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a  b  s  t  r  a  c  t

A  novel  amperometric  biosensor  for the detection  of  trace  levels  of  superoxide  dismutase  enzyme  is
developed  with  the  use  of  nanoAu  bioconjugates  of  cytochrome  c (Cyt  c).  NanoAu  particles  of finite  size
were synthesized  by  borohydride  reduction  in  the  presence  of  alkanethiols  having  COOH  and  OH  end
groups.  The  nanoAu  particles  were  characterized  by transmission  electron  microscopic  analysis,  and  the
mean  size  of  the nanoparticles  is determined  to  be 2.96  nm  diameter.  The  heme  protein,  Cyt  c, is  bound
to  the nanoAu  particles,  and the  resulting  nanoAu  bioconjugates  are  investigated  by cyclic  voltammetric
and  rotating-disk  voltammetric  experiments.  Cyt  c  has  become  electrodically  reactive  by  binding  with
the nanoAu  particles,  and  Cyt  c-bound  nanoAu  particles  exhibited  a  reversible,  mass-transport  limited
electron-transfer  reaction.  Reversible  redox  peaks  are  observed  with  the  formal  redox  potential  of  +0.05  V
(vs.  Ag|AgCl)  at bare  GC and  also  at Au|alkanethiolate  monolayer  electrodes.  Cyt  c  is highly  reactive  to
superoxide  radical,  and  electrocatalytic  oxidation  of superoxide  occurs  at the  applied  potential  of +0.15  V
in  the presence  of  the  nanoAu  bioconjugates.  Steady  state  current–time  curves  show  a sharp  increase  in
anoAu surface morphology
the anodic  current  to  the  generation  of  superoxide  radical  and  attain  a  plateau  in ca.  6 min.  The  struc-
ture  and morphology  of  the  alkanethiolate  layer  at the  nanoAu-Cyt  c interface  tremendously  influences
the  electrocatalytic  current  for superoxide.  The  electrocatalytic  current  observed  for  superoxide  radical
varied sharply  by  the  presence  of superoxide  dismutase.  From  the dependence  of  the  electrocatalytic
current  for  superoxide  on  the concentration  of  superoxide  dismutase,  a low-detection-limit  of  as  low  as
0.25  U  mL−1 (∼50 ng mL−1) has been  established.
. Introduction

Superoxide radical is highly reactive and is continuously gener-
ted during cell respiration and metabolism. It plays an important
ole in the destruction of microorganisms invading into our body.
t is however frequently observed that high amounts of superoxide
ormation can exceed the antioxidant abilities of cells and may  be
nvolved in oxidative damage to tissues, nerve cells, etc. Such exces-
ive generation of superoxide leads to the development of various
athologies such as cardiovascular dysfunction, arteriosclerosis,

schemia, and critical neurodegenerative diseases. Superoxide dis-
utase enzyme (SOD) plays a major protective role in living cells

nd has been widely used as a pharmacological tool in the study
f pathophysiological mechanisms. Ubiquitous presence of SOD
hroughout the evolutionary chain emphasizes its importance, and

he detection of SOD enzyme is essential if we are to better control
he degenerative processes and to diagnose more accurately the
iseases in which it is involved [1–4].
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SOD is a potential and selective scavenger of superoxide,
and the best way  for the detection of SOD thus could be the
analysis of superoxide radical. Electrochemical methods are of
great importance in the development of sensors because of its
potential advantages such as portable instrumentation, in vivo
analysis with microprobes, on-line measurement, miniaturization
and low equipment cost [5].  Biorecognition elements impart high
selectivity and sensitivity to sensors, enabling direct detection
of the analyte of interest from complex sample matrices without
any purification or pre-concentration steps. Cytochrome c (Cyt c)
would undergo facile reductive reaction with superoxide radical,
and thus electrochemical sensors for detection of superoxide were
constructed with Cyt c as biorecognition element using suitable
electron-transfer promoters [6–9]. Mediatorless third-generation
biosensors have been fabricated for the detection of superoxide
and SOD with the use of monolayer-based functional electrodes.
Self-assembled monolayers of alkanethiols with covalently bound
Cyt c were investigated for the detection of superoxide radical

and SOD. To improve the sensor performances, nanoAu particles
of rod-like, spherical, and pyramidal structures [10], nano NiO
powder [11], etc. were investigated as the base electrode surface.
However, the biorecognition element is limited merely up to a

dx.doi.org/10.1016/j.electacta.2012.05.159
http://www.sciencedirect.com/science/journal/00134686
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onolayer level. Thus, three-dimensional macroporous materials
12], sol–gel matrix [13,14], and meticulously fabricated layer-by-
ayer multilayer assembly [15] have been investigated to increase
he active surface area and thus the sensitivity.

