted at the quartz window. The
working potential was 0 V (vs Ag/AgCl/1 M KCl). During
amperometric photocurrent measurements, the solution was stirred
constantly.

3. RESULTS AND DISCUSSION

3.1. Noncatalytic Voltammetry of hSO. PEI-capped CdS
QDs-modified ITO surface resulted in pronounced direct
electrochemistry of the adsorbed hSO. Cationic surface
modifiers promote adsorption of SO in a suitable orientation
for efficient direct transfer between SO and an elec-
trode.'****** The positively charged surface of CdS QDs,
specifically the amino-group-rich PE], is expected to provide
adsorption of hSO that facilitate the direct electron transfer
reaction.

Figure 1 compares the electrochemical behavior of hSO
adsorbed to modified ITO electrodes in the presence and
absence of CdS nanoparticles. Cyclic voltammograms (CV)
recorded on a (stationary) ITO electrode modified with CdS
and hSO (ITO/CdS/hSO) are shown in Figure la. A couple of
well-defined, nearly symmetric redox peaks were obtained with
the formal potential of —157 mV (vs Ag/AgCl in 1 M KCl),
which was calculated by averaging the cathodic and anodic peak
potentials corresponding to the redox species. In contrast, the
CV curve of ITO surface modified only with CdS QDs (Figure
1d) shows an increased capacitance of the surface but does not
show any redox peak, which allows the conclusion that the
redox signals result from hSO. Thus, a direct electron transfer
of hSO on a PEI-capped-CdS-coated ITO electrode has been
achieved successfully. Additionally, a control experiment was
carried out with hSO directly adsorbed on an ITO surface
(Figure 1c). It is obvious that no visible redox peaks evolved at
such an electrode surface. The CV of hSO on a PEI-modified
ITO electrode was additionally measured (Figure 1b), and the
response of redox peak is much smaller compared with that of
hSO immobilized on CdS-modified electrode (Figure 1a).
Therefore, we assume that PEI binds hSO and CdS
nanoparticles that promote the direct electron transfer process
between the hSO and electrode surface. The peak potential
corresponds to values obtained on other electrodes and for the
isolated heme domain'®** and is therefore ascribed to the
reversible one-electron transfer process of h/SO-HD domain.

CV of ITO/CdS/hSO was recorded in 750 mM Tris-acetate
buffer at various scan rates (Figure Sla). The shape of the
curves is indicative of a reversible one-electron transfer, with
the number of transferred electrons n = 0.92 estimated from the
width at midheight that tends toward 90.6/n mV. This value
also indicates a very homogeneous distribution of the enzyme.
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Figure 2. (a) CVs of ITO/CdS/hSO at a scan rate of 2 mV s™' in 750 mM Tris-acetate buffer (pH 8.4) (dashed line) and with 200 M sulfite (solid

line). (b) Dependence of the catalytic current on sulfite concentration.
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Figure 3. (a) Percent of catalytic current in the presence of 200 uM sulfite related to the catalytic current in 750 mM Tris-acetate buffer with various
concentrations of Tris-acetate buffer. (b) Effect of buffer concentration on the noncatalytic reaction. (c) Percent of catalytic current in the presence
of 200 uM sulfite related to the catalytic current in the presence of 0, 10, and 20% viscogen PEG 400 and 750 mM Tris-acetate buffer.

Both anodic and cathodic peak currents exhibited a linear
dependence on the scan rate in the range from 0.01 up to 1 V
s”!, suggesting that hSO on ITO/CdS exhibits surface-
controlled electrochemical behavior. Only at a higher scan
rate above 1 Vs™' is a deviation from linearity observed (Figure
S1b). This may indicate different electron transfer distances
because it has been observed for proteins assembled in
multilayers.”® This is further supported by the fact that the
estimated surface coverage (I") is lower for the high scan rates
compared to that of the lower one (I = 2.8 pmol cm™ for 3 V
s”'and I = 4.2 pmol cm ™ for 1 V s™"). Because a noncatalytic
signal of hSO is clearly observed at the ITO/CdS/hSO
electrode, the surface concentration of electrochemically active
hSO was calculated by integration of the reduction peak of the
observed CV curve according to the equation™

r= IP4RT/vn2F2A

where I, is the peak current of the nonturnover response of the
immobilized enzyme at a given scan rate v, n is the number of
electrons transferred, F is the Faraday constant (F = 96 485 C
mol™"), and A is the geometric area of the electrode (A = 0.2
cm?).

