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Nonenzymatic Reduction of Hydrogen Peroxide Produced during the Bioelectrocatalysis of
Glucose Oxidase on Urchin-like Nanofibrillar Structures of Cu on Au Substrates
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This work describes the nonenzymatic reduction of hydrogen peroxide on urchin-like nanofibrillar structures
of Cu formed on gold substrates modified by a self-assembled monolayer (SAM) of p-mercaptobenzoic acid.
Because the detection is based on the electrochemical reduction, the method is less prone to interference
from easily oxidizable biologically important compounds such as dopamine, uric acid, and ascorbic acid.
This method is extended to the detection of glucose by immobilizing glucose oxidase on the nanocomposite
electrode with the help of chitosan. The linear detection range for glucose is 100 nM to 1800 nM. Sensitivity
of detection is 1.99 nA/nM. The Michaelis—Menten constant is very low (125 nM), indicating high binding

affinity of the enzyme to the substrate.

1. Introduction

Development of electrochemical biosensors is very important
because of the advantages offered by the specificity of bio-
chemical recognition and by the convenience of electrochemical
signal transduction. Oxidoreductase enzymes such as glucose
oxidase, lactate oxidase, and choline oxidase catalyze the
oxidation of their specific substrates by molecular oxygen with
concomitant generation of H,O,. This has led to the development
of optical,!™ chemiluminescent,*> and electrochemical® bio-
sensors for different oxidoreductase-dependent substrates based
on H,0, transduction. Electrochemistry has been proved to be
an inexpensive and effective way to examine reactions of many
analytes. H,O, transductions can be carried out either through
electrochemical oxidation or through electrochemical reduction.
The electrochemical oxidation of hydrogen peroxide is, however,
made difficult by slow electrode kinetics on many electrode
materials. As a result, high overpotentials are required which
makes the detection prone to interference from substrates such
as dopamine, paracetamol, ascorbate, and urate.” To overcome
these problems, two main approaches have been explored. One
promising method, to suppress the interference and to improve
the sensitivity of the sensors, involves the use of the bienzymes
oxidase and peroxidase.® Second, the integration of organic and
inorganic materials on nanoscale is a promising method for
obtaining unusual functional materials. Artificial combinations
of the solid-state properties of inorganic materials and the
chemical or biofunctional properties of the organic part may
produce a unique function. In essence, inorganic materials with
superior selective catalytic properties toward the electrochemical
reduction of hydrogen peroxide can be incorporated along with
an organic hybrid containing glucose oxidase.””!! Bioelectro-
catalytic reduction of H,O, by horseradish peroxidase!>~'* and
heme protein'’ functionalized electrodes are normally used for
developing biosensors for analytes dependent on oxidoreduc-
tases. With the advent of nanotechnology and hybrid materials,
nanostructured inorganic hybrid materials have become the
substitutes for peroxidases. The presence of nanoparticles in
electrochemical sensors can decrease the overpotentials of many

* Corresponding author. Tel: +91 4565 227550; fax: +91 4565 227779;
e-mail: sheelaberchmans @yahoo.com.

analytes at common unmodified electrodes.'® In the past decade,
several electrochemical biosensors, which were modified with
metal nanomaterials, have been studied and analyzed for their
response to hydrogen peroxide and these nanomaterials ampli-
fied the signal for the transduction of H,O, by enzymatic
methods. These include gold,"” silver,'®™2° platinum,*' and
metallic oxides such as MnO,.2> On the contrary, only a few
examples of chemically modified electrodes based on metal
nanoparticles have been reported for the direct analytical
determination of hydrogen peroxide. Platinum,>*** copper
oxide, and silver’ nanoparticles have been reported for the
direct determination of hydrogen peroxide. Inorganic nano-
structured Prussian blue has also been used for the direct
analytical determination of H,0O, based on electrochemical
reduction.”'” Further, in recent years, organic hybrid materials
such as silica and chitosan gain interest as matrixes for enzyme
immobilization owing to the synergy resulting from the com-
bination of the intrinsic properties of the two components.22’
In this work we have developed an integrated chemical system
consisting of heterogeneous multiphase systems for the im-
mobilization of glucose oxidase and for the transduction of
hydrogen peroxide. We describe an analytical protocol for
sensing hydrogen peroxide based on its electrochemical reduc-
tion on a Cu—SAM nanocomposite electrode. Urchin-like Cu
nanofibrillar structures are formed by electrochemical deposition
on a gold electrode modified by a self-assembled monolayer of
p-mercaptobenzoic acid, and they are found to be an effective
catalyst for the electrochemical reduction of hydrogen peroxide.
The enzyme immobilization was carried out using the biopoly-
mer film chitosan, a unique organic hybrid material which, due
to its various glucose amine groups, can effectively trap
anionically charged glucose oxidase molecules. The present
approach for the detection of glucose helps to alleviate the
following difficulties normally encountered in the enzymatic
analysis of glucose.

