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hydrogen peroxide
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Controlled reaction kinetics of the bio-catalytic system of microperoxidase-11 and
hydrogen peroxide has been achieved using an electrostatic technique. The technique
allowed independent control of 1) the thermodynamics of the system using electro-
chemical setup and 2) the quantum mechanical tunneling at the interface between
microperoxidase-11 and the working electrode by applying a gating voltage to the
electrode. The cathodic currents of electrodes immobilized with microperoxidase-11
showed a dependence on the gating voltage in the presence of hydrogen perox-
ide, indicating a controllable reduction reaction. The measured kinetic parameters
of the bio-catalytic reduction showed nonlinear dependences on the gating volt-
age as the result of modified interfacial electron tunnel due to the field induced
at the microperoxidase-11-electrode interface. Our results indicate that the kinetics
of the reduction of hydrogen peroxide can be controlled by a gating voltage and
illustrate the operation of a field-effect bio-catalytic transistor, whose current-
generating mechanism is the conversion of hydrogen peroxide to water with the
current being controlled by the gating voltage. Copyright 2011 Author(s). This ar-
ticle is distributed under a Creative Commons Attribution 3.0 Unported License.
[doi:10.1063/1.3672093]

I. INTRODUCTION

Electron transfer is a fundamental process, which is responsible for important biological phe-
nomena such as photosynthesis, respiration and metabolism. The pertinent electron transfer process
in biological and chemical systems is long-range electron transfer (LRET).'~3> LRET occurs over
a distance on the order of 10 A in biological systems,* where electrons tunnel between electroac-
tive donors and acceptors through polypeptide networks. According to the Marcus electron transfer
theory,!>> the rate constant k,, of tunneling between a pair of weakly coupled donor and acceptor
depends critically on two parameters,’ i.e.

ker o exp(—pd) (D

where d is the distance in the insulating barrier between the donor and the acceptor and 8 is the
attenuation coefficient, which is proportional to the square root of the tunnel barrier height (8 o
(®,)"?).> The LRET formalism is used in the pathway model of electron transfer in the biological
systems to describe the strength of both through-bond® and through-space* coupling routes from
donors to acceptors.’

Effectively controlled electron transfer is one of the primary regulation mechanisms in biology
and biomolecular machines,®° while efficiently controlled reaction kinetics of biological catalysis
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is an essential requirement for viable renewable and green energy processes.'® Two approaches have
been developed to modify proteins in order to control LRET in proteins. In the first approach, the
rate of electron transfer is altered by choosing the medium intervening between the donor and the
acceptor.'"1? The intervening molecule covalently links the donor and the acceptor. In the second
approach, a redox-active inorganic complex is covalently attached to the surface of a redox protein to
facilitate intraprotein electron transfer between centers covalently linked to well-defined sites within
a protein,'3-16

Presently, extrinsic control of electron transfer and reaction kinetics in biological systems is
performed mainly optically.!” Optical techniques are incompatible with the manipulation of the
properties of discrete nanoscale biological systems. Recently, it was proposed that, by controlling
the rate of electron transfer in metabolic systems using certain chemical reactions, metabolism can
be regulated to avoid detrimental oxidative stress effects.'® It was predicted that the activation energy
that determines electron transfer efficiency across a biological membrane can be controlled using
electrostatic means.!” Until now, the only demonstrated electrostatic control of electron transfer in
proteins was the change in the interfacial current as the result of the reorientation of cytochrome ¢
on the working electrode caused by the electrochemical cell potential.”’->?

Recently, we have demonstrated that the anodic signal currents of glucose and ethanol enzy-
matic biosensors can be enhanced by applying a voltage to the enzyme immobilized on the sensors’
electrodes.”? The effect was used to obtain ultrasensitive detection of substances on the pico-molar
level. Here, we show that the electron transfer associated with the electro-reduction of hydrogen per-
oxide (H,0O,) catalyzed by microperoxidase-11 (MP-11), a redox biomolecule, that is immobilized
on an electrode can be manipulated by applying an electric field to the biomolecule via an external
gating voltage. MP-11 and H,O; is an important bio-catalytic system. MP-11 is a heme-containing
oligopeptide that consists of the active site microenvironment of cytochrome c, an electron transfer
protein for many redox enzymes. H,O,, a strong oxidizing agent, is produced in organisms as a
byproduct of oxygen metabolism. Biomolecule such as MP-11 catalyzes the reduction of hydrogen
peroxide to water’* and therefore reduces oxidative stress. The most important result of this work is
the nonlinear dependences of the kinetic parameters of the catalysis on the gating voltage, implying
an efficiently controlled substance conversion process.