We therefore suggest that a prolonged electron transfer is
also attributed to a reorientation processes of the hSO-HD at
the electrode surface.” It should be pointed out that the ionic
strength was low only during the initial adsorption process and
that all the CVs were carried out in 750 mM Tris-acetate buffer
concentration, where electrostatic interactions between the
positively charged CdS QDs head groups and hSO are weak.
Because stringent washing does not remove bound enzyme, the

binding to the polyelectrolyte-capped QD-modified surface is
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most likely via interaction of the dimerization domain, as in the
case of previously proposed hSO-modified gold electrodes.'***

The highest value of electroactive species was calculated to
be I' = 4.2 pmol cm™ for scan rates up to 1 V s™". The cyt b
domain of hSO is the electrochemically active species in the
nonturnover process. Assuming a footprint of the enzyme being
ca. 0.84 X 1072 cm? (dimer), the theoretical I" value for
monolayer coverage with the dimer is 1.98 pmol cm™. This
value is close to monolayer coverage of 4SO on ITO/CdS QDs
surface.

The electron transfer rate constant k, of hSO on the modified
electrode was calculated from the peak-to-peak potential
separation AE, according to Laviron.” The electron transfer
rate constant k, was estimated to be 27.1 s™* (Figure S2), which
is comparable with the values obtained for ¢SO on alkanethiol-
modified gold electrodes™ and hSO on self-assembled amino-
terminated monolayers™* but larger than the values at a AuNP-
modified gold electrode.'* The modification of ITO with CdS
entrapped in polycations seem to provide a better interaction
with hSO and enhancement in electronic communication in
contrast to those previously reported for antimony-doped tin
oxide.”* In the latter case, no preferred orientation of the
anionic cyt heme domain was provided. Here the amino groups
of the capping PEI provide a surface to which hSO can
assemble in a productive orientation.

3.2. Bioelectrocatalysis of Sulfite Oxidation. The ITO/
CdS/hSO exhibited clear electrocatalysis of the oxidation of
sulfite, which is obvious from the shape of the CVs in the
presence of substrate. As shown in Figure 2a, with the addition
of sulfite into 750 mM Tris-acetate buffer at pH 8.4, an obvious
increase of the oxidation current that starts from —025 V
appeared, which is a clear indication of the electrocatalytic
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reaction. The inflection point of the electrocatalytic curve
coincides with the noncatalytic formal potential of the heme
domain and thus also suggests very efficient electrode coupling
with no overpotential for the electrocatalysis. No similar
phenomena could be observed at the modified electrodes
without hSO under the same conditions.

From variation of the substrate concentration, it is obvious
that the maximum catalytic current value for 750 mM Tris-
acetate buffer at pH 8.4 was already reached in the presence of
200 uM sulfite (Figure 2b). The bioelectrocatalysis of hSO on
modified gold electrodes is strongly dependent on buffer
concentration because of the necessity of flexible interaction of
the mediating heme bs domain of SO with the catalytic
molybdenum-containing unit and the electrode.'”***> There-
fore, the effect of buffer concentration was studied with the
novel assemblies as well. No catalytic current was detected in
very low concentration of Tris-acetate buffer (5 mM).
However, when increasing buffer concentration (>200 mM),
the current density increased dramatically (Figure 3a). In
contrast, the noncatalytic current does not show this strong
ionic strength dependence (Figure 3b).

Besides the buffer concentration, solution viscosity should
also influence the catalytic current and thus deliver another
indication of the flexibility of the SO-HD to mediate electrons
between the catalytic site and the electrode and of the fact that
protein conformational change is involved in the reaction.
Figure 3c shows a significant decrease of the catalytic current
with increasing amounts of PEG 400. The catalytic current
values obtained from these experiments for immobilized hSO
on ITO/CdS with 10 and 20% (v/v) PEG 400 is only 80 and
60% compared to the response in buffer solution without PEG
400.

