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Abstract A simple procedure was developed to prepare a
glassy carbon electrode modified with carbon nanotubes and
Ruthenium (II) complexes. First, 25 ul of dimethyl
sulfoxide—carbon nanotubes solutions (0.4 mg/ml) was cast
on the surface of the glassy carbon electrode and dried in air
to form a carbon nanotube film at the electrode surface.
Then, the glassy carbon/carbon nanotube-modified electrode
was immersed into a Ruthenium (III) complex solution
(direct deposition) for a short period of time (10-20 s for
multiwalled carbon nanotubes and 2040 s for single-walled
carbon nanotubes). The cyclic voltammograms of the
modified electrode in aqueous solution shows a pair of
well-defined, stable, and nearly reversible redox couple, Ru
(IIT)/Ru(IT), with surface-confined characteristics. The attrac-
tive mechanical and electrical characteristics of carbon
nanostructures and unique properties and reactivity of Ru
complexes are combined. The transfer coefficient (a),
heterogeneous electron transfer rate constants (kg), and
surface concentrations (/) for the glassy carbon/single-
walled carbon nanotubes/Ru(Ill) complex-, glassy carbon/
multiwalled carbon nanotubes/Ru(Ill) complex-, and glassy
carbon/Ru(Ill) complex-modified electrodes were calculat-
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ed using the cyclic voltammetry technique. The modified
electrodes showed excellent catalytic activity, fast response
time, and high sensitivity toward the reduction of nicotin-
amide adenine dinucleotide in phosphate buffer solutions at
a pH range of 4-8. The catalytic cathodic current depends
on the nicotinamide adenine dinucleotide concentration. In
the presence of alcohol dehydrogenase, the modified
electrode exhibited a response to addition of acetaldehyde.
Therefore, the main product of nicotinamide adenine
dinucleotide electroreduction at the Ru(IIl) complex/carbon
nanotube-modified electrode was the enzymatically active
NADH. The purposed sensor can be used for acetaldehyde
determination.

Keywords CNTs - Ru(IIT) complexes - Glassy carbon -
NAD" - Alcohol dehydrogenase - Acetaldehyde - Sensor

Introduction

Nicotinamide adenine dinucleotide (NAD") is a ubiquitous
cofactor, used by more than 300 dehydrogenase enzymes.
The electrochemical reduction of NAD" to the enzymati-
cally active form nicotinamide adenine dinucleotide
(NADH) has attracted considerable attention due to the
industrial and biomedical importance of reduced derivatives
of adenine. Furthermore, electrochemical reduction of
NAD" is known to be an efficient means for this purpose
and has potential application for fabrication of biosensors.
In addition, the high cost of NADH to a bioreactor has been
the major motivation for research in the development of in
situ NADH regeneration techniques. The NAD/NADH
redox couple has a formal potential of —0.32 V vs. the
standard hydrogen electrode (pH7), but its direct reduction
requires a large overpotential [1]. The direct reduction of
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NAD" on unmodified metallic electrodes results mostly in
the formation of an inactive dimmer NAD,, which can be
only partially protonated and further reduced to both 1,4-
and 1,6-NADH at significantly higher negative overpoten-
tials [2, 3]. Among these products, only the 1,4-NADH is
active in enzyme-coupled reactions, and the indirect
electrocatalytic reduction of the NAD" seems to be a better
way to decrease the overpotential and to get a high yield of
1,4-NADH [4]. The fast dimerization reaction, coupled
with the slow second reaction step, is the major reason for
the direct reduction of NAD" on unmodified electrodes,
which results in the formation of NAD, rather than
enzymatically active NADH ([5] and references there in).
Numerous modified electrodes based on the use of
different electron transfer mediators such as cerium hexa-
chloroplatinate [6], iron hexachloroplatinate [7], flavine
adenine dinucleotide (FAD)-modified zinc oxide film [8],
poly-natural red [9, 10], poly(3-methylthiophene)/phenol
[11], poly-pyrrole rhodium bis-terpyridine [12], ruthenium-
modified glassy carbon (GC) electrode[13], and poly-
crystalline gold electrode [14] have been used for the
electrocatalytic reduction of NAD". Furthermore, electro-
chemical properties of NAD/NADH redox couple on hybrid
poly-(luminal)/FAD film [15] and nordihydroguaiaretic acid/
FAD hybrid film [16] have been investigated. In addition, the
reduction of NAD" to NADH on electrodes modified by a
layer of immobilized methyl viologen and lipoamide
dehydrogenase [17, 18], methyl viologen, and diphorase
[19, 20] have been reported. Although enzymatic modifica-
tion of an electrode surface gives encouraging results in the
reduction of NAD" to enzymatically active 1,4-NADH, this
approach results in a rather complex electrode system due
to difficulties related to the immobilization of an enzyme
mediator at the electrode surface, lack of stability, and loss
of the enzyme activity due to the intrinsic nature of the
enzyme, electron mediator leakage, and slow NADH
regeneration rate. Moreover, high cost and low reproduc-
ibility and repeatability are other disadvantages of enzyme
electrodes. Hence, it is pertinent to develop a simple and
reliable method for the modification of the electrode
surface using new electron transfer mediators, which would
allow electrochemical regeneration of an enzymatically
active form of NADH.

