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This study analyzed the percentage of direct electron transfer (DET) of Horseradish Peroxidase on
multi-walled carbon nanotube (HRP/MWCNT) and mercaptopyridine self-assembled monolayer/gold
nanoparticles decorated multi-walled carbon nanotube (MPy/AuNP/MWCNT), since nanostructured
materials has been widely used as support for immobilization of enzymes. The kinetic studies for H,O,
reduction were carried out with rotating-disk electrode (RDE) system in phosphate buffer solution, pH
7, in the absence and presence of dopamine. In order to found the percentage of TED of HRP on
MPy/AuNP/MWCNT was applied the Koutecky-Levich equation, as well as the kinetic current
expressions for TED and simultaneous TED/MET, respectively. Finally, the expressions for the kinetic
currents were used to estimate of TED percentages for HRP immobilized on following obtained
materials, respectively: 51% of TED for MWCNT/HRP, and 68% of TED for MPy/AuUNP/MWCNT.
These results demonstrate for the first time that a kinetic investigation can improve the control of the
TED for HRP in development of nanostructured materials as platform to the enzyme immobilization.
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1. INTRODUCTION

Nowadays, the electroanalytical chemistry turns to the development of new nanomaterials in
order to improve the quality of the electrochemical biosensors exploiting the bioelectrocatalysis. One
of the most investigated phenomena involved in bioelectrocatalysisis the particular case of direct
electron transfer (DET) between the electrode surface and redox active biomolecules. The
phenomenon of DET has significant importance from both practical and fundamental points of view
since first reported by Yaropolov et al. in 1978 [1].
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Depending on the practical needs, different redox enzymes have been used in biosensor design,
including oxidases, dehydrogenases, peroxidases, and others. Among them, horseradish peroxidase
(HRP) is one of the most used enzymes in biosensors construction due to their biological role, their
wide spectrum of activity and their participation in various physiological processes [2,3].Thus, detailed
investigations of their molecular and structural characteristics and reaction mechanisms have been
investigated by several research groups. Indeed, the mechanisms of peroxidase-catalyzed reactions
have been widely studied using horseradish peroxidase (HRP) as a model of the common mechanism
of peroxidase action [3-5].

On the other hand, the access to the HRP active site is difficult due to the existence of a narrow
channel, which naturally affects the mechanism of electron transfer (ET) between the electrode
material and the peroxidase active site. As a result, an extensive investigation about the DET on a
number of materials has been carried out [3-6]. However, a few amounts of these works have given
attention to quantification of the percentage of molecule able to exhibit direct electron transfer on these
electrode materials. An interesting approach developed to calculate the percentage of DET, exploiting
graphite as electrode material, has been carried out by Gorton research group [7] which has found that
the percentage of active native horseradish peroxidase molecules in direct ET is about 40%. In this
sense, the development of novel electrode materials for enzyme immobilization is of high importance
in development of peroxidase based biosensors looking for the optimization of the direct electron
transfer of the immobilized HRP.

Carbon nanotubes (CNTs) have caused a profound impact on many areas of science and
technology, including the biosensor development. The properties and applications of carbon nanotubes
have been well reviewed in the literature and a number of reviews with an electrochemical emphasis
have been published [8,9]. CNTs are excellent electrode materials due to their good electrical
conductivity, thermal stability, flexibility, and mechanical strength, as well as being relatively inert in
most electrolyte solutions, retaining a high surface activity in a wide potential operational window
[10].

These unique properties of CNTs essentially allow them the versatility to be non-covalently
functionalized without destroying their electronic and chemical structures with some organic and
inorganic compounds, through =-mt electronic interactions [11]. The use of CNTs increases the
sensitivity of the electroanalytical method due to their specific electronic, chemical and mechanical
properties, and can facilitate electron transfer between the electroactive species and electrodes. Indeed,
electrochemical studies have clearly demonstrated that CNTs based modified electrodes could exhibit
a sensitive and highly selective electrochemical detection and that CNTs could minimize the electrode
fouling [12]. However, the MWCNT modification with some molecules such as thiol compounds
become difficult and it demands covalent linking.