1. The hydrogen peroxide liberated in the enzymatic release
is conventionally estimated by following the electrochemical
oxidation of H,O, which occurs at high overpotentials, and
therefore glucose estimation is prone to interference from other
oxidizable compounds. This problem is completely overcome
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in the present analysis by following the electrochemical reduc-
tion of hydrogen peroxide.

glucose oxidase

glucose + O, gluconic acid + H,0,

2. Glucose detection using the bienzymatic approach (glucose
oxidase + peroxidase) also involves transduction of hydrogen
peroxide reduction. Normally, stability problems are faced with
enzymatic detection when repeated trials are carried out. Instead
of addressing the stabilities of two enzymes, we can have one
enzymatic reaction and one electrocatalytic reaction for carrying
out the whole process of sensing, which will bring out the
synergistic effect of the hybrid materials. Further, immobilization
of two enzymes in two spatially separated planes is quite
challenging.

glucose oxidase

glucose + O, gluconic acid + H,0,

peroxidase

2H,0, 2H,0 + 0,

3. Our method of preparation has resulted in interesting
urchin-shaped nanofibrillar Cu structures which exhibit very
good electrocatalytic properties toward hydrogen peroxide
reduction. Hence, glucose detection can be carried out at low
overpotentials with no possibility of interference. Further, the
structure-directing effect of the mercaptobenzoic acid SAM layer
to form the nanofibrillar structures is an interesting aspect of
this work.

2. Experimental Section

2.1. Preparation of Cu Nanostructures on SAM-Modified
Electrodes. The preparation of the metal —SAM nanocomposite
layer has already been reported by us.?®?° Briefly, a gold slide
(Au 111) electrode (1000 A Au coating on Si wafers with an
intermediate adhesion layer of 100 A thick Ti, procured from
Lance Goddard Associates, Foster City, CA) of area 12 mm?
was used for all the experiments. After thorough cleaning, the
gold plates are immersed in 1 mM p-mercaptobenzoic acid
overnight for SAM formation. The SAM-modified electrode is
immersed in 1 mM CuSOj, for 15 min during which Cu®* ions
are chemically preconcentrated on the Au—SAM electrode. The
preconcentrated Cu?* ions are electrochemically reduced by
applying a potential of —0.6 V Vs Hg/Hg,SO, for 15 min in
0.5 M sulfuric acid. This procedure results in the formation of
the Cu—SAM nanocomposite electrode. The effect of variation
of preconcentration time and concentration of CuSO, used for
preconcentration are also investigated.

2.2. Immobilization of Glucose Oxidase on the Cu—SAM
Nanocomposite Electrode. A 0.5% solution of chitosan (gift
sample from Everest Biotech) in concentrated HCI solution is
neutralized by adding NaOH to a final pH of 6.5—7.0. The
Cu—SAM nanocomposite is immersed in the chitosan solution
for 3 h. Glucose oxidase (4 mg/mL) solution is prepared in
phosphate buffer (pH 7.0). The Cu—SAM nanocomposite
electrode modified by chitosan is immersed in the enzyme
solution overnight for enzyme immobilization.