Ruthenium is a remarkable transition metal that displays
different oxidation states, which make wide variations of
redox reactions possible [21-24]. Owing to its reversible
redox activity and excellent electrocatalytic properties, Ru
complexes have received considerable attention in the field
of electroanalysis and fabrication of chemically modified
electrodes [13, 25-32]. The modification of different
electrode surfaces with Ru complexes is possible in several
ways such as adsorption and entrapping into the carbon
paste, conductive composites, and polymer matrix.

@ Springer

Carbon nanotubes (CNTs) are a new kind of nano-
structure material, which is promising as an immobilization
substance because of its significant mechanical strength,
high surface area, excellent electrical conductivity, and
good chemical stability [33]. Recently, many efforts have
been focused on the fictionalizations of CNTs with various
molecules by using covalent or noncovalent approaches to
obtain desired properties [34-38]. Among these
approaches, the fictionalization of the side walls of CNTs
in the noncovalent way is an effective way to preserve the
sp® nanotube structure and thus their electronic character-
istics. In addition, the strong interaction of aromatic groups
with 7-staking of CNTs is a similar manner to achieve the
desired purpose. Immobilization of molecules and biomol-
cules on CNTs has been pursued in the past, motivated by
the prospects of using nanotubes as new types of sensor and
biosensors. Due to electronic and specific recognition
properties of CNTs as immobilized systems, they can be
used for making ideal miniaturized sensors. The surface of
CNTs can be chemically modified to impart a specific
desired property, either covalently or physically adsorption
[39—42]. The compatibility and electrochemical applica-
tions of CNTs to immobilize a variety of species on the
external and internal surfaces of them have been reported
[41-47]. Tt was shown earlier that the electrocatalytic
properties of CNTs toward other slow redox systems can
be improved by coupling metal centers with them [48, 49].

Recently, we used CNT-modified electrodes for the
immobilization of different electron transfer mediators and
their application in sensors and biosensors fabrication
[50-54]. In the current study, a simple and fast procedure
was used for immobilization of Ru(Ill) complexes on a GC
electrode modified with CNTs and their application for
electrocatalytic reduction of NAD". The electron transfer rate
constants of the Ru(IlT)/Ru(Il) redox couple and the catalytic
rate constant of the modified electrode for NAD" reduction
were also evaluated and calculated. The ability of the
modified electrode for the fabrication of an acetaldehyde
biosensor was evaluated.

Experimental

Chemical and reagents The Ru(Ill) complexes used in
this study (Scheme 1) were [Ru(trpy)Cls] (where trpy =
2,2'-6',2"-terpyridine), [Ru(NH3)s(2,4,5-Clspcyd)]
(ClOy4), (where 2,4,5-Clzpcyd = 2,4,5-trichloro phenyl-
cyanamide anion), and [Ru(phen),(phen-dioxime)](PF),
(where phen = 1,10-phenanthroline and Phen-dioxime =
1,10-phenanthroline-5,6-dioxime), which were synthesized,
purified, and characterized as reported [55-57]. NAD" with
purity of 95% was from Sigma and used without further
purification. Alcohol dehydrogenase (ADH; EC 1.1.1.1.,
from Baker’s Yeast) was purchased from Sigma. Acetonitrile
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Scheme 1. The structures of used complexes

(ACN) and dimethyl sulfoxide (DMSO) were from Merck.
Multiwall CNTs (MWCNTs) with 95% purity (10-20 nm
diameter) and 1 pm length were obtained from Nanolab
(Brighton, MA, USA). Single-wall CNTs (SWCNTs) have
been manufactured by CNI (USA). Double-distillate water was
used to prepare all solutions. Buffer solutions (0.1 M) were
prepared from H,SO,4 H;PO,4 NaH,PO,4 and Na,HPO,.
Hydrogen chloride (HCI) and sodium hydroxide (NaOH)
were used for pH adjustment. Solutions were deaerated by
bubbling high purity (99.99%) of argon gas through them
prior to the experiments. All electrochemical experiments
were carried out at room temperature 25 + 0.1 °C.