Gold nanoparticles are also of great interest due to their potential applications in
microelectronics, optoelectronics, catalysis, information storage, as well as in sensors [13]. It is a
versatile building block for the construction of hybrid materials by combining the
AuNPwithnanostructured materials. In this sense, carbon nanotube (CNT)has been used as supports for
preparing different CNT/gold nanoparticle composites, which have potential applications in catalysis,
sensing, electroanalysis, light harvesting, and development of electronic nanodevices [14]. Indeed,
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hybrid materials may have collective properties that are dramatically different from individual
component. Therefore, there is an ever-increasing interest in synthesizing CNT-metal NP composites
[15]. For instance, the composites of CNTs and some nanoparticles expand their applications from
CNT-assisted catalytic systems to complex conductor networks in microelectronics [16]. In particular,
gold nanoparticle-deposited CNTs are important due to their potential applications as the electrode
system of solar cell devices[17], electroanalysis [18].

The ability of gold nanoparticles to provide a stable immobilization of biomolecules retaining
their bioactivity is a major advantage for the preparation of biosensors [19]. Furthermore, gold
nanoparticles permit direct electron transfer between redox proteins and bulk electrode materials, thus
allowing electrochemical sensing to be performed with no need for electron transfer mediators.
Characteristics of gold nanoparticles such as high surface-to-volume ratio, high surface energy, ability
to decrease proteins—metal particles distance, and the functioning as electron conducting pathways
between prosthetic groups and the electrode surface, have been claimed as reasons to facilitate electron
transfer between redox proteins and electrode surfaces [20]. Indeed, conjugation of gold nanoparticles
with other nanomaterials and biomolecules is an attractive research area within nanobiotechnology.
Hybrid nanoparticles/nanotubes materials have shown to possess interesting properties, which can be
profited for the development of electrochemical biosensors [19, 20].

The aim of the present work is study the kinetics of direct and mediated electron transfer of
horseradish peroxidase on self-assembled monolayer-modified gold nanoparticles decorated multi-
walled carbon nanotubes in comparison to non hybrid materials in order to improve the control on the
direct and mediated electron transfer on using a new electrode material.

2. EXPERIMENTAL PART

2.1. Reagents and solutions

All chemicals used were of analytical grade. Peroxidase from horseradish (EC 1.11.1.7 type
VI) was obtained from Sigma. 4-mercaptopyridine was acquired from Aldrich (Milwaukee, USA).
Ethanol (99%) from Synth (Sao Paulo, Brazil) was used as received. The CNTs (10-20 nm diameter, 2-
5 um length) were acquired from NanoLab Inc. (Brighton, MA, USA). Disodium and monosodium
phosphates (Na,HPO, and NaH,PO,) were acquired from Synth, Sdo Paulo, Brazil. Working standard
solutions were prepared daily with appropriate dilution of the stock solutions with deionized water. All
solutions were prepared with water purified in a Milli-Q Millipore system and the actual pH of the
buffer solutions was determined with a Corning pH/lon Analyser 350 model. Phosphate buffer
solutions (0.1 mol L™) were prepared from 0.1 mol L™ HsPO,—NaH,PO,, and the pH was adjusted
with 0.1 mol L™ H3PO, or 2.0 mol L"*NaOH.

2.2. Electrochemical measurements

Electrochemical measurements were performed with an Autolab PGSTAT 128N
potentiostat/galvanostat from Eco chemie (Utrecht, Netherlands) coupled to a PC microcomputer with
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GPES 4.9 software. A three electrode electrochemical cell was employed for all electrochemical
measurements. The working electrode was a glassy carbon mounted in Teflon®. The counter and
reference electrodes were a platinum electrode and Ag/AgCl (sat.), respectively. Oxygen was removed
by bubbling nitrogen through the solution.