2.3. SEM Characterization. SEM measurements are made
using a Hitachi model S3000-H.
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Figure 1. Cyclic voltammogram for Cu—SAM nanocomposite elec-
trode in (a) 0.5 M sulfuric acid, (b) phosphate buffer pH = 7.0; scan
rate = 50 mV/s.

2.4. XPS Characterization. X-ray photoelectron spectro-
scopic studies were carried out using a Multilab 2000 model,
Thermo Scientific, UK. A source of Al Ko having a binding
energy of 1486.4 eV was used for the study. Initially a full scan
from —10 to 1100 eV was performed and later on individual
scans of 50—100 eV having a step energy of 0.5 eV were carried
out in order to analyze the presence of specific elements.

2.5. Electrochemical Measurements. PGSTAT 302N (Au-
tolab) was used for the electrochemical measurements. The
electrochemical characterization of the Cu-nanocomposite elec-
trode was performed in 0.5 M sulfuric acid with Hg/Hg,SO, as
the reference electrode and Pt counter electrode. The electro-
chemical detection of hydrogen peroxide and the enzymatic
detection of glucose were performed in phosphate buffer (pH
= 7.0) with Hg/Hg,Cl, as the reference electrode and Pt counter
electrode.

3. Results and Discussion

3.1. Characterization of the Cu—SAM Nanocomposite
Electrode. Figure 1 shows the response for the Cu—SAM
nanocomposite electrode (based on the protocol described in
the Experimental Section) formed on the gold substrate modified
with a self-assembled monolayer of p-mercaptobenzoic acid on
the gold electrode. The formation of Cu deposits can be seen
by characteristic peaks appearing at 0.429 V (anodic) and
—0.034 V (anodic) and —0.332 V (cathodic) vs Hg/Hg,SO,.
The anodic peak appearing at 0.429 V corresponds to under-
potentially deposited Cu (upd), and the peak appearing at
—0.034 V corresponds to bulk Cu. The peak separation for bulk
Cu is greater than 200 mV, and hence the electron transfer is
irreversible. Similar behavior has been observed by us*® when
such Cu films were prepared for the galvanic replacement of
noble metals. The upd Cu is stabilized in the presence of SAM
layers formed on Au (111) substrates, and we have shown earlier
that the subsequent derivatization of the films by Pt has led to
the preparation of films with superior catalytic properties. In
the present work, the Cu nanofibrillar deposit formed on SAM
is used for the detection of H,O,. It is demonstrated that the
electrocatalysis of H,O, occurs at lower overpotentials compared
to silver nanostructures formed by a similar method (see
Supporting Information). The organic monolayer of p-mercap-
tobenzoic acid self-assembled on Au (111) has some structure-
directing and stabilizing effect on the Cu deposits, and hence
interesting shapes are obtained. Figure 1b corresponds to the
voltammetric response of the Cu—SAM nanocomposite in
phosphate buffer (pH = 7.0). The Cu redox peak appears more
reversible compared to acidic pH and occurs at 0.098 V (anodic)
and 0.054 V (cathodic) at a scan rate of 50 mV/s.

Figure 2 shows SEM images of the Cu—SAM nanocomposite
electrode under different conditions of chemical preconcentration
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Figure 2. (a—e) SEM images of the Cu nanocomposite electrode. (a)
Preconcentration time = 5 min; [CuSO,] = 1 mM. (b) Preconcentration
time = 15 min; [CuSO4] = 1 mM. (c) Preconcentration time = 30
min; [CuSO4] = 1 mM. (d) Preconcentration time = 2 h; [CuSOy4] =
5 mM. (e) Prepared under the conditions given in d and then treated
with phosphate buffer. In all the cases, electrochemical deposition was
carried out at —0.6 V for 15 min. (f) 1 mM Cu?* ions deposited under
a constant current density of 10 uA/cm? on a Au—SAM electrode.