Gold nanoparticles have emerged as a new kind of inspir-
ng materials and have been widely used in the modification of
arious electrodes and in the fabrication of different kinds of
iosensor platforms. They could act as electron-transfer relays and
hus could promote the heterogeneous electron transfer between
he biorecognition element and the electrode [16–20].  Thus, such
anoAu bound biorecognition elements would be immensely
seful in fabricating high-performance three-dimensional matrix
ased electrochemical sensors and would provide added advan-
ages of mediatorless sensors and three-dimensional bulk matrices.

In this investigation, finite nanogold particles passivated with
hort chain alkanethiols having carboxyl and hydroxyl end groups
re synthesized, and Cyt c is bound to the COOH groups present
round of the nanogold particles. The electrochemical charac-
eristics of the nanoAu-Cyt c conjugates are investigated by
yclic voltammetric and rotating-disk voltammetric experiments.
lectrocatalytic activity of the nanoAu-Cyt c conjugates with super-
xide radical is investigated for the detection of SOD enzyme.
nfluence of the surface morphology of the nanogold particles on
he electrocatalytic activity and thus on the sensor performance are
iscussed.

. Experimental

.1. Reagents

Horse heart cytochrome c (Cyt c), superoxide dismu-
ase (from bovine erythrocytes; 4600 U mg−1) xanthine
xidase (XOD), hydrogen tetrachloroaurate, and 1-ethyl-3-(3-
imethylaminopropyl)carbodiimide (EDAC) were received from
igma, stored at −20 ◦C and used as supplied. Sodium borohydride,
anthine, 3-mercaptopropionic acid (MPA), 3-mercaptopropanol
MPO), 2-aminoethanothiol (AET), disodium hydrogen phos-
hate, sodium dihydrogen phosphate, and solvents used in this
tudy were of analytical grade and were used as supplied from
okyo Chemical Industry without further purification. Distilled
eionized water filtered at last with 0.2 �m pore filter cartridge
resistance = 18 M�)  was used for all the aqueous solutions.

.2. NanoAu-Cyt c conjugate preparation

NanoAu particle was prepared by borohydride reduction of gold
III) chloride in non-aqueous solvent according to the Brust method
eported elsewhere [21]. Briefly, 0.16 g hydrogen tetrachloroau-
ate (III) (0.38 mmol) was dissolved in 7 mL  water, and 450 mL  of
ethanol, 0.12 g mercaptopropionic acid (MPA; 1.13 mmol), and

cetic acid (3 mL)  were added to the Au (III) solution. The solu-
ion was cooled under stirring in an ice-bath. Sodium borohydride
0.3 g, 8 mmol) dissolved in 10 mL  water was added in small por-
ions to the resultant yellowish Au (III) solution under stirring in

 period of 90 s, during which the solution turned to dark black-
rown color. The mixture was kept under stirring at 5 ◦C for 3 h and
entrifuged (18,000 rpm) to precipitate the nanoAu particles pro-
ected with a monolayer of the alkanethiol (MPA). The precipitate
as redistributed in methanol and centrifuged to remove the unre-

cted compounds. The resulting nanoAu particles were dissolved
n 25 mM sodium phosphate buffer (pH 8.0) and filtered through

anoporous cellulose filter membrane (Millipore 25 nm cut-off
embrane) to remove aggregated large nanoparticles. The nanoAu

articles thus prepared was  denoted hereafter as nanoAu/MPA. The
urface morphology of the nanoparticles was changed by treating
 / Electrochimica Acta 78 (2012) 109– 114

nanoAu/MPA with 3-mercaptopropanol (MPO)  in PBS for 1 h, and
the resultant mixture was dialyzed to prepare nanoAu particles
protected with a mixed binary layer of alkanethiols. The nanoAu
particles thus prepared are denoted as nanoAu/MPA + MPO. The
nanoAu particles were imagined with transmission electron micro-
scope (TEM) analysis. A dilute solution of the nanoparticle in 25 mM
PBS (pH 8.0) was spread on amorphous carbon support, dried and
rinsed with PBS. The nanoparticles were imagined with a Hitachi
HF-2000 TEM analyzer at the magnification of 1.5 million times.