The glassy carbon electrode was fitted into a rotating disk electrode holder (RDE; Model
Number AFMSRCE, PINE Instrument Company, Grove City, USA), which was then placed in a three
electrode cell with an Ag/AgCl (3 M KCI) reference electrode and a platinum wire as the auxiliary
electrode. All RDE measurements were performed at an applied potential of -0,25 mV versus Ag/AgCl
with an electrolyte of 0.1 M phosphate buffer, pH 7.0. Prior to the experiment the solution was bubbled
with nitrogen for 10 min. Nitrogen was passed over the solution during the experiments.

2.3. Sensor Construction

Previously to the electrode modification, the glassy carbon (GC) electrode surface was polished
and then cleaned by sonication to remove any adhesive [21]. Immediately after, a dispersion prepared
by mixing 1.0 mgMWCNTand 1ml of gold nanoparticle (AuNP) colloidal with the aid of sonication.
Then 30uL of this suspension was placed directly onto the GC electrodesurface and allowed to dry at
80 °C for 10 min to form a AUNP/MWCNT nanocomposite at the GC electrode surface.Finally it was
added 20uL of a solution of 4-mercaptopyridine dispersed in 1 mL of alcohol and it was also left to
dry.Finally it was added 20uL of a solution of 4-mercaptopyridine dispersed in 1 mL of alcohol and it
was also left to dry to produce the self-assembled monolayer and gold nanoparticle grafted multwalled
carbon nanotube modified glassy carbon electrode (MPYy/AuNP/MWCNT). HRP-modified
MPy/AuNP/MWCNT electrodes were prepared by placing 30 pL of asolution of 10 mg mL™ HRP
(dissolved in phosphate buffer) on thetop and keeping in a beaker covered with a sealing film at +4°C.
After adsorption for 20 h, the electrodes werewashed with Millipore water and stored in 0.1 M
phosphatebuffer at + 4°C until required.

To comparison, a MWCNT and HRP modified GC electrode was also constructed. Thus, a
dispersion prepared by mixing 1.0 mg MWCNT and 1ml of dimethylformamide with the aid of
sonication. Then30uL of this suspension was placed directly onto the GC electrodesurface and allowed
to dry at 80 °C for 10 min to form aMWCNT film at the GC electrode surface [22]. After this, the
previous procedure to HRP immobilizatio was carried out. In every cases the enzyme solutions
contained 0.5% of the agent glutaraldehyde. All modified electrodes were thoroughly washed with
distilled water and they were placed inside the chemical cell.

2.4. Electrochemical measurements

Linear sweep voltammetry and amperometry were carried out at different concentrations of
hydrogen peroxide in phosphate buffer, varying the speed of rotation of the modified electrode in order
to obtain the kinetics parameters involved in the direct electron transfer electrode to the enzyme.
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Studies were also performed with affixed volume of hydrogen peroxide in phosphate buffer and adding
dopamine to achieve the mediated electron transfer parameters for the enzyme.

3. RESULTS AND DISCUSSION

Initially, hydrodynamic voltammetry and amperometry were obtained for GC electrode
modified with HRP/MWCNTat different rotation rates of the electrode in phosphate buffer pH7, with
20pumolL™* hydrogen peroxide (Figure 1a-b).
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Figure 1. (a) Linear sweep voltammograms for glassy carbon electrode modified with HRP/MWCNT
in 50pumolL™ of H,O, at various rotation rates of the electrode and (b) Hydrodynamic
amperometry for a glassy carbon electrode modified with HRP/MWCNT in 10pmolL™ of H,0,
at various rotation rates of the electrode. Applied potential, -0.25 V/ Ag/AgCI. (c) Levich Plot
from plots in (b).