of copper ions. Figure 2a corresponds to the copper deposit
formed when Cu®" ions are chemically preconcentrated on the
Au—SAM film using 1 mM Cu SO, solution for 5 min followed
by electrochemical deposition for 15 min. Figure 2b corresponds
to the copper deposit formed when Cu?* ions (1 mM CuSOy)
are chemically preconcentrated for a duration of 15 min followed
by electrochemical deposition for 15 min. Figure 2¢ corresponds
to the copper deposit when Cu®*" ions (I mM CuSO,) are
chemically preconcentrated for a duration of 30 min followed
by electrochemical deposition for 15 min. Figure 2d corresponds
to a preconcentration time of 2 h (CuSO,, 5 mM) followed by
electrochemical deposition for 15 min. Figure 2e corresponds
to the morphology of the Cu—SAM composite after treating
with phosphate buffer. The mechanism of formation of the Cu
deposit has been already discussed in our earlier paper.” The
carboxylate groups complex the Cu*" cations, and they become
preconcentrated on the SAM structure. The electrochemical
deposition at —0.6 V deposits Cu atoms on the surface of the
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Au—SAM substrates. Initially, Cu atoms nucleate on the surface.
The structure-directing effect of the underlying organized SAM
dictates the growth of the Cu deposits in the form of urchins
(see Scheme 1). Depending on the preconcentration time, the
concentration of CuSQ, solution used for preconcentration, and
deposition time, interesting morphologies are obtained. When
a concentration of 1 mM CuSO, was used for preconcentration
for a period of 5 min, fibrillar structures start to appear, as seen
by the “frog leg”-like structures in Figure 2a. When the
preconcentration time increases to 15 min, fully grown urchin-
like structures are clearly seen (Figure 2b). The urchin is made
of nanofibrillar structures where the diameter of each nanofiber
is ~50 nm and the length is ~0.75—1 um. A fully grown urchin
has a diameter of 2.5 um. A further increase in the preconcen-
tration time (30 min) also reveals urchin-like structures (Figure
2c). When a high concentration of CuSO, (5 mM) solution is
used for preconcentration for a period of 2 h, we see the urchins
grow further in size (7 um). Similar structure is seen after
exposing the substrate to phosphate buffer (Figure 2e). Uniform
growth of urchin-like structures of ZnO has been reported
recently on ITO substrates where PSS spheres are used as
templates for the formation of urchins, and the deposition of
ZnO has been carried out under constant current density.*° The
PSS templates direct the growth of urchins. A similar phenom-
enon is observed here under constant reduction potential. We
also carried out deposition of Cu in the presence of SAM using
constant current density, and we observed uniform deposition
of Cu and that the size of the structures vary between 100—125
nm (Figure 2f). Urchin-like structures are not observed during
galvanostatic deposition. Preconcentration of Cu?* ions on the
SAM layer followed by electrochemical deposition at constant
potential leads to urchin-like structures. However, the organiza-
tion of urchins directed by SAM is poor compared to PSS
templates in the case of ZnO.* Further, the main emphasis in
the present work is to explore use of Cu structures for their
sensing capabilities.

The formation of the Cu deposit is also confirmed by XPS
measurements of the characteristic Cu peaks. The presence of
the copper on the surface of the gold plate electrode was
confirmed by XPS which shows two peaks at 933 eV and 952
eV corresponding to the presence of Cu® on the surface of the
electrode (Figure 3).

3.2. Detection of Hydrogen Peroxide. Figure 4 shows the
response of Cu—SAM nanocomposite electrode for stepwise
additions of different concentrations of hydrogen peroxide in
phosphate buffer (pH = 7). The cyclic voltammogram corre-

SCHEME 1: (A) Chemical Preconcentration of Cu?>* Ions on Au Substrate Modified by a Self-Assembled Monolayer
(SAM) of p-Mercaptobenzoic Acid. (B) Electrochemical Reduction of Cu®*" Ions (preconcentration time = 5 min; [Cu?*]
= 1 mM). (C) Urchin-like Cu nanofibrillar structure (preconcentration time = 15—30 min; [Cu?*'] = 1 mM)
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Figure 3. XPS of Cu 2p response for the Cu—SAM nanocomposite.
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Figure 4. Cyclic voltammograms of the Cu nanocomposite electrode
for different concentrations of hydrogen peroxide in phosphate buffer
pH = 7.0. Scan rate 50 mV/s.