Cyt c was bound to the nanogold particles through electrostatic
interaction by adding 12 mg  of cytochrome c to 10 mL  nanogold
solution, and the resultant mixture was filtered through MWCO
membrane (30,000 Da; Whatman) to remove excess unbound
cytochrome c. The resultant nanogold-Cyt c conjugate in PBS was
treated with EDAC (0.3 mg  mL−1) for 1 h to bind Cyt c covalently
with the nanogold particles. The concentration of Cyt c bound to
the nanoAu particles was estimated by determining the amount
of Cyt c adsorbed using UV–vis spectroscopy. The resultant cova-
lently bound nanoAu-Cyt c bioconjugates were denoted hereafter
as nanoAu/MPA/Cyt c and nanoAu/MPA + MPO/Cyt c.

2.3. Voltammetric and electrocatalytic experiments

Cyclic voltammetric and rotating-disk voltammetric experi-
ments were carried out with a BAS 100B/W electrochemical
analyzer using a conventional two-compartment three-electrode
cell. GC and Au electrodes of 5.0 mm and 1.6 mm diameter act as
working electrodes, a platinum coil as counter electrode and an
Ag|AgCl (NaCl satd.) as reference electrode, and the experimen-
tal solutions were deaerated with nitrogen for 15 min. Phosphate
buffer solution (PBS; pH 7.0) of 25 mM concentration was used
as the electrolyte solution. The working electrodes were polished
with aqueous slurries of alumina (10 �m,  1 �m,  and then 0.05 �m),
washed and cleaned with ultra-sonication for 2 min in water. Au
working electrodes were then electrochemically polished by poten-
tial scanning (scan rate = 10 V s−1) in 0.05 M sulfuric acid from
−0.2 V to 1.5 V for 10 min. The resulting Au electrodes were mod-
ified with an alkanethiol monolayer by dipping into an ethanol
solution of 10 mM alkanethiol (AET, MPA, etc.) for 1 h and rinsed
well with ethanol and water. The resulting electrodes were denoted
as Au/AET, Au/MPA, etc.

Superoxide radical for electrocatalytic experiments was  gen-
erated by xanthine-XOD enzymatic reaction to maintain a
steady-state concentration of the superoxide radical. In electrocat-
alytic experiments, the electrolyte solution was oxygen-saturated
by bubbling oxygen for 15 min  and stirred with magnetic stirrer
gently at 200 rpm to perform at hydrodynamic conditions.

3. Results and discussion

3.1. Synthesis of nanoAu particles and TEM analysis

NanoAu particles have been synthesized in this study accord-
ing to a modified Brust reaction performed in a single-phase
non-aqueous solvent. They are covered with a monolayer or mixed-
monolayer of alkanethiols having functional end groups COOH
and OH, which prevents aggregation of the nanoparticles and also
promotes the dispersion of the nanoparticles in solution. A dilute
solution of the nanoparticles (0.6 mg  mL−1) in PBS (pH 7.0) was
spread on an amorphous carbon support, and the substrate was
dried and rinsed gently with water. The TEM image of nanoAu/MPA

bound on an amorphous carbon support is obtained with a magnifi-
cation of 1.5 million times and is shown in Fig. 1(A). Sphere-shaped
discrete nanoparticles of approximately uniform size are seen all
throughout the image. The dark black nature of the circular dots
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Fig. 1. (A) Transmission electron microscopic (TEM) image of nanoAu/MPA particles
supported on an amorphous carbon sheet from a dilute solution of the nanoparticles
in  PBS (pH 8.0, 25 mM).  The image was  obtained by recording with a magnification
of  1.5 million times, and the scale bar indicates 20 nm.  (B) Core-size histogram of
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Table 1
Formal potentials and peak-to-peak separation (�Ep) values of nanoAu-Cyt c con-
jugate at different electrodes recorded in deaerated aqueous PBS (25 mM,  pH 7.0).