Under the mass-transport-limited condition, the solution of the convective-diffusion equation
shows that the limiting cathodic current (i) is proportional to the bulk concentration, Co*, as well as
the square root of rotation speed of the electrode, w'?, as determined by the well-known Levich
equation as follows [23]:

j'l._.: = _ﬂyeanﬂDifa mln"lzv—l."lﬁcz (l)
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where n represents the number of electrons to the cathodic reaction, F is the Faraday constant
(Cmol™), A is the electrode area (cm?), Dyis the diffusion coefficient of electroactive species (cm?s™), v
is the kinematic viscosity of the medium (cm?®s™), Co" is the concentration of electroactive species and
o is the angular frequency of rotation of the electrode.

On the other hand, a deviation of a plot of current vs. ®~'“ from a straight line intersecting the
origin suggest that a kinetic limitation is involved in the electron transfer reaction (Figure 1c). Under
kinetic control, the electric current is called Kinetic current, ik, and expresses the current in the absence
of any effect of mass transport. In other words, this is the electric current that will flow under kinetic
limitation if the mass transport is efficient enough to maintain concentration on the surface as high as
the concentration in the bulk of the solution.

In this context, the reduction current of hydrogen peroxide on an electrode modified with the
enzyme HRP can be limited by transport of peroxide to the electrode surface and/or electron transfer
Kinetics of the enzymatic reaction. The measured current, i, is a combination of current limited by mass
transport, i;, and the current limited by the kinetics of the process, i, according to the Koutecky-Levich
equation [23-25]:

1/2

= —= : ®)

-i —ip - —ik -062nFADY Tw/fuTYegs

where all terms have their usual meanings, as previously defined.

In this sense, the catalytic currents for hydrogen peroxide reduction on a rotating disk (a)
HRP/MWCNT and (b) HRP/MPY/AuNP/MWCNT electrodes were measured in 0.1 molL ™" phosphate
buffer solution (pH 7.0) from Koutecky-Levich plots for six different concentrations of H,O, (10, 20,
30, 40 and 50 pmolLﬁl) under different rotation rates of the modified electrode (o = 10, 100, 200, 400,
600 e 900 rpm) (Figure 2a-b).
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Figure 2. (a) Koutecky-Levich plots of H,O, reduction at: (a) HRP/MWCNT and (b)
HRP/MPy/AuNP/MWCNT modified electrode at various H,O, concentrations: (1) 10 pmolL™;
(2) 20 umolL™; (3) 30 pmolL™; (4) 40 umolL™ and (5) 50 pmolL™ in 0.1 M phosphate buffer
solution, (pH 7.0). Applied potential, -0.25 VV/ Ag/AgCI.

It can be seen that the cathodic current depends on electrode rotation rate. Clearly, w™*2C
(from Eq. 2) should be constant if iiis high, and the graph I vs % should be curved and tending to a
limit value i = i,when @2 — co.Consequently, the plot 1/i vs 1/C:w¥? is linear and can be
extrapolated to @™%2 = 0 it is found out 1/ix. Thus, kinetically limited currents of the reduction of
H.0,, were evaluated from the intercepts of the Koutecky-Levich plotspresented in Fig. 2(a) and Fig.
2(b).

In order to evaluate the percentage of HRP involved indirect ET, Koutecky-Levich theory was
used to obtain the kinetic current in presence of H,0, as well as H,O, and Dopamine, simultaneously,
based on mechanisms for HRP electron transfer.

The data analysis was conducted by exploring two different mechanistic approaches: (i) direct
electron transfer and (ii) and simultaneous, direct and mediated electron transfer. The peroxidase
catalytic cycle occurs through a multistep reaction that involves, first, the reaction of the active site
with hydrogen peroxide.

In the DET, the reduction of the peroxide is conducted by the enzyme accordingto reaction Eq.
(3)and the reduction of the active center of the enzyme occurs directly on the electrode (Eq. (4)), as
follows [26]:

[heme (Fe"),R] + H,0, — [heme(0 = Fe'"),R™*]+ H,0, k, ()

[heme (0= Fe'V),R**] + 2e™ + 2H™ — [heme (Fe'™),R] + H,0, k_ (4)
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where[heme (Fe'™),R]is the native ferric enzyme HRP and [heme (Fe'™),R]is itsoxidised
intermediate compound 1, ky and ks represent the rate constants referring to Eqgs (3) and (4),
respectively.