sponding to zero addition of H,O, is the innermost curve. This
voltammogram exhibits the cathodic peak corresponding to Cu
at —0.052 V vs Hg/Hg,Cl,. For each addition of hydrogen
peroxide, the current shows a corresponding increase in the
voltammogram, indicating the catalytic reduction of hydrogen
peroxide. The electrochemical reduction of hydrogen peroxide
occurs at —(0.250 V. The peak potential for reduction shifts
slightly to positive values for further additions. Compared to
the electrochemical reduction potential of hydrogen peroxide
on Ag and Au nanoparticle-modified electrodes,”*73* the
overpotential for reduction is lower in the case of the Cu—SAM
nanocomposite electrode. This shows that the electrochemical
reduction of H,O, in phosphate buffer is facile at neutral pH
on the Cu—SAM nanocomposite electrode. Similar experiments
with the Ag—SAM nanocomposite electrode carried out by us
revealed the requirement of higher overpotentials for reduction
(see Supporting Information). Hence, our modification of Au
substrate with Cu nanofibrillar structure is a good analytical
platform for the detection of H,O,. The linear range of detection
shown in Figure 4 is 90 nM to 500 nM. The correlation
coefficient is 0.99, and the sensitivity of detection is 6.6 nA/
nM. The detection can be, however, carried out over a broad
range of concentrations from 90 nM to 2500 nM. The voltam-
magrams showing the detection of H,0O, over different concen-
tration ranges are presented in Figure 5. The onset of reduction
starts at the reduction potential of Cu. This is revealed in the
voltammograms presented in Figure Sa—d. For three concentra-
tion ranges (a—c), the reduction occurs at a lower potential of
—0.166 V. The sensitivities of detection corresponding to
Figure 5a—c are 5.71 nA/nM, 21.71 nA/nM, and 30.5 nA/nM,
respectively. The correlation coefficient for the linear range is
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0.98 £ 0.07. The reduction potential shifts to —0.269 V (Figure
5d) in the concentration range 2537—2754 nM. Saturation is
observed around 2600 nM. As discussed in Introduction, the
detection of hydrogen peroxide based on electrochemical
reduction removes the possibility of interference from biologi-
cally important analytes such as dopamine, ascorbic acid, uric
acid, etc. There is no possibility of interference from species
that are reduced at the modified electrode, as the hydrogen
peroxide reduction occurs at low overpotentials. Some of the
possible interferents are oxygen, nitrate, nitrite, ammonia,
hydroxylamine, etc. The electrochemical reduction kinetics of
these interferents at neutral pH is very sluggish and is favorable
only under acidic conditions especially for nitrate, nitrite,
hydroxylamine, and oxygen. Our control experiments with
respect to these interferents show complete absence of interfer-
ence from these species. Hydroxylamine and ammonia exhibit
a current increase in the anodic direction quite positive to our
detection potentials (see Supporting Information). Further non-
enzymatic oxidation of carbohydrates, especially glucose, has
been carried out by other researchers using Cu particles
embedded on polymeric supports, and in all the cases the
detection has been carried out under alkaline conditions at high
overpotentials where the interference will be maximum.?*~3
Further, the pH used is always alkaline. However, the Cu—SAM
nanocomposite electrode prepared by us is used in the reduction
of hydrogen peroxide at neutral pH, and hence sugars such as
glucose and fructose have no possibility of getting oxidized at
the Cu—SAM nanocomposite electrode. Our experimental
results also support the same conclusion (see Supporting
Information).

The amperometric detection of hydrogen peroxide was carried
out at —0.250 V vs Hg/Hg,Cl,. The linear range of detection is
90 nM to 1000 nM. Each step in the amperometric curve
corresponds to the addition of 90 nM. The linear graph between
current vs concentration is presented in the inset. The sensitivity
of detection is 2.7 nA/nM, and the correlation coefficient is 0.98
(Figure 6).