Apparatus and procedures Electrochemical experiments
were performed with a computer controlled p-Autolab
modular electrochemical system (Eco Chemie, Ultecht, The

Netherlands), driven with a general-purpose electrochemical
system software (Eco Chemie). A conventional three-
electrode cell was used with a Ag/AgCl/(saturated KCI) as
the reference electrode, a Pt wire as a counterelectrode, and a
GC disk (modified and unmodified) as a working electrode.
Voltammetry on electrodes coated with Ru complex—CNTs
was done in buffers containing no complex. All of the used
electrodes were from Metrohm. A personal computer was
used for data storage and processing. The morphologies of
the surface were observed in a Vega-Tescan electron
microscope.

Preparation of Ru(lll) complex—CNTs—GC and Ru(Ill)-
GC-modified electrodes The GC electrode was first care-
fully polished with alumina (1.0 and 0.05 pum) on a
polishing cloth. The electrode was placed in an ethanol
container, and a bath ultrasonic cleaner was used to remove
adsorbed particles. Then, 25 pul of DMSO-CNTs solutions
(0.4 mg/ml) was cast on the surface of the GC electrode and
dried in air to form a CNT film at the electrode surface. By
immersing the GC electrode modified with CNTs in
0.1 mM ACN solution of Ru(Ill) complex for 5-30 s, a
stable film of complex adsorbed on the surface of the
electrode. After rinsing of the modified electrode with
water, it can be used for electrochemical experiments
immediately. The effective surface area of the electrodes
modified with the immobilization of MWCNTs and
SWCNTs were determined as 0.12 and 0.15 cm? from
cyclic voltammograms of 1 mM K;[Fe(CN)s] in phosphate
buffer solution (pH7) [58]. To attach the Ru(Ill) complex to
the surface of the GC electrode with the cyclic voltammetry
technique, the GC electrode was carefully polished with
alumina on a polishing cloth. With cycling of the potential
between 0.1 and —0.5 V (30 cycles) at a scan rate of
100 mV s, in an ACN solution containing 0.1 mM Ru(III)
complex, a film of the Ru complex adsorbed on the
electrode surface. For the adsorption of the complex on
the surface of the reactivated GC electrode, the process was
carried out in two steps. First, the GC electrode was held
under a constant potential of 1.8 V for 5 min in 1 M H,SO,
solution. Second, the preanodized GC electrode was
immersed in an ACN solution containing 0.lmM of Ru
(ITI) complex for 1 h.

Results and discussions
Characterization of Ru complex-modified CNTs
Due to a large specific surface area of CNTs, a high

quantity of Ru complexes can be adsorbed onto CNTs
through strong 7—7t-stocking force between these two kind
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of conjugated frames. Figure 1 shows the scanning electron
microscope (SEM) images of MWCNTs and Ru complex-
modified MWCNTs. It can be seen that the MWCNTs are
very long and present as a highly entangled network
structure, which is responsible for the difficulty to disperse
CNTs in DMSO, due to low solubility of the CNTs in most
solvents. Furthermore, the images reveal that the CNTs
randomly distributed across the electrode surface. The inset
of this figure shows the SEM image of the same sample with

Fig. 1 Up, SEM image of the
GC electrode modified with
MWCNTs; scale bar is 200 nm.
Inset is the SEM image with
higher magnification for the
same sample. Down, same as up
for MWCNTS modified with Ru
(IIT) complex—B

200nm

200nm
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EHT = 1000kv WD =

a higher magnification (the scale bar is about 200 nm). As
we can see, the diameter of MWCNTS is about 15-20 nm.
Figure 1b shows the SEM images of MWCNTs modified
with the adsorption of Ru complex. The inset of this figure
clearly shows that the diameters of more MWCNTs are
about 40nm (two times of MWCNTs without Ru complex).
They indicate that a high quantity of the Ru complex has
adsorbed onto the surface of MWCNTs after immersing a
MWCNT-modified electrode in the Ru complex solution.

EHT =1000kv WD= 7 mm Ma = 30.00K X gnal A

Institute for Colorants, paint & coating (ICPC)

Mag = 60.00 K X

8mm  Mag= 30.00KX 97

Institute for Colorants, paint & coating (ICPC)
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Electrochemical properties of Ru(III)
complex—CNT-modified GC electrodes