Il. EXPERIMENTAL METHODS

The experimental setup is described in Figure 1(a). The principle of the experimental setup is
described below and in ref. 23. The experimental setup consists of a conventional three-electrode
electrochemical cell with a cell potential V,.; connected between the working electrode and the
reference electrode. The cell is modified with additional gating electrodes for applying an external
gating voltage Vi between the gating electrodes and the working electrode, upon which redox
molecules are immobilized. The molecules were immobilized within an area of ] mm x 1 mm on
the bare edge-plane of a highly oriented pyrolytic graphite (HOPG) electrode.”> A piece of 0.5 mm-
diameter copper wire coated with a thin layer of insulator (enamel) was used as the gaiting electrode.
The wire was bent to form a U-shaped structure, which was attached on the working electrode next to
the immobilized enzyme molecules. The cell was driven by a commercial electrochemical controller
(CHI 660C). A commercial Ag/AgCl (3 M KCI) electrode was used as the reference electrode,
and a platinum wire was used as the counter electrode. A potential scan rate of 50 mV/s was used
in recording cyclic voltammograms (CV). Microperoxidase-11 (MP-11), Fe(III)-protoporphyrin IX
(FePP) and hydrogen peroxide were purchased from Sigma and used as received. MP-11 solution was
made by dissolving 1 mg of MP-11 in 1 mL of 100 mM phosphate buffer (42mM NaH,PO, - H,O,
58mM Na,HPO, - 7TH,0, pH 7.0). To form a molecule-immobilized electrode, a 0.1 ml drop of
the MP-11 solution or a 0.1 ml drop of 100 uM FePP solution in 10 mM sodium borate buffer
(Na;B4O7 - 10H,O, pH 10) was deposited on the edge plane of HOPG surface, which was then
incubated at room temperature for 4 hours. It is known that FePP is a hydrophobic molecule®® and
MP-11 contains surface hydrophobic residues.?’ Since the edge plan of the HOPG electrode was
produced by scratching the basal plan, which is hydrophobic, the contact of the electrode surface
with the molecules has most likely resulted in molecular adsorption due to hydrophobic interaction
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FIG. 1. The principle of the field-modulation technique. (a) Experimental setup (cross-sectional view). Each elliptical
structure represents a redox molecule, whose active center is indicated by the smaller circle within a molecule. The gating
electrodes are represented by the circular structures, which consist of a copper wire (the blue circles) and a thin layer of
insulator (the shaded shells). (b) The ion-induced electric field at the solution-electrode interface. The brown arrow indicates
the direction of electron transfer and the orange arrow indicates the direction of the electric field (c) Energy profile of the
molecule-electrode interface. E.q and E,y are respectively the most probable energies for the occupied and unoccupied
quantum states of the active site. The Gaussian-shaped regions are the distributions associated with these energies. EF is the
Fermi energy of the electrode.

between the molecules and the basal plan residues. CVs of MP-11 immobilized electrode shows
that the MP-11 molecule forms a monolayer on the electrode.?® All measurements were made with
deaerated phosphate buffer and sodium borate buffer at room temperature.

lll. RESULTS AND DISCUSSION
A. Interfacial electron transfer of Fe(lll)-protoporphyrin IX