The apparent Michaelis—Menten constan Kyf for sulfite is
20 uM (at pH 8.4) and thus is close to the reported value of Ky,
= 825 uM (at pH 8.5) for hSO in solution.*® This allows us to
conclude that sulfite has a sufficiently fast access to the active
site of enzyme. Under substrate saturation, the limiting current

may be related directly to the turnover rate constant k>
k. = Ilim
cat — L
nsoAnE

where Ij;, refers to the maximum catalytic current obtained in
an experiment where mass transport is not the rate limiting
step. In the present case, the effects of mass transport can be
neglected because of stirring of the solution; thus, we can set
The values of k., were calculated from the values of
the catalytic currents at 100 mV. If we assume that all redox
active enzymes determined from the noncatalytic CV curve are
also catalytically active, then the CV measurements revealed an
apparent turnover rate of k. (electrode) = 3.17 s™! in 750 mM
Tris-acetate buffer (pH 8.4) solution. This rate is comparable to
that of h/SO immobilized on a roughed Ag electrode modified
with a mixed SAM of C4(NH,)/C4(OH) (1:3 M/M) in 750
mM Tris (pH 7.4) reported by Sezer et al,”* who obtained
turnover rates of 5.3 s~ from CV data. From their SERR
experiments results, they have obtained also a lower rate (k ., =
0.76 s7') using 200 mM Tris (pH 7.4) at the same surface.
However, the huge difference between k., obtained in
immobilized state and that obtained in solution suggested
that only a small fraction of enzyme bound at the electrode is
catalytically active and can provide conformation change for fast
intramolecular electron transfer.

Ilim = Imax'

21491

For comparison, CdS QDs were bound to gold electrodes
using DTSP, and hSO was subsequently adsorbed (Scheme 1).
Here also clear redox transformation appeared with a similar
midpoint potential as on ITO at —157 mV. However, only 33%
of the enzyme loading could be reached; consequently, the
catalytic current was also lower. Table 1 summarizes

Table 1. Redox Parameters of hSO Immobilized on Different
Modified Electrodes”

hSO on
modified
surface E° (mV) k, (s I, (uA cm_z)b I’ (pmol cm™2)°
ITO/CdS 157 £ S 271 £22 1.0 + 0.10 420 + 0.32
1TO/ 156 + 4 224 £ 1.8 0.9 + 0.15 3.90 + 0.40
AuNPs
ITO/PEI 155 122 0.45 1.02
Au/DTSP/ 152 + 4 18.1 + 24 0.65 + 0.10 1.40 £+ 0.20
Cds
Au/DTSP/ 155+ 6 322+ 19 095 + 0.12 2.10 + 0.15
AuNPs

“The data were estimated from CV values determined for 750 mM
Tris-acetate buffer, pH 8.4. "Catalytic current density in the presence
of 200 uM sulfite; scan rate = 2 mV s\ “For I" calculation, the
geometric area was used A(Au) = 0.08 cm™2, and A(ITO) = 0.20 cm™>

comparative studies on either ITO or gold with CdS QDs or
AuNPs (Table 1). The immobilization of £SO is in all the cases
based on interaction with PEL Therefore, it is not surprising
that the formal potential of hSO also did not differ between the
various modified surfaces; also, a quasi-reversible le™ transfer
process was indicated. The surface coverage of hSO on the
studied system (Table 1) calculated from the area under the
peaks was highest for ITO/CdS/hSO followed by ITO/AuNP/
hSO and Au/DTSP/AuNP/hSO, where on the latter only half
of the amount could be bound in electroactive orientation. In
contrast, the loading of hSO on Au/CdS reached only 33% of
the ITO/CdS value. The higher value of surface loading on
ITO may result from the surface roughness, which is not
considered for the calculation when taking the geometric area.
When comparing ITO/CdS and ITO/AuNP, obviously the
slightly higher loading also results in a slightly higher catalytic
current density. Similarly, the ITO/PEI surface provides lower
enzyme loading and less catalytic current. The determined
heterogeneous electron transfer rate constants do not differ
much between the AuNPs (15 nm) on Au system and ITO/
CdS QDs (2.5 nm) and is lowest without nanoparticles. This
indicates the promoting effect of nanoparticles on the direct
electron transfer (DET).