Figure 2 shows the cyclic voltammograms of SWCNTs and
SWCNTs/Ru(Illl) complex—B-modified GC electrodes at
pH1 buffer solution (voltammograms a and b). For the
SWCNTs/GC electrode, no redox peak between 1.0 and
—0.6 V was found, and the background current was high.
By immersing the electrode for 40 s in the complex
solution, a thin layer of the Ru complex adsorbed on the
surface of the CNT-modified GC electrode. Four indepen-
dent GC electrodes were modified with CNTs and Ru
complex with the same procedure. A well-defined redox
couple with peak current 23.8 pA (+0.5) and peak potential
separation less than 20 mV (£ 2) was observed for the
adsorbed complex. For the GC electrode modified with
MWCNTs—Ru(IIl) complex, a cyclic voltammogram with a
lower peak current, 10 pA (+0.4), and more peak potential
separation, 100 mV (£5), was observed (Fig. 2 voltammogram
d). No response was observed at the same potential range for
the GC-MWCNT-modified electrode (Fig. 2 voltammogram
¢). SWCNTs can increase the surface area of the electrode;
therefore, the background current and capacitances for the
SWCNT-coated surface is higher than the GC electrode
coated with MWCNTs. In addition, SWCNTs are highly
permeable porous films, and electrolytes can penetrate
through the film and gain access to the interior surface [59].
Figure 3a shows a cyclic voltammogram of the GC electrode
modified with Ru complex—B, using consequence potential
cycling (30 cycles at a scan rate of 100 mV s ' between 0.1
and —0.5 V in 0.1 mM Ru(Ill) complex—B). As can be seen
for the Ru complex-modified GC electrode, a voltammogram

Fig. 2 a Cyclic voltammograms 25 -
of a SWCNTs/GC-modified elec-

trode in buffer solution (pH 1), b 20
same as a for SWCNTs/Ru

complex—B-modified electrode. c, 15 1
d Same as a and b for MWCNTs,

the immersing time for electrode 10 4
modification is 40 and 20 s for

GC electrodes covered with 51

SWCNTs and MWCNTs, with a
scan rate of 100 mV s !

current(pA)
o

with small peak current, 1.1 pA, more peak potential
separations, 100 mV, and higher background current
was observed. For the GC electrode modified with
immersing the preanodized electrode in the ACN
solution containing 1 mM Ru complex—B during
60 min, a cyclic voltammogram with smaller peak
current (0.1 pA) and high peak potential separation
(70 mV) was observed (Fig. 3b). For voltammograms a
and b, the peak separation between oxidation and
reduction peaks is increased due to the increasing the
resistance of the thicker film. However, observing a pair
of well-defined redox couple with low peak potential
separation (20 mV) indicates that the reversibility of the
redox system is significantly improved. Due to high specific
and conductive area of CNTs [60], the Ru complex more
easily penetrates through the conductive porous channels of
the electrode, leading to higher sensitivity. Figure 4 shows
cyclic voltammograms of a SWCNTs—Ru(Ill) complex—
B-modified GC electrode with different surface concentra-
tion of the complex, obtained by soaking the SWCNTs/GC
electrode in 0.1 mM complex solution for different times. As
shown in this figure, by immersing the electrode in the Ru
complex solution for 10 s, a stable thin layer of complex
adsorbed at the surface of electrode. By increasing the
immersing time, the surface concentration of the Ru(III)
complex is increased and then starts to level off after 40 s. In
comparison to the GC electrode modified with SWCNTs, for
the MWCNT-modified GC electrode at shorter period of
immersing time, the peak currents level off (20 vs. 40 s).
This is due to the fact that the effective surface area of
SWCNTs is higher and they are highly permeable porous
films and can adsorb more Ru complex molecules.

GC/MWCNT/Ru-Complex (d)

GCMWCNT(c)

GC/SWCNT/Ru-Complex (b)

> e o O

GC/SWCNTSs(a)
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Fig. 3 Recorded cyclic voltam-

0 0.5
potential(v) vs.Ag/AgCI

/

a

mograms for GC electrode %7 1'15
modified with Ru complex-B 20 ?1 05
using consequence potential cy- 7":'_0%
cling (a), GC electrode modified 15 g -1
with preanodization and physi- ° 1:
cal adsorption of Ru complex 10 05
(b), GC electrode modified with
SWCNTs/Ru complex (c); scan < 97
rate, 100 mV s ! in buffer =
solution (pH 1). Inset shows the § 01
enlarged of voltammogram a § 54
and b

-10 4

-15 4

-20 4

'25 L)

0.4 -0.