A study on the interfacial electron transfer characteristics of Fe(IIT)-protoporphyrin IX (FePP),
an organic redox molecule, was carried out using the experimental setup in order to demonstrate
the feasibility of using the experimental approach to control bio-catalytic reactions. Iron-porphyrin
complexes such as FePP form the prosthetic group (the heme (Fe3*/ Fe?*)) of a number of electro-
active proteins such as hemoglobin and cytochrome c that are often encountered in biological electron
transfer processes.”’ These heme-containing proteins exhibit a wide range of biological functions,
including simple electron transfer reactions, oxygen transport and storage, oxygen reduction to
the level of hydrogen peroxide or water, and the reduction of peroxides.”* The redox reaction of
FePP immobilized on an electrode has been intensively studied.** Cyclic voltammograms (CVs)
of a HOPG electrode immobilized with FePP were obtained under different conditions as shown
in Figure 2(a). The black CV, obtained with Vg = 0 V, shows a pair of redox peaks with a formal
potential of E? =-0.5 V (vs. Ag/AgCl), indicating the molecule’s electron transfer (redox) reaction,
in which Fe*™ is reversibly reduced to Fe?* as previously reported.>® When Vy; is increased to 0.2
V, the corresponding red CV shows a slight downward shift with increased redox peak currents.
The blue CV corresponds to a more positive Vi of 0.8 V. It shows further increases in the redox
peak currents. Figure 2(b) shows detailed increases in the anodic peak and cathodic peak currents
described in Figure 2(a). The dashed baselines are used to indicate the changes in the peak currents.
The inset of Figure 2(a) shows the dependence of the peak currents on V. In the inset, the blue
double-arrowed line is used to indicate the reversibility of this dependence with V. Therefore,
the inset shows the manipulation of the interfacial electron transfer. Note that control experiments
performed using bare electrodes with and without V; showed no characteristics similar to those
obtained in the presence of redox molecules as displayed in Figures 2 and 3.
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FIG. 2. The effect of Vi on the redox properties of FePP immobilized on an electrode. (a) The CVs were obtained in 10 mM
sodium borate buffer (Na;B40O7 - 10H20, pH 10) with different values of V. The inset shows the manipulation of the redox
peak currents by varying V. I, and I, , are the peak currents of the oxidation peak and the reduction peak, respectively. (b)
Detailed increases in the anodic peak and cathodic peak currents in (a). (c) The CVs were obtained using a different FePP
electrode under the same conditions as in (a) with the polarity of V¢ reversed. The inset shows the dependences of the peak
currents on V. The peak currents of the redox peaks of FePP decrease as the magnitude of the reversed Vi is increased,
indicating an increased effective height of the tunnel barrier. (d) Detailed decreases in the anodic peak and cathodic peak
currents in (c). In the figures, the green dashed lines are used to indicate the baselines for estimating the peak heights, which
are indicated by the solid lines with double arrows.

For redox molecules immobilized on an electrode, quantum mechanical tunneling gives rise
to interfacial electron transfer between the molecules and the electrode. Since the active site of a
redox molecule is usually surrounded by a non-electroactive molecular network, interfacial electron
transfer is facilitated by electron tunneling and the molecular network forms the tunneling barrier.
It is known that the electronic energy profile of an insulating material can be modified by an
electric field,®' and this effect has recently been used to construct a field-effect transistor using a
non-electroactive protein as the active material.> The observed increased redox peak currents due
to Vi is consistent with the scenario that the electronic energy profile of the tunnel barrier (the
non-electroactive part of FePP surrounding the Fe3*/ Fe?™ site) at the molecule-electrode interface
is modified by an electric field so that the tunneling rate is enhanced. In our experimental setup,
for positive values of Vg, negative charges are induced on the surface of the HOPG electrode and
positive ions are induced at the interface between the solution and the molecules, establishing electric
fields within the molecule as shown in Figure 1(b). This field reduces the effective height of the
tunnel barrier and therefore enhances the rate of tunneling.*?

Figure 1(c) shows a conceptual electronic energy-band diagram of the molecule-electrode
interface. Consider the reduction process of the molecule. Thermodynamic consideration shows
that, at equilibrium, no electron transfer occurs between the electrode and the active site, since the
energy of the lowest unoccupied quantum state of the active site, E,,, is above the Fermi energy Er
of the electrode. When V. is applied such that the potential of the working electrode is below that
of the reference electrode, reduction of the molecule occurs as electrons are energetically allowed
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FIG. 3. The effect of Vi on the reduction of H,O; catalyzed by MP-11. (a) CVs of immobilized MP-11 obtained in 100 mM
phosphate buffer (42mM NaH;POy4 - H,O, 58mM Na,HPOj - 7H;O, pH 7.0) under different conditions. The green dashed
line is used to indicate the baseline for estimating the reduction peak heights, which are indicated by the solid lines with
double arrows. The CVs were obtained consecutively with the same electrode. (b) The dependence of /,, - on V for different
H,0; concentrations. (c) The H,O; calibration curves of the MP-11-immobilized electrode for different value of V. (d) The
dependences of K';, and k. on Vg,