In the crystal structure of ¢SO, a distance between the
molybdenum and the heme center was determined as 32 A,*’
which does not allow efficient intramolecular electron transfer
(IET). From previous investigation, a conformation change in
solution during the catalytic process is reasonable to bring the
heme and Mo center much closer.”® The dependence of the
catalytic currents on buffer concentration and the effect of
viscosity are consistent with the role of conformational changes
on intramolecular electron transfer in ¢SO observed by using
flash photolysis as reported by Feng et al.* It is important to
note that the formal potential of hKSO-HD is unaffected by the
addition of PEG 400; also, the direct heterogeneous electron
transfer rate constant k, was similar to those of the values in the
absence of PEG 400. Using molecular dynamic modeling and
spectroelectrochemistry, the mechanism on a monolayer-
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modified electrode surface was also proposed to involve domain
movement after an initial electrostatic interaction and binding
via the dimerization domain.”*** Therefore, SO can adopt
different conformations by domain movement, which reduces
the distance during the catalytic cycle.***>** From ionic
strength and viscosity dependencies, we can furthermore
exclude the possibility of a tiny QD bridge between the SO-
HD and SO-MD and thus make conformational rearrange-
ments for intramolecular electron transfer obsolete. However,
we may propose that the shape of the surface allows high
loading and good access for substrate to the active site of
enzyme.

3.3. Oxygen Effect. Cyt c is the physiological electron
acceptor for mammalian SO." In contrast, for the oxidation of
sulfite by plant SO, oxygen acts as the terminal electron
acceptor.”’ Furthermore, SO is also capable of transmitting
electrons to different electron mediators (e.g, 2,6-dichlorophe-
nol indophenol, ferricyanide, and methylene blue).*" Molecular
oxygen reacts only slowly with the reduced enzyme as well.
Therefore, in experiments using AuNPs or simple SAMs, a
decrease of catalytic current was observed for measurement in
air compared to that under nitrogen atmosphere (Figure 4).

M anaerobic
aerobic |

Au/AuNPs ITO/CdS ITO/AuNPs

250

200

150 A

I/ nA

100

50

Figure 4. Catalytic current of /SO immobilized on different modified
electrodes in the presence of 200 uM sulfite in the presence and
absence of oxygen. The data were determined by CV at scan rate of 2
mV s7h

hSO on modified Au surface displayed a 40% reduced catalytic
current under ambient conditions. The results show that
oxygen is also a slow electron acceptor for hSO on gold
electrode; this causes a sensitivity reduction of catalytic
response. Such an influence has not been discussed in earlier
papers. However when hSO is immobilized on a CdS QDs-
modified ITO surface, there is no difference between the
catalytic current recorded under aerobic or anaerobic condition
(Figure 4). The results indicate a more efficient electron path
from immobilized enzyme to the ITO electrode and that
oxygen is not a competitive electron acceptor.

3.4. Effect of Light lllumination. We studied the effect of
visible light on the electrocatalysis of sulfite by h1SO/CdS QDs-
modified ITO electrode under aerobic conditions. For the
analysis of the light-induced effects, amperometric photocurrent
measurements were applied. CdS QDs used here have an

21492

overall diameter of about 2.5 nm including the CdS core and a
thin layer of PEL. The CdS nanoparticles have a band gap of
around 2.3 eV. By illumination of the bare ITO and ITO/CdS
electrode, no photocurrent appeared in either aerobic or
anaerobic conditions. Furthermore, no photocurrent was
observed if the ITO or CdS QD-modified electrode (enzyme-
free) is illuminated in the presence of substrate.

Thus, sulfite cannot be oxidized at the QD electrode under
these conditions. In contrast, for hSO on the ITO/CdS QDs
surface, the current increased steeply and approached a
stationary value after the addition of sulfite as discussed
above (dark current, Figure S). This catalytic current was

50 ¢
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<
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Figure S. Photocurrent responses of ITO/CdS/hSO electrode in 750
mM Tris buffer solution, pH 8.4, in the presence of 400 xM sulfite at 0
V under dark (OFF) and illumination from solution side (ON)
(wavelength 470 nm). The dotted line shows the response of the
ITO/CdS blank sensor.

several times enhanced under illumination and returned to the
dark current level when the light was off. In comparison, the
photocurrent produced by ITO/PEI/hSO electrode is only
20% higher than that of the dark current. Scheme 2 illustrates
the sulfite-dependent photocatalytic ITO/CdS/hSO-electrode
system.