Figure 5 shows cyclic voltammograms of the SWCNTs—
Ru(Ill)-complex—B-modified GC electrode at different scan
rates in buffer solution (pH1). As shown in insets of Fig. 5,
at scan rates 10-1000 mV s ', the peak currents increased
linearly with a sweep rate as expected for thin-layer
electrochemistry process. Moreover, the anodic peak
currents were almost the same as the corresponding
cathodic peak currents, and the peak potential did not
change with increasing the scan rate. The peak-to-peak
potential separation is about 20 mV for sweep rates below
100 mV s ', suggesting facile charge transfer kinetics over
this range of sweep rates. At higher sweep rates, the plot of

Fig. 4. Cyclic voltammetric

0

0

0.1

0.2 0.3 0.4 0.5

potential(v)vs.Ag/AgCl

peak currents versus the scan rate deviates from linearity,
and the peak current becomes proportional to the square
root of the scan rate (Fig. 5c), indicating a diffusion-
controlled process, which is reflective of the relatively slow
diffusion of counterions into the electrode surfaces. At
higher sweep rates (v > 200 mV s '), peak separations
begin to increase, indicating the limitation due to charge
transfer kinetics. Based on the Laviron theory [61], the
electron transfer rate constant (k) and charge transfer
coefficient (o) can be determined by measuring the
variation of the peak potential with the scan rate. The
values of peak potentials were proportional to the logarithm

10 20 30 40 50
time(s)

30 1
responses of SWCNTs/Ru =2
complex—B-modified GC elec- s
trode in buffer solutﬁif)n (pH 1) at 04 &m0
scan rate 100 mV s~ modified 5
with immersion in 0.1 mM Ru °o0
complex for different times (from
inner to outer) 10, 15, 20, 25, 30, 101
35, and 40 s. Inset, plot of peak =
currents vs. immersing time =3

T 0

e

5

(3]
=10 4
=20 4
-30

-0.2
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Fig. 5 A Cyclic voltammetric 25 1000 _ 03
responses of SWCNTs/Ru A —_ 17" _253123)(9;921892 :;g’ = :'21 iag);;,:fm
complex-B-modified GC elec- g 500 1 pesos0 @0 0 D 01 o
trode in acidic buffer solution 15 % 0 B ¢ Ty D
(pH 1) at scan rates (inner to £ PO S
—_ -500 - _ i ¢ w y =-0,1423x + 0.3253
outer) 10, 20, 30, 40, 50, 60,70, g ° YIOFIIN 2008 T & R - 09047
80, 90, and 100 mV s . Insers =1 1000 A mor & %71 T ?
[
(B, C), plots of peak currents vs. = scan rate(mv/s) h log scan rate(mv/s)
square root of scan rate and scan 35
.. 1000 1
rate. D Variation of peak poten- -
tial separation vs. log of scan rate 3 500 1
15 t  0- c
e
5 -500
o
-25 T T T T T -1000 4
-0.2 -0.1 0 0.1 0.2 0.3 0 50 100

potential(v) vs. Ag/AgCI

of the scan rate for scan rates higher than 2.0 V s!

(Fig. 5D). The slope of the AE,. vs. log (v) was about
142.3 mV. Using the equation E, = K — 2.3030(RT/anF)
log(v) and one electron transferred for Ru(Ill) complex, a
charge transfer coefficient of o = 0.42 was obtained.
Introducing this « value in the following equation [61],
an apparent heterogeneous electron transfer rate constant,
ks =3.78s ' (£0.20), was estimated.

loghks = alog(l —a) + (1 —a)loga
— log(RT/nFv) — (1 — a)nFE/2.3RT (1)

For other Ru(Ill) complexes used in this study (complexes
A and C), the charge transfer and electron transfer rate
constants on the surface GC electrodes modified with
SWCNTs and MWCNTs are reported in Table 1. For the GC
electrode modified with the adsorption of Ru complex-B,
without using CNTs, the electron transfer rate constant is
2.2s"'. The large value of the electron transfer rate constant
indicates the high ability of CNTs for promote an electron
between the Ru complex and electrode surface. The surfaces
of CNTs contain the large number of defects, and a special
nanostructure of CNT may act as molecular wires to enhance
the direct electron transfer of the Ru complex at CNT. The
surface concentration of electroactive species, I, can be
calculated from the slope of the plot of I,, versus the scan

Table 1 The values of a, &, and I for modified electrodes

scan rate"3(mv/s)'2

rate (v < 100 mV s ') by the following equation [62]. The
calculated value of I'is 1.47 x 10 °mol cm 2.