Electrode Formal potential V (vs. Ag|AgCl) �Ep (mV)

Au/ET 0.05 60
Au/BT 0.05 85
Au/MPA 0.06 115
Au/AET 0.06 130
Bare Au 0.06 170
anoAu/MPA particles from TEM measurements. Sizes of ∼300 nanoparticles were
nalyzed.

ndicates the poor transmittance and in turn implies that the
anoparticles are of solid spherical shaped compounds. The size
f the nanoparticles is determined by core-size histogram analysis
rom 300 discrete nanoparticles in the image. The distribution of the
ize of the nanoparticles is shown in Fig. 1(B). The size of the most of
he nanoparticles seems to vary in a narrow region of 2.5–3.5 nm,
nd the mean diameter of the nanoparticles is determined to be
.96 nm with a standard deviation of ±0.92 nm.  It clearly shows
hat the particles are of finite size with homogeneous nature and
niform surface characteristics.

.2. Electrochemical investigations of nanoAu-Cyt c conjugates

Cyclic voltammograms (CVs) of the nanoAu-Cyt c conjugates
issolved in solution are investigated at bare GC and at various
u/alkanethiol monolayer electrodes. CVs of nanoAu/MPA/Cyt c
ecorded at bare GC and Au/ET electrodes in deaerated aqueous

BS (pH 7.0) are shown in Fig. 2(A) and (B). The potential sweep
ates are in a range of 0.02–5 V s−1. The nano bioconjugate shows a
eversible redox wave with a formal potential of 0.05 V (vs. Ag|AgCl)
t both bare GC and Au/ET electrodes. The ratio of the cathodic and
Bare GC 0.05 70

the anodic peak currents of the redox wave is about 1 at each scan
rate, and the peak-to-peak separation (�Ep) values are ∼60–70 mV
at slow scan rates. These observations clearly indicate that the
nanobioconjuguate of Cyt c undergoes a reversible redox reaction.
While Cyt c does not usually undergo direct electrodic reaction
at bare electrodes in the absence of electron-transfer promoters
[6–8,22,23],  very recently a quasi-reversible redox response was
observed for Cyt c by Mingot et al. at bare screen-printed graphite
electrodes with no use of promoters or surface modifiers [24]. In
our present study, we  observed a facile reversible redox wave for
Cyt c bound gold nanoconjugates at bare GC electrode and also at
Au/ET monolayer electrode (Fig. 2(A) and (B)). Both the cathodic
and the anodic peak currents are linearly proportional to the square
root of scan rate, indicating that the electrochemical redox reac-
tion of the nanoAu-Cyt c conjugates is a diffusion-limiting process.
The observed formal potential (0.05 V) is only a little more positive
than that of free Cyt c in solution (0.04 V) [25]. So, the nature of
the heme protein, Cyt c, confined with the nanoparticles is likely
equivalent to that of native Cyt c and would be possessing native
tertiary structure and inherent chemical reactivity.

The formal potentials and peak-to-peak separation values
of the redox reaction of nanoAu-Cyt c conjugate at different
Au/alkanethiol and GC electrodes are given in Table 1. The formal
potentials observed at most of the electrodes are nearly equiva-
lent to that of solution-dissolved native Cyt c, and a variation of
about +20 mV  is observed depending on the nature of electrode.
But, the peak-to-peak separation values obtained at 20 mV s−1 var-
ied widely from 60 mV  to 130 mV  depending on the nature of the
Au/alkanethiol working electrode and were as high as 170 mV at
bare Au electrode. At Au/ET, Au/BT, and GC electrodes, the peak-to-
peak separation values are nearly 60 mV.  But at bare Au electrode
and at Au/AET and Au/MPA monolayer electrodes having charged
end groups, the peak-to-peak separation values are ∼115–170 mV;
further, the CVs deteriorate on repeated cycles and the peak-to-
peak separation value increases further. These observations could
be attributed to the fouling of electrode surface due to coagulation
of the heme protein and its adsorption on the bare Au electrode and
Au/thiol electrodes with charged end groups (Au/MPA and Au/AET
electrodes). Thus for all further electrochemical and electrocat-
alytic experiments, the Au/ET electrode, exhibiting facile reversible
redox reaction of nanoAu-Cyt c conjugate and covered with a
monolayer of the short alkanethiol chain, is employed. Diffusion
coefficient of the nanoparticles is determined from the peak cur-
rents of the redox waves of nanoAu/MPA/Cyt c at Au/ET electrode.
From the slope of the plot of the peak current against the square root
of scan rate, the apparent diffusion coefficient of the nanoparticles
is determined to be 5.3 × 10−7 cm2 s−1. The diffusion coefficient of
nanoAu-Cyt c is nearly 10 times lower than that reported for fer-
rocene bound to gold nanoparticles of ca. 1.5 nm [26]. According to
Stokes–Einstein relation, the diffusion coefficient is inversely pro-
portional to the square root of the diameter of the nanoparticles,