In the case of direct ET, I, depends onthe H,O, concentration according to Eq. (5) [24-27]:

11 1 1
i,  mFATTEp (k._[H:D:] t L-.S) ()

where n is the number of electrons transferred in reaction (1), and I'per is the amount of
enzymeactive in direct ET.

On the other hand, the reduction of the oxidised intermediate (compound 1) can proceeds via
two steps in the case of mediated ET by an electron donator. In the high oxidation state of the protein,
compound litcontains an oxyferrylcenter, with the iron in the ferryl state (Fe'V=0), and
anorganiccation radical which is an oxidizableporphyrinzcation-radical. Then, compound loxidizes a
substrate (S) to give a substrate radical and compound Il ([heme (0 = Fe'V),R]), where the organic
cation radical is reduced by a second substrate molecule, regenerating the iron (111) state [28].

[heme(0 =Fe'),R**]+ S+ H* — [heme(0=Fe'),R] + 5% k, (6)
[heme(0 =Fe'V),R] + S+ H* — [heme(Fe'"),R] + 5%+ H,0, k, (7)

where[heme(0 = Fe'),R]is the compound II.

In this sense, when an electron donor (S) is present in a peroxidase electrode system, the direct
and mediated processes can occur simultaneously, with the reduction of oxidized donorS™ by an
electrode (Equation 8).

S+ e H =S, K., (8)

As proposed by Lindgren et al [6], under the presence of saturating concentrationof S all
peroxidase molecules work in mediated ET, Ixncan be expressed according to the simplified Eq. (9):

11 1 1
lgn  2n, FAT (}C._[H:D:] Kg+ }{5[5]) ©)

wherel represents the total amount of active enzyme at the electrode surface and n; is the
number of electrons transferred per donor molecule.

In Figure 3 the reciprocal kinetically limited current (Iin*) from intercept of the plots presented
in Fig 2 was plotted versus the reciprocal H,O, concentration ([H,0,]™). According to the equations
(5) and (9) for lyn, the dependence of kinetic current on the hydrogen peroxide concentration are
similar in direct and simultaneous direct and mediated electron transfer of HRP.
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Figure 3. The kinetically limited currents (from the intercepts of Koutecky—Levich plots of Figure 2a-
b) plotted versus the hydrogen peroxide concentration in inverted co-ordinates for: 0; 100u
molL*dopamine using (a) the HRP/MWCNT and (b) HRP/MPy/AuNP/MWCNT modified
electrode.

In this sense, the ratio of the slopes of the equations for DET (Eq. 6) and simultaneous DET
and MET (Eq. 9) offer the percentage of active enzymes on the surface active in direct electron
transfer.

Slope for DET/MET __ 20:FATpET/MET _  Tpgr (10)

slope for DET —: Tper/
ope for ZFATDET DET/MET
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Thus, the Equation 10 was used in estimative of the percentage of enzymes HRP participating
in DET on the constructed materials respectively: 51% of DET for MWCNT/HRP, and 68 % of DET
on HRP/MPy/AuNP/MWCNT. These results demonstrate that the modified electrodes show
themselves as excellent materials to explore the DET for the enzyme HRP with a reduction of MET on
nanostructured materials.

4. CONCLUSION

In this study, it was possible to explore the different parameters that cause variations in the
percentages of DET in an enzymatic biosensor containing HRP as biological material. It was verified
the influence of the platform on the DET percentage. This may occurs due to the HRP orientation at
the modified electrode surface. Comparison of the dependence of the kinetically limited currents on the
peroxide concentration in the absence and presence of p-cresol (mediator) in solution shows that the
DET increases from 51% in HRP/MWCNT to 68% in HRP/MPy/AuUNP/MWCNT. These results
demonstrate for the first time that a Kinetic investigation can improve the control of the TED for HRP
in development of nanostructured materials as platform to the enzyme immobilization.
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