I, = "’ F*vAT [4RT (2)

where v is the sweep rate, 4 is the surface area, and the other
symbols have their usual meaning. For other modified
electrodes, the calculated I” values are reported in Table 1.
The working stability of the modified electrode was verified
by monitoring the remaining amount of active substance
after successive sweeps of cyclic voltammograms. The peak
height and peak potential of the immobilized redox system
during potential cycling over the range 0.55 to —0.2V
remained nearly constant, and the amount of the ruthenium
complex remaining on the electrode surface was almost 94%
of its initial value after 200 cycles (Fig. 6). In addition, no
significant decrease was observed after replacing the
electrolyte used for 200 repetitive cycles with the fresh
buffer solution. Furthermore, the storage stability of the
chemically modified electrodes was very good. The electro-
des were found to have reserved 97% of their initial activity
for more than 1 month when kept in air at room temperature.
The cyclic voltammogram of the GC electrode modified with
the Ru complex, using consequence potential cycling
technique, is recorded under the same condition. Although
a well-defied redox couple was observed for the modified
electrode, after 50 potential cycles, about 40% of the

CNT SWNT MWNT

Complex o ks (s I'<10~° (mol/cm?) a ks (s I'<10~° (mol/cm?)
Complex (B) 0.44 3.83 1.193 0.41 3.73 0.642
Complex (A) 0.44 3.84 1.152 0.40 3.67 0.629
Complex (C) 0.45 3.85 1.147 0.4556 3.74 0.695
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Fig. 6 a The first, b 20th, ¢ 17 -
50th, and d 200th cyclic vol-
tammograms of GC electrode 1.5 -
modified with SWCNTs and Ru 124
complex—B (immersing time for 11
electrode modification 30 s) in 7]
acidic buffer solutions, pH 1. 0.5 4
Inset, for the GC electrode
modified with Ru complex-B, I 27 z 01
using consequence potential cy- = s
cling for modification, a' first, b’ 5 305
20th, ¢’ 50th, and d’ 100th; scan £ 3 E
rate, 100 mV s i © 14
81 -1.5 4
-13 4 -2
b ~ -2.5 T J
-18 = : . 0.4 0.1 0.6
-0.2 0.2 0.4 0.6
potential(v)vs.Ag/AgCl potential(v) vs.Ag/AgCl

adsorbed Ru complex remained at the electrode surface
(inset of Fig. 6).

The high stability of the adsorbed Ru complex against
desorption in aqueous solution is related to the chemical
and mechanical stability of the nanotube film, the strong
interaction of aromatic groups of the complex with -
staking of CNTs, and the possible interaction between the
Ru complex and activated CNTs. To study the reproducibility
of the electrode preparation procedure, five independent GC
electrodes were modified with SWCNTs and the Ru complex.
Cyclic voltammograms of prepared modified electrodes in the
buffer solution were recorded. The relative standard deviation
values of the measured cathodic peak currents were 4%. Due to
the chemical stability, electrochemical reversibility, and high

Fig. 7 a Cyclic voltammograms 25 -
of the GC electrode modified
with SWCNTs (b) as a in
0.5 uM NAD", ¢, d as a@ and b
for SWCNTs/Ru complex—B- 05 4
modified GC electrode, scan
rate, 10 mV s ' in phosphate
buffer solution, pH 7. Inset, as
voltammograms «a and b for the 154
bare GC electrode <
s
<
s
© .35
-5.5 -
75

electron transfer rate constant of Ru complexes used in this
study, they can be widely used in electrocatalysis as
electron transfer mediators. We used one of the modified
electrode, the GC electrode modified with [Ru(NH5)s(2,4,5-
Cl3peyd)](ClOy4), (complex B) and SWCNTs for the
evaluation of the catalytic ability of the modified electrode
in the electrocatalytic process.

The electrocatalytic reduction of NAD" at the GC electrode
modified with Ru complex and SWCNTs

The catalytic reduction of NAD" at the Ru complex—
SWCNT-modified GC electrode has been examined to evaluate
the feasibility of using the electrodes in electrocatalysis as well

current(pA)

-12 T T
1.5 0.5 0.5

potential(v)vs.Ag/AgCI
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Fig. 8 a, b Recorded CV of Ru 4 -
complex—B/SWCNT-modified
GC electrode in the presence of
different concentrations of )
NAD", scan rate, 10 mV s ! in )
phosphate buffer solution, pH 7.
Inset, Plot of peak currents vs.
analyte concentration 0 4
<
=
S -2 4 ru
g 49  y=7.2126x-0.0038
3 35 R’ =0.9964
B ~ 3
125
4 4 b £ 2
£ 15
c e 1
05
6 4 d 0¥ T T )
e 0 0.2 0.4 0.6
concentration(pM)
-8 T T T T T T T d
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

