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Introduction
Hybrid of metal nanoparticles and various organic and
inorganic compounds are attracting interest because of
promising
characteristics
such
as
electrical,
electrochemical, and optical properties [1]. By
integration of biomolecules with nanoparticles one may
obtain hybrid composites that combine the recognition
and catalytic properties of selected biological substances
with the unique electronic and catalytic functions of
nanomaterials. In the present study, a composite
combining an inorganic electrochemical catalyst, an
enzyme, metal nanoparticles, and conducting polymers
is formed using layer-by-layer (LbL) electrostatic
assembly [2]. Gold nanoparticles, AuNPs, were
protected from aggregation and provided a negative
charge by phosphomolybdate, PMo. The PMo strongly
adsorbs to glassy carbon (GC) electrodes and catalyzes
the reduction of O2 to H2O2. The negatively charged
surface serves as the foundation for deposition of
monolayers of polyions such as a poly(aniline), poly
styrenesulfonate co-polymer (PANI/PSS). Residual
negative sites permit assembly of a poly(3,4ethylenedioxythiophene), PEDOT overlayer.
In combination, the conducting polymers, PANI/PSS
and PEDOT, provide a host matrix for horseradish
peroxidase, HRP [3], which is further stabilized by
intercalation of these polyions [4]. The electrocatalytic
properties of AuNP-PMo are enhanced by the
conducting polymers [5], and, in turn, they enhance the
conductivity of composites thereof.
The goal of the present study is to test the hypothesis
that via LbL assembly, the above composite can be
fabricated in a manner the does not compromise the
activity of the catalytic species. The hypothesis is that
stable immobilization of HRP will facilitate the 2electron reduction to H2O2 to water, yielding an overall
facile 4-electron reduction of O2 to H2O.
Experimental
Electrochemical experiments were carried out with a CH
Instruments (Austin, TX) Model 660B electrochemical
workstation. All potentials were measured and reported
v. a Ag|AgCl reference electrode. Platinum gauze was

the counter electrode, and glassy carbon (area, 0.071
cm2) served as the working electrode and base on which
the composite was fabricated.
Hexanethiol-protected AuNPs were prepared in toluene
[6]. Using ligand place-exchange [7], the AuNP core
was extracted into 0.1 M H2SO4 (aqueous) that contained
5.0 mM PMo. The free PMo was removed by dialysis,
yielding an aqueous solution of AuNP-PMo with a
particle diameter of 4.4 ± 1.8 nm. The AuNP-PMo was
adsorbed as a monolayer on GC by immersion for 2 h in
aqueous AuNP-PMo.
The
GC|AuNP-PMo
was
modified
by
electropolymerization in an acidic mixture of 1.0 mM
PSS and 8.0 M aniline. The polymerization was
performed by the application of 12 potential cycles in
the range, -0.1 to 0.9 V, at a scan rate, v, of 50 mV·s-1.
The resulting GC|AuNP-PMo|PANI/PSS electrode was
rinsed, and an overlayer of PEDOT was deposited by
voltammetry in 4·10-6 M 3,4-ethylendioxythiphene
solution using five scans between -0.4 V and 1.0 V at 50
mV·s-1. Immobilization of an enzyme was by pipetting
100 µL of 5 mg·mL-1 HRP (pH 7.4) onto the surface, airdry, and storing overnight in a refrigerator.
Results and discussion
Initial experiments showed that HRP was denatured
immediately by direct contact with AuNP-PMo,
precluding design of a composite that did not include
conducting polymers to prevent direct contact between
the enzyme and AuNP-PMo. Cyclic voltammetry was
used to monitor the formation of the proposed
composite, AuNP-PMo|PANI/PSS|HRP, and to test the
hypothesis with the 4-electron reduction of O2. Fig. 1
shows the voltammetry of GC|AuNP-PMo. The three
redox processes in the potential range from 0.45 to -0.10
V are characteristic of PMo, which provides evidence
that the AuNP-PMo synthesis was successful and that
adsorption of this species to GC occurred.
The PANI/PSS monolayer was formed by cyclic
voltammetry of GC in an aniline, PSS mixture (Fig. 2).
The voltammogram shows the current increase with
cycle number that is consistent with film growth.
Although deposited from acid solution, the system was
electrochemically active at pH 7. Coulometric analysis
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Fig. 1 Cyclic voltammetry (CV) of AuNP-PMo in acid
solution. Scan rate, v, 50 mV s-1.
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Fig. 3 Comparison of the voltammetry of GC | AuNP-PMo
(dotted-line display); GC | AuNP-PMo | PANI/PSS (dashed
line); and GC | AuNP-PMo | PANI/PSS | PEDOT (solid line)
electrodes in 0.1 mol·dm-3 H2SO4. Scan rate, 50 mV·s-1.
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Fig. 2 CV of aniline in acid solution. v, 50 mV s-1

yielded a surface coverage of 2.2·10-10 mol·cm-2,
consistent with the electrolysis of a single monolayer.
Conditions for the deposition of PEDOT on GC |
AuNP-PMo | PANI/PSS were developed by performing
initial experiments on the voltammetry of 4·10-6 M 3,4ethylendioxythiphene at GC. Five cycles between -0.4
and 1.0 V at 50 mV·s-1 were sufficient for this purpose.
To demonstrate the formation of GC|AuNP-PMo
| PANI/PSS | PEDOT, voltammetry was performed on a
GC electrode that was modified sequentially by AuNPPMo, PANI/PSS, and PEDOT. For each layer, the
above-described conditions were employed. The
resulting voltammograms that were obtained after
transferring the modified electrode (after each deposition
step) in 0.10 M H2SO4 at 50 mV·s-1 are shown in Fig. 3.
The systematic increase in current after each layer is
deposited and the retention of voltammetric features of
the underlying layer(s) demonstrate that each component
of the composite retains electroactivity; hence, the
composite is a conductive assembly. In addition, the GC
| AuNP-PMo | PANI/PSS | PEDOT assembly process
was reproducible (voltammetric currents on replicates
varied by less than 5%) and was stable for at least two
weeks.
A series of experiments demonstrated that the mixed
outer layer of PANI/PSS and PEDOT comprises a
superior substrate for immobilization of HRP than either
polymer alone. The test for activity of HRP was to do

amperometry at 0.20 V in 0.10 M KCl solutions in
which the concentration of H2O2 was increased in a
stepwise manner. When either PEDOT or PEDOT/PSS
was alone in the composite, HRP activity was not
observed. When PANI/PSS| PEDOT was the surface
upon which HRP was deposited, a current increase upon
consecutive additions of hydrogen peroxide was
obtained. Moreover, inclusion of AuNP-PMo in the
composite has a profound influence on the sensitivity.
The GC | AuNP-PMo | PANI/PSS | PEDOT| HRP
electrode developed currents related to H2O2
concentration in less than 5 s. The detection limit was
1.0·10-5 M H2O2.
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