and thus the determined diffusion coefficient of nanoAu-Cyt c con-
jugate of 3.0 nm diameter is quite reasonable with respect to the
diffusion coefficient of the nanoAu-ferrocene conjugate.
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Fig. 2. CVs of nanoAu/MPA/Cyt c recorded at GC (A) and Au/ET (B) electrodes in deaerated aq. PBS (25 mM,  pH 7.0) solution of nanoAu/MPA/Cyt c; concentration of nanoAu
bound  Cyt c is 0.08 mM.  Potential scan rates were 0.02, 0.05, and 0.1 V s−1 (A) and 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 V s−1 (B).
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ig. 3. A RDVs of nanoAu/MPA/Cyt c recorded at Au/ET electrode at a scan rate of 2
nset  shows RDV of nanoAu/MPA recorded at Au/ET electrode (20 mV  s−1,  0 rpm). (B

Rotating-disk voltammograms of the nanoAu/MPA/Cyt c con-
ugates were studied at different rotation rates of 300–3000 rpm
n PBS (pH 7.0). The potential was scanned at 20 mV  s−1, and the
btained RDVs are shown in Fig. 3(A). At the redox potential of the
onjugate (+0.05 V), a sharp increase in the cathodic current was
bserved and a plateau (Ilim) was attained at −0.1 V and further. In

 control experiment, the CV of the nanoAu particle alone without
yt c, i.e., nanoAu/MPA, was recorded at 0 rpm, and it is shown in
he inset of Fig. 3(A). The CV of nanoAu/MPA showed no redox wave
r no Faradaic current response, and only the double-layer charging
urrent was observed (Fig. 3A inset). In the case of nanoAu/MPA/Cyt

 conjugate, a predominant reversible redox wave is observed at
0.05 V; the weak anodic wave seen close to +300 mV is not usually
bserved and it could be due to the presence of a small fraction
f Cyt c in a different chemical environment on the nanoparticle
urface. For the nanoAu/MPA/Cyt c conjugate, the plot between the

lectrode potential and log[I/(Ilim − I)] at a given rotation rate shows

 slope of about 60 mV,  indicating that the number of electrons
nvolved in the electrochemical redox reaction is 1 [27,28]. Pre-
iously nanoAu-ferrocene conjugates derivatized with a number
−1; disk-rotation rates are 0, 300–3000 rpm. Other conditions are same as in Fig. 2.
 of the limiting current against the square root of rotation rate.

of ferrocene moieties had also shown similar one-electron trans-
fer redox process corresponding to a single ferrocene unit, despite
the presence of several ferrocene units in the conjugate [26]. These
RDV observations indicate that the electron-transfer to nanoAu-
Cyt c conjugate involves with the transfer of only one-electron to
nanoAu-Cyt c conjugate at the electrode-solution interface. Fur-
ther, the limiting cathodic current response was found to increase
with the rotation rate of the disk, and the limiting cathodic current
intensity is linearly proportional to the square root of rotation rate
(Fig. 3(B)). Thus the electrochemical redox reaction under hydro-
dynamic conditions is a facile mass-transport limited process.

3.3. Electrocatalytic detection of superoxide and SOD enzyme

Electrocatalytic response of the Cyt c bound nanoAu particles to
the presence of superoxide radical and in turn for the quantification

of superoxide dismutase enzyme are investigated by steady-state
chronoamperometric analysis. Superoxide radical is generated
by the enzymatic reaction of xanthine oxidase (XOD) with xan-
thine in oxygen-saturated solution. Electrocatalytic oxidation of
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Fig. 4. Steady state current vs. time plots observed to the generation of superoxide
radical by xanthine-XOD reaction at Au/ET electrode in oxygenated aq. PBS (25 mM,
pH  7.0) solution containing nanoAu/MPA/Cyt c (a) or nanoAu/MPA + MPO/Cyt c (b);
concentration of Cyt c in solution is 0.08 mM.  Steady-state current vs. time plots
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LDL = [3 × RSD/slope] + CIo, to be 0.25 U mL−1 (i.e., ∼50 ng mL−1).
bserved in oxygenated PBS containing nanoAu/MPA (c) or nanoAu/MPA + MPO  (d)
ithout the bound Cyt c under identical conditions to the generation of superoxide.