as electroanalysis. One of the objectives of the current study
was fabricating a modified electrode that is capable for the
electrocatalytic reduction of NAD" to the enzymatically active
compound NADH at a reduced overpotential. To test the
electrocatalytic activity of the modified electrodes, the cyclic
voltammograms were obtained in the absence and presence of
NAD" in buffer solution (pH7). Figure 7 shows cyclic
voltammograms of GC electrodes modified with SWCNTs
and Ru complex—B + SWCNTs in buffer solution (pH7) free
of and containing NAD". Upon the addition of 0.5 uM of
NAD, there is a dramatic enhancement of the cathodic peak
current, and the anodic peak currents decrease (Fig. 7d),
which indicate a strong catalytic effect of the mediator for
NAD" reduction. The cathodic peak current for NAD"
reduction was observed at the SWCNT-modified GC elec-
trode, but the peak current is about 15% of the response of the
GC-SWCNTs—Ru complex-modified electrode under the
same condition, and current decay is faster during conse-
quence potential cycling. The inset of Fig. 7 shows the
recorded cyclic voltammogram of the bare GC electrode in
the absence and presence of NAD'. As shown for the GC
electrode, no cathodic response was observed for NAD"
reduction until —0.7 V.

To optimize the electrocatalytic response of the modified
electrode toward NAD" reduction, the effect of pH on the
catalytic behavior of the modified electrode was investigat-
ed. The cyclic voltammograms of the modified electrode in
1 uM NAD" at different pH values (1 to 8) were recorded
(not shown). At pH4 to 8, the modified electrode shows
electrocatalytic activity, but higher peak currents are
observed at pH7, and this value was chosen as optimized.
Additionally, peak potentials are shifted to negative values

potential(v)vs.Ag/AgCI

with increasing pH values. Figure 8 shows cyclic voltam-
mograms of the Ru complex/SWCNT-modified GC elec-
trode in solutions containing different concentrations of
NAD". The plot of the catalytic current vs. NAD"
concentration was linear in the concentration range of
0.1-2 uM, which fitted the equation: I, = (4A) =
7.204uA uM ™' — 0.0038 A and R* = 0.9964. The detec-
tion limit is 3nM when the signal-to-noise ratio is 3. Using
a fixed concentration of 0.5 uM NAD" in the pH7 buffer
solution, the peak current for the reduction of the analyte is
proportional to the square root of the scan rate (not shown).
These results indicate that at a sufficient potential, the
reaction is controlled by the diffusion of the analyte. It can
also be noted that by increasing the sweep rate, the peak
potential for the catalytic reduction of NAD" shifts to more
negative values, and a plot of peak current vs. the square
root of the scan rate deviates from linearity, suggesting a
kinetic limitation in the reaction between active sites of the
Ru(Il) complex and NAD". Based on the results, the
following catalytic scheme (EC' catalytic mechanism)
describes the reduction of NAD"

Ru(TIT) — complex + e~ — Ru(II) — complex (3)
2Ru(1l) — complex + NAD" +H" k¢, NADH )
—_—

+2Ru(IIT) — complex
Under the above conditions for an EC’ mechanism, the
Andrieux and Saveant theoretical model [63] can be used to
calculate the catalytic rate constant. Based on this theory, a
relation between the peak current and the concentration of
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tn (11D X NADH AD C,H;0H
u (II) NAD*

Modified electrode

CH;CHO

Scheme 2. Schematic representation of the ADH-CNTs—Ru complex
biosensor for acetaldehyde detection

the substrate compound for the case of slow scan rates and
a large catalytic rate constant exists:

1

F 2
I,= 0.446nFAD? (%) C, (5)

where D and Cj are the diffusion coefficient (cm® s™) and
the bulk concentration (mol cm ) of the substrate (NAD™),
respectively, and other symbols have their usual meanings.
Low values of k¢, results in values of the coefficient lower
than 0.446. For a low scan rate (5-20 mV s ), the average
value of this coefficient was found to be 0.36 for the Ru(III)
complex/SWCNT-modified GC electrode with a coverage
of 1.193 x 10 °mol cm ? and an effective surface area (4)
of 0.15cm” in 0.5 uM NAD" at the phosphate buffer
solution (pH7). According to the approach of Andrieux and
Saveant and using Fig. 1 of [63], the average value of kcy,
calculated is 1.38 (x0.2) x 10°M ' s™'. Due to high
catalytic rate constants, the Ru complex adsorbed onto
SWCNTs can be used as an electron transfer mediator for
the electrocatalytic reduction of NAD" to NADH.