to be transferred from the electrode to E,,. The electrode-active site system can be considered as
a acceptor-donor pair and k., o exp(-8d). In general, d can be large so that electron transfer is
diminished. The size of the non-electroactive part for FePP is about 5 A and that for MP-11 is about
12 A, which are fixed. However, 8, which is determined by the effective height of the tunnel barrier,
can be reduced using the V-induced field as described in Figure 1(b). The field distorts the top of the
tunnel barrier (see the red dashed curve in Figure 1(c)), reducing the effective height of the barrier
and, therefore, resulting in a smaller value of 8 and a larger value of k,,. Thus, the observed increases
in the redox peak currents of the immobilized FePP and the reduction current of H,O, catalyzed by
MP-11 (see below) are likely to be the result of the field-induced modification of the energy barrier
for tunneling. To provide additional evidence for this scenario, we performed the above experiment
with the polarity of V; reversed. As shown in Figure 2(c), the redox peak currents of FePP decrease
as the magnitude of the reversed voltage is increased, indicating an increased effective height of the
tunnel barrier. Figure 2(d) shows detailed decreases in the anodic peak and cathodic peak currents
described in Figure 2(c).?’ The inset of Figure 2(c) shows the dependence of the peak currents on
V. Figure 1(c) shows that the experimental system as described in Figure 1(a) provides independent
controls of the two aspects of the electron transfer process of the system, namely, the thermodynamic
properties of the electrode reaction and the quantum mechanical tunneling at the molecule-electrode
interface.

A closer examination of the CVs of Figure 2(a) reveals the nature of the electrode reaction.
Figure 2(a) shows that as Vj; is increased, the redox currents increase while the peak-peak separation
appears to be unchanged. This observation suggests that the electrode redox reaction is close to or in
the irreversible regime, where the current depends on the product of k and exp(k) while the half-wave
electrode potential depends on In(k), k being the reaction rate constant.>* When V; is increased,
k. is also increased as explained above. Since, in the microscopic theory of charge transfer,* k
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is proportional to k., the increased k. makes k and therefore the current increase as shown in
Figure 2(a). However, the In(k)-dependence makes the peak-peak separation less sensitive to the
increase in k,;.

B. Field-controlled catalytic electron transfer at the MP-11-electrode interface

We have performed cyclic voltammetry of MP-11-immobilized electrodes to characterize the
redox properties of MP-11.% The electro-reduction of H,O, catalyzed by MP-11 and affected by
Vi is described in Figure 3. Figure 3(a) shows the bio-catalytic activities of a MP-11-immobilized
electrode for H,O, in the absence and presence V. The black CV shows the electrode’s behavior in
the absence of H,O, and V. A pair of redox peaks is present in the CV with a formal potential of
-0.25 V. Note that the weak anodic peak at -0.2 V indicate a quasi-reversible electrode redox reaction,
which is close to the irreversible limit with slow re-oxidation of the heme iron. The bio-catalytic
nature of the electrode to H,O; is reflected in the green CV, which was obtained in 20 uM of H,O,.
The green CV, compared to the black CV, shows a large increase in the cathodic current, which is
indicative of the reduction of H,O, to water and has been reported previously.’>3® When V; was
turned on, the reduction current further increased as reflected in the blue and red CVs. This effect
is consistent with the situation described in Figure 1(c) and the discussion on the enhanced electron
transfer due to the reduced effective tunnel barrier height given above. Note that MP-11 performs the
reduction by turning its ionization state from Fe3* to Fe**. The Fe** state then returns to Fe** by
receiving two electrons from the electrode through a two-step process, which involves the formation
of a complex.” This way, the MP-11 electrode is able to reduce H,O in the subsequent scans.

The dependence of the reduction peak current I, on Vg at different concentrations of H,O»
was measured and is displayed in Figure 3(b). It is obvious that, at a given H,O, concentration,
increasing Vg causes I, , to increase. Thus, Figure 3(b) shows that the catalyzed reduction of H,O,
by MP-11 can be controlled using V. Figure 3(c) shows the measured dependence of I, on H,O,
concentration for different values of V. The black curve is the electrode’s intrinsic calibration curve
for H,O,. It shows a linear dependence for low concentrations (10 ~ 50 ©M) and a transition toward
saturation at higher concentrations. This behavior indicates the Michaelis-Menten kinetics of the
reduction process. All of the other curves, the V-dependent calibration curves, follow the same
behavior with progressive downward shifts.