3.3. Detection of Glucose. The voltammogram correspond-
ing to the response of the Cu—SAM nanocomposite-modified
electrode further functionalized with a layer of chitosan-
containing immobilized glucose oxidase is shown in Figure 7.
The peaks corresponding to the direct electron transfer of the
FAD groups of the enzyme can be seen as a very broad peak
with two overlapping peaks occurring at 0.198 V and at 0.39 V
at 5 mV/s in the anodic direction. As the scan rate is increased
to 25 mV/s, the two peaks overlap and appear as a broad single
peak. With the help of the chitosan matrix, the glucose oxidase
molecules are effectively immobilized in a favorable orientation
so that the electroactivity of the FAD groups can be recorded.
However, the enzyme molecules could not turnover glucose
under anaerobic conditions. Hence, direct bioelectrocatalysis of
glucose could not be carried out using this electrode. However,
in the presence of electron acceptors such as oxygen, glucose
can be bioelectrocatalytically oxidized to yield gluconic acid
and hydrogen peroxide, and the latter could undergo kinetically
facile electrochemical reduction at the underneath Cu—SAM
nanocomposite electrode. This approach is free from interference
effect as mentioned earlier in section 3.2. Hence, we have
resorted to the transduction of hydrogen peroxide in the cathodic
direction for the sensing of glucose (see Figure S4 in Supporting
Information).

Figure 8 corresponds to the amperometric response for the
Cu—SAM nanocomposite electrode modified by a glucose
oxidase layer immobilized using chitosan. Each step in the
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Figure 5. Cyclic voltammograms for the catalytic reduction of H,O, over different concentration ranges in phosphate buffer pH = 7.0. (a) 90 nM
to 476 nM. (b) 566—909 nM. (c) 990 to 1228 nM. (d) 2537 to 2750 nM at 50 mV. Scan rate = 50 mV/s.
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Figure 6. Amperometric curve for standard additions of hydrogen
peroxide on the Cu nanocomposite electrode in phosphate buffer pH
= 7.0. Applied potential = —0.25 V. Each step corresponds to the
addition of 99 nM hydrogen peroxide.

amperometric curve corresponds to the addition of 190 nM
glucose in phosphate buffer (pH = 7.0). The corresponding
linear graph between current vs concentration is shown in the
inset. The current approaches saturation nearing a concentration
of 1000 nM. The Michaelis—Menten constant was calculated
to be around 125 nM. This suggests very high affinity of the
enzyme toward substrate. The sensitivity of detection is 1.9 nA/
nM. The linear detection range is from 100 nM to 1800 nM.The
interference was found to be practically negligible under the
potentials used.
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Figure 7. Cyclic voltammetric response for the Cu—SAM nanocom-
posite electrode further functionalized with glucose oxidase using
chitosan at different scan rates, exhibiting the electroactivity of the FAD
groups of the enzyme.

4. Conclusion

This paper describes a new analytical strategy for the
detection of hydrogen peroxide based on the electrochemical
reduction on a Cu—SAM nanocomposite electrode which is free
from interference arising from easily oxidizable biologically
important analytes such as ascorbic acid, dopamine, and uric
acid. The urchin-like Cu nanostructures consisting of nanofibril-
lar Cu are useful to detect hydrogen peroxide at a lower
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Figure 8. Amperometric curve for different additions of glucose on
the Cu—SAM nanocomposite electrode further functionalized with
glucose oxidase using chitosan in phosphate buffer pH = 7. E ypjica =
—0.25 V. Each step corresponds to the addition of 190 nM glucose.

overpotential of —0.250 V. The overpotential observed for the
electrochemical reduction of hydrogen peroxide is lower
compared to the electrodes modified using Ag and Au nano-
structures. The transduction of H,O, using the Cu—SAM
nanocomposite platform can be extended to the enzymatic
sensing of glucose by further modifying the Cu—SAM nano-
composite electrode by immobilizing glucose oxidase using
chitosan. The electrode further modified by a layer of glucose
oxidase immobilized in chitosan is demonstrated to be a very
good platform for sensing glucose.
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