Fig. 9 Recorded CVs of Ru 20 -
complex—B/SWCNT-modified
GC electrode in buffer solution
containing alcohol dehydroge-
nase enzyme (voltammogram a),
voltammograms (b, ¢, and d) as
voltammogram « in the presence
0.1, 0.2, and 0.7 mM of acetal- 0 1
dehyde, respectively. Voltam-

mogram e as voltammogram a

in the presence 0.1 mM of < -0 A
NAD". Voltammograms f'to k as =2
voltammograms e in the pres- E
ence 0.1, 0.2, 0.3, 0.4, 0.5, and =

S 20

0.6 mM of acetaldehyde, re-
spectively. Electrolyte is phos-
phate buffer solution (pH 7), and
scan rate is 20 mV s~ '. Insets is 30 A
calibration curves of the biosen-

sor in the presence different

The biocatalytic activity of the modified electrode
in the presence alcohol dehydrogenase

Many dehydrogenase enzymes catalyze specifically the
reactions of important analytes to generate NADH as an
electrochemically detectable product. Conjugation of the
electrochemical regeneration of NADH cofactor and
dehydrogenase-catalyzed reactions allows one to develop
both the biosensors for a great number of analytes and the
biofuel cells with different fuels. The present results
indicate that the modified electrode can catalyze the
reduction of NAD" at a reduced overpotential. Since the
enzymatic activity of NAD" is stereo-specific [9], it is
important to recognize whether the product of NAD" is
enzymatically active. For this purpose, the ADH was added
to buffer solution (1 mg ml™") containing different concen-
trations of acetaldehyde. The present results show that the
CNTs—Ru complex-modified electrode can catalyze the
reduction of NAD" that is generated from the reaction of
NADH and acetaldehyde catalyzed by ADH, as schematized
in Scheme 2. Cyclic voltammograms of the modified
electrode in the solution containing enzyme and different
concentration of acetaldehyde in the presence and absence a
constant concentration of NAD" were recorded (Fig. 9). As
shown without NAD" in the solution, the cathodic peak
current in the presence different concentrations of acetalde-
hyde (voltammograms b to d) is similar to the cathodic peak
current of the modified electrode without acetaldehyde
(voltammogram a). With the addition of NAD" to the

current(pA)

. 0% T T T 1
cqncentrat10n+0f a.cetaldehyde,. 40 0 02 04 05 08
without NAD" (friangles) and in )
the presence 0.1 (circles) and k concentration(mM)

0.2 mM (squares) of NAD"
'50 T T T T 1
-0.65 -0.45 -0.25 -0.05 0.15 0.35
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solution, the cathodic peak currents increased with increasing
acetaldehyde concentration (voltammograms f to k). These
results indicate if the product of NAD" electroreduction is an
enzymatically active derivate (NADH), it could be reoxi-
dized by ADH. Under this condition, after substrate
(acetaldehyde) addition, the enzymatic regeneration of the
cofactor causes an increase in NAD" concentration at the
electrode surface. As a result, the cathodic current of NAD"
reduction will be increased. Since the NAD" and mediator
concentrations are constant, the increase in the electro-
catalytic current depends only on the acetaldehyde concen-
tration. This characteristic was used as the base of the
biosensor development for acetaldehyde determination. The
inset of Fig. 9 shows the calibration curves of the modified
electrode in the presence NAD" (0.1 and 0.2 mM), ADH,
and different concentrations of acetaldehyde. As shown, the
cathodic peak current of the biosensor is dependent on both
acetaldehyde and NAD" concentration. The response of the
biosensor for acetaldehyde detection in the absence of NAD"
is not significant. Based on the above results, the main
product of NAD" electroreduction at the modified electrode
is the enzymatically active 1,4-NADH.

Conclusions

A simple, fast, reproducible, and direct procedure was used
for adsorption of Ru(Ill) complexes as an electron transfer
mediator on the GC electrode modified with CNTs. By
immersing the GC electrode modified with the immobili-
zation of CNTs in the Ru complex solution at less than
1 min, a stable thin film of the complex adsorbed strongly
and irreversibly on the surface of the electrode. The GC
electrode modified with the thin film of CNTs/Ru complex
shows a stable and reproducible redox system with long
stability, high electron transfer rate constant, and excellent
electrochemical reversibility. Due to unique properties of
CNTs and the Ru complex, especially synergistic effects
between CNTs and the Ru(Ill) complex, the electrochemical
properties of the produced nanocomposite significantly im-
proved. The immobilized Ru(Ill)/Ru(Il) redox couple can be
used in electrocatalysis as electron transfer mediators. Com-
pared with CNT- or Ru(IIl) complex-modified electrodes, the
Ru complex—CNT-modified electrode shows high and excel-
lent catalytic activity for the electroreduction of NAD" to the
enzymatically active compound, 1,4-NADH. The combina-
tion of CNTs with Ru center is promising for a wide range of
the biosensor in relation to the determination of the substrate
is based on the electrochemical reduction of NAD" produced
in an enzymatic reaction. The modified film in the presence
of ADH enzyme can be used for detection of acetaldehyde
with high sensitivity. Furthermore, this simple method can be

used to prepare other organometallic complex-doped devices
with high performance for the development of high-efficiency
full cells and bioreactors.
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