C. Field-controlled reaction kinetics of the electro-reduction of hydrogen peroxide
catalyzed by MP-11

To gain insight into the observed effect of V; on the reduction reaction of H,O,, an investigation
on the kinetic properties of the reaction has been made. The kinetics of the bio-catalytic conversion
occurring at the electrode can be characterized using two parameters, namely, k., and K,,, where
k.as, the turnover rate constant, is the maximum number of H,O, molecules that can be converted to
water per second per active site and K’,, is the apparent Michaelis constant*® obtained with MP-11
immobilized on the electrode and subjected to the field. K',, is the H,O, concentration required
for the velocity of the bio-catalytic conversion to reach half of its maximum velocity.*® A low K,
indicates high bio-catalytic efficiency of MP-11.% The Lineweaver-Burk (LB) equation relates I, ,,
ke and K7, as, 0

1/1,, = {K,,/(nF Akea: T[H202]) + 1/(n F Akcar 1)} 2

where, n is number of electrons exchanged, F is the faraday constant, A is the electrode surface area,
and I is the electrode’s surface coverage by the MP-11. The numerical values of these constants used
in this work are contained in Supplementary materials.?’ Therefore, k., and K',, can be determined
from the slope and the vertical intercept of the plot of the equation. The dependences of these
parameters on Vi are evaluated using the V-dependent calibration curves in Figure 3(c) and are
shown in Figure 3(d). Figure 3(d) shows that k., increases and K’,, decreases as Vi is increased.

k
In general, a bio-catalytic reaction is described as E + S ZESE + P, where E is the enzyme
—1
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(or the catalyst), S the substrate, ES the enzyme-substrate complex (bound state) and P the product,
the second step is the catalytic step, in which the product is formed and the enzyme returns to its
original state. Figure 3(d) shows that increasing V; results in a faster conversion process from H,O,
to water catalyzed by a MP-11 molecule. This is because electron transfer is required to initiate the
second step. Therefore, enhanced k., at the MP-11-electrode interface due to the field results in a
higher k., (= k;) so that more water molecules are produced and MP-11 molecules return to their
unbound state more quickly to be available for the next conversion process. Therefore, the required
H,0, concentration for the system to reach half of its maximum velocity (K’,,) becomes lowered.

In Figure 3(d), k.,; shows a faster increase starting at Vg = 0.5 V, indicating a nonlinear
dependence on V. This nonlinearity is likely to be the result of the exponential dependence of k.,
on B as shown in Equation (1). The voltage-enhanced reaction kinetics is qualitatively supported
by the behavior of K, as shown in Figure 3(d), where K',, decreases as V is increased, indicating
higher bio-catalytic efficiency. Compared to k., K',, shows a mild nonlinearity. Since K',, describes
the entire bio-catalytic reaction, i.e. K’,, depends on k.; and k3, the dissociation of ES to E and S
(to MP-11and H,0;) may be the cause for the mild nonlinearity.

IV. CONCLUSIONS

The results reported here show that the reduction of H,O, to water catalyzed by MP-11 im-
mobilized on an electrode can be controlled by applying a voltage to the immobilized MP-11. This
effect is evidenced by the observations that the reduction currents of the electrode in the presence
of H,O, increase with Vg and the H,O, calibration curve of the electrode shows a downward shift
when Vg is applied. Furthermore, the kinetic parameters of the conversion process show nonlinear
dependences on Vg, as the result of the controlled interfacial electron transfer brought about using
V. The nonlinearity indicates the feasibility of effective controlling the efficiency of a bio-catalytic
reaction or a conversion process using a voltage. In view of the presence work on biocatalyzed
reduction and previous work on biocatalyzed oxidation,? this technique can be used to control a
general redox enzymatic reaction with enzymes immobilized on an electrode. Viewing the technique
from a different perspective suggests that the experimental setup is in fact a field-effect transistor,
whose current-generating mechanism is related to the conversion of an analyte to a product using an
enzyme as catalyst with the current being amplified by a voltage applied at a third electrode.
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