uperoxide radical at Au/ET electrode was investigated at the
pplied potential of +0.15 V in the presence of nanoAu/MPA/Cyt

 and nanoAu/MPA + MPO/Cyt c. Fig. 4(a) shows the steady-state
urrent–time curve observed at the Au/ET electrode in oxygen-
aturated aq. PBS (pH 7.0) containing nanoAu/MPA/Cyt c and the
olution is stirred at 200 rpm to perform the experiments under
ydrodynamic conditions. Once a steady-state current response

s attained at the electrode potential of +0.15 V, XOD enzyme is
dded at first to the electrolyte solution; after a brief time period
f ∼3 min, xanthine is added to a final concentration of 0.15 mM.
n the addition of xanthine, the current increases gradually

esponding to the superoxide radical generated by xanthine-XOD
eaction. It increased anodically and reached a plateau in about

 min, and a current response of 0.07 �A (3.5 �A cm−2) was
bserved. The anodic current response for the superoxide radical
ould be due to the electrocatalytic oxidation of superoxide radical
y nanoAu-Cyt c conjugate. When nanoAu/MPA + MPO/Cyt c par-
icles were used instead of nanoAu/MPA/Cyt c, the anodic current
esponse was nearly 12 times higher than that observed with
anoAu/MPA/Cyt c (Fig. 4(b)). The current increased anodically on
he addition of xanthine and reached a plateau in about 6 min. The
bserved current intensity was as high as 0.90 �A (45 �A cm−2).
ontrol experiments for the response of the nanoAu particles
ithout the bound Cyt c to superoxide radical were carried out.

teady-state current vs. time plots observed with nanoAu/MPA
nd nanoAu/MPA + MPO  particles to the generation of superoxide
adical by the addition of xanthine are shown in Fig. 4(c) and (d). In
he control experiments, the current vs. time plots showed negligi-
le response to the generation of superoxide radical (Fig. 4(c) and

d)). These observations clearly confirm that the electrocatalytic
xidation of superoxide radical occurs due to the presence of
ovalently bound Cyt c in the nanoAu bioconjugates.
 / Electrochimica Acta 78 (2012) 109– 114 113

The cause for the large increase in the current response for the
electrocatalytic oxidation of superoxide by employing the binary
monolayer based nanoAu bioconjugate, nanoAu/MPA + MPO/Cyt
c, is not clear. However, it could be attributed to the difference
in the heterogeneous electron-transfer rates reported previously
for Cyt c immobilized on Au electrodes modified with dif-
ferent monolayer and binary mixed-monolayer of alkanethiols.
The heterogeneous electron-transfer rate of Au/MPA/Cyt c and
Au/MPA + MPO/Cyt c were determined by CV experiments and
were 12 s−1 and 2800 s−1, respectively [29]. The heterogeneous
electron-transfer rates reported previously for Cyt c immobilized
on simple Au/alkanethiol monolayer electrodes (alkanethiol = MPA,
mercaptohexadecanoic acid, etc.) were found to be dependent
on the alkanethiol chain-length and were about 0.4–880 s−1

[30–36].  The heterogeneous electron-transfer rate decreases with
the increase in alkanethiol chain-length [35,37]. For the long chain
alkanethiol electrode, Au/MUDA/Cyt c (MUDA = 11-mercapto-1-
undecanoic acid), the electron-transfer rates were reported to
be 1.7–23 s−1 [30,33], and for the short chain alkanethiol elec-
trode, Au/MPA/Cyt c, it was  as high as 880 s−1 [35]. Further, the
heterogeneous electron-transfer rate enhanced with the use of
binary mixed-monolayer electrodes and was  as high as 73 s−1

for Au/MUDA + MU/Cyt c (MU  = 11-mercapto-1-undecanol) [32,33].
Thus, the reported electron transfer rate of 2800 s−1 at the binary
monolayer-based electrode, Au/MPA + MPO/Cyt c, is highly reason-
able, considering the short chain-length of the MPA  layer [29].
Further, the electron-transfer rates of simple Au/MUDA/Cyt c were
found to be increased in the presence of nanoAu particles [16].
Because of such efficient heterogeneous electron-transfer rates
with the use of mixed-monolayer and nanoAu particles, the elec-
trocatalytic current for the superoxide radical could have increased
with the use of binary mixed-monolayer based nanobioconju-
gate, nanoAu/MPA + MPO/Cyt c (Fig. 4). The observed results clearly
emphasize that not simply the nanoAu particles but also the surface
morphology and interfacial characteristics of nanoAu particles played
vital role in the electron-transfer characteristics.