Scheme 2. Schematic Representation of Visible-Light-Driven
Sulfite Oxidation Using hSO Adsorbed on CdS QDs
Assembled on ITO Electrode”

“For illustration purposes, the structure of chicken sulfite oxidase
(Protein Database: 1SOX) with the HD in red and MD in yellow was
used.
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4. SUMMARY AND DISCUSSION

Here we show for molybdoenzyme hSO that semiconductor
nanoparticles can act as functional units for a photo-
electrochemical bioanode with efficient direct electron transfer
and thus enable bioelectrocatalytic conversion of its substrate
without additional mediator compounds. In comparison to
other photoelectrochemical sensors, the direct electronic
coupling of hSO and ITO/CdS without additional mediator
compounds was possible, and only the addition of the enzyme
substrate lead to a measurable current output that is enhanced
by photoexcitation. The direct electron communication was
observed by immobilizing hSO on a positively charged
modified ITO electrode. CdS QDs were synthesized in a
green synthesis route at low temperatures using hyperbranched
PEI as reducing agent and stabilizer as well. From basic
characterization by dynamic light scattering, the CdS QDs size
is 2—3 nm. PEI is a positively charged polyelectrolyte that binds
to the ITO surface and permits hSO electrostatic binding.
Polycations with primary amino groups can bind electrostati-
cally to the ITO surface, which is rich in electronegative oxygen
atoms in In,O; and SnO,. For example, Schlapak et al. have
shown experimentally by X-ray photoelectron spectroscopy the
electrostatic attraction between poly(amidoamine) dendrimers
and the electronegative oxygen atoms at the ITO surface.*” The
type of linkage between QDs and the ITO surface has an
important effect on the properties of the resulting sensor."
CdS QDs can further increase the surface coverage and
electronic communication of enzyme to the electrode surface
compared with those of only PEL Taking into consideration
observation of AuNPs used on gold-wire electrodes, semi-
conductive CdS QDs-modified ITO surface can provide a
suitable microenvironment for hSO immobilization (monolayer
surface coverage) and facilitate ET (fast-electron-transfer rate
constant) when a similar polyelectrolyte is used as capping
agent. At a buffer concentration of 750 mM, a rate constant for
the direct heterogeneous electron transfer of k, = 27.1 s™" was
obtained for the modified state. The direct noncatalytic signal is
assigned to the heme bS domain of hSO as natural redox relay
in the enzyme protein in accordance with the literature.'****>
As earlier proposed for other SO-modified electrodes,”*” it
shuttles between the catalytic active molybdenum center and
the modified electrode. The CdS NP-modified surface still
provides mobility between the HD and MD, as supported by
the decrease of catalytic response at higher viscosity and low
ionic strength where the mobility is reduced.’>**

It was found that oxygen is not a competitive electron
acceptor on this efficient electron communication surface. In
contrast, in the unmediated sensor approach with hSO on
covalently attached PEI-capped AuNPs on Au,'* molecular
oxygen causes reduction of the catalytic current intensity as an
indicator of inefficient electronic coupling of immobilized
enzyme. In direct comparison to these results, PEI-entrapped
semiconductive CdS QDs had a positive influence on the
electron transport to the coimmobilized enzyme. In the
presence of sulfite, the enhancement of the catalytic current
upon photoexcitation indicates that reduction equivalents from
the catalytic SO-MD are transferred to the heme bS domain,
which communicates with the QD-modified electrode (Scheme
2). The molybdenum domain is reduced during turnover, and
electrons are forwarded to the heme domain of the enzyme.
Upon photoexcitation, QD conduction-band electrons were
injected into the electrode, and at the same time, heme domain

was oxidized by holes from the valence band, permitting
electrons to flow again from the catalytic molybdenum site and
making it available for the next catalytic turnover. As a result, a
biocatalytic photocurrent is measured. The enhancement of the
already-observed catalytic current by photoexcitation indicates
distribution of nanoparticles—electrode distances and possibly
inhomogeneity in enzyme orientation. This is further supported
by the deviation of the scan rate dependence of the noncatalytic
signal from the linear behavior. At higher scan rates, the sites
located further away from the conductive surface cannot be
addressed. The ionic strength and viscosity dependency for
bioelectrocatalysis oxidation of sulfite shows that tiny QDs do
not bridge HD and MD, thus making conformational
rearrangements for IET obsolete.

The developed enzyme/nanoparticles assembly on ITO may
be of general interest for development of efficient third-
generation biosensors and in addition has the potential for
fabrication of solar-driven and (photo)electrochemically
controlled devices.
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