Superoxide dismutase is a selective and potential scavenger of
superoxide radical and its presence in the solution would catalyze
dismutation of superoxide radical. The electrocatalytic current
response for the superoxide radical would thus respond by a
decrease to the presence of SOD enzyme and in turn the concentra-
tion of the enzyme could be detected. The electrocatalytic current
observed with nanoAu/MPA/Cyt c (70 nA) is quite little and is only
about 10 times higher than the baseline noise of the electrochem-
ical analyzer. Thus, nanoAu/MPA/Cyt c could not be investigated
for the detection of SOD enzyme. The anodic current response to
the generation of superoxide radical with nanoAu/MPA + MPO/Cyt
c bioconjugate was  investigated in the presence and absence of
SOD at different concentrations. The current–time plots observed in
the presence and absence of SOD enzyme (0–5 U mL−1) are shown
in Fig. 5(A), and the electrocatalytic current for superoxide rad-
ical was found to decrease with the presence of 1 U mL−1 SOD
enzyme ((a) and (b)). The electrocatalytic current decreases fur-
ther with increasing concentrations of SOD enzyme (Fig. 5(A), b–d).
The electrocatalytic experiments were repeated for at least three
times with independent electrodes, and the observed change in
the electrocatalytic current is plotted against the concentration of
SOD enzyme (Fig. 5(B)). The current response was reproducible
with a relative standard deviation (RSD) of ±0.02 �A. The low-
detection-limit (LDL) of the sensor, which is three RSDs higher
than the basic current observed in the absence of SOD, is calcu-
lated from the graph Fig. 5(B) by using the following equation,
The low-detection-limit determined is highly comparable to those
reported previously. The low-detection-limit of a hemin-modified
pyrolytic graphite electrode was earlier reported to be 0.02 U mL−1
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Fig. 5. A Steady state current vs. time plots obtained to the addition of SOD at dif-
ferent concentrations in oxygenated aq. PBS containing nanoAu/MPA + MPO/Cyt c.
O
r

S
w
i
i

4

g
i
(
n
t
o
f
o
t
fi
m
t
w
p
c

[
[

[

[

[

[

[
[

[
[

[

[

[

[
[

[
[

[
[

[
[
[
[

[
[
[

[
istry 408 (1996) 15.
ther conditions are same as in Fig. 4. (B) Plot between the decrease in anodic current
esponse for superoxide against the concentration of SOD.

OD [38]. At Au/MPA + MPO/Cyt c electrode, the detection limit
as as low as 0.01 U mL−1 SOD [29]. The detection limit obtained

n this investigation is better compared to standard photometric
nvestigations, where the detection limit is 0.05 U mL−1 [39].

. Conclusions

An amperometric biosensor based on nanoAu-Cyt c bioconju-
ate for the detection of SOD was developed in this study, and
t was highly sensitive to the presence of as low as 0.25 U mL−1

∼50 ng mL−1) with a response time of ∼6 min. Interfacial alka-
ethiol monolayer of the nanoAu-Cyt c bioconjugate was found
o play an important role in the electrocatalytic current response
f the sensor system. The increase in the anodic current response
or superoxide radical as high as 12 times with the presence
f a binary mixed-monolayer of alkanethiols at the interface of
he nanoAu-Cyt c conjugate further emphasizes the importance of
ne-tuning the interfacial structure and morphology even at nano-
aterial levels. To the best of our knowledge, this is the first
ime such a large difference in the electrocatalytic characteristics
ere reported by changing the surface characteristics of nanoAu
articles with different alkanethiolate monolayers. Such nanoAu
onjugates of similar electroactive proteins could be prepared to

[
[

[
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achieve facile heterogeneous electron-transfer reaction directly at
bare electrodes and to fabricate efficient three-dimensional elec-
trochemical sensor systems. Electrocatalytic investigations with
the use of three-dimensional matrices of nanoAu-Cyt c bioconju-
gates are under investigation for reducing the response time.
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