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Abstract

An enzyme electrode with a chemically amplified response for methylene blue (MB) was constructed from a glassy carbon electrode and a
layer containing immobilized horseradish peroxidase (HRP). MB is reduced on the electrode but regenerated through the HRP-catalyzed
reaction in the presence of H,O,. The electroreduction/regeneration cycle for MB resulted in an amplified electrode response. The enzyme
electrode was applied to the highly sensitive measurement of ds-DNA. The current for MB decreased in association with its complexation
with DNA, and the current response caused by DNA was also amplified through the recycling processes. The detection limit of ds-DNA

(from salmon testes) was as low as 5 ng ml™ ',
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Various continuous cell lines are used for producing
recombinant DNA products, such as protein and protective
antigen. These cellular products are contaminated with their
oncogenes in the residual host cell DNA. Such contaminants
must be removed from the products used for intravenous
administration, in order to avoid the possible cellular trans-
formation of the oncogenic DNA. A World Health Organi-
zation consultative group recommended reducing the
cellular DNA content in such biopharmaceutical products
to be <10 ng ml~ ' [1,2]. Therefore, the sensitive, simple
and rapid determination of DNA content is necessary in
industrial biopharmaceutical laboratories. Electrochemical
sensing systems can accomplish this function.

Nucleic acids have been studied by means of electro-
chemical techniques for about four decades [3,4]. Cathodic
and anodic stripping analysis methods have been applied to
the highly sensitive determination of DNA, and the detec-
tion limits around 20 ng ml~ ' have been achieved [5,6].
However, the cathodic detection system used poisonous
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mercury as the working electrode material [5]. On the other
hand, carbon paste electrodes have been used for the anodic
detection, but the oxidation current for DNA was observed
around 1 V vs. Ag/AgCl [6]: in such a high potential region,
species in biological samples (e.g., proteins with cysteine
residues) may be oxidized to cause a positive error. There-
fore, the development of alternative method is still desired.

The use of redox-active intercalators would be a suitable
approach [3.,4,7]. Electrochemical sensor for DNA can be
prepared by using such redox-active species as methylene
blue (MB) [8—10]. The current response for MB is consid-
ered to reduce remarkably in association with its complex-
ation with DNA (ds-DNA) in the sample solution to be
measured, owing to the steric hindrance of MB in the
complexes as well as to the lowering of the diffusion
coefficient of the electroactive species after the complexa-
tion. This means that the DNA content can be estimated
from the current decrease for the electrochemical label.
However, our preliminary experiments showed that the
sensitivity for such a sensing system was not high enough
for monitoring DNA whose concentration range was less
than 10 ng ml™ .

We have shown that an electron transfer mediator could
be determined with high sensitivity by using an enzyme
electrode [11]. That is, the mediator is oxidized (or reduced)
through the enzymatic reaction in the presence of the
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Fig. 1. Cyclic voltammograms on the HRP-modified electrode in 0.1 M
phosphate buffer (pH 6.0) containing 0 (a) and 2 mM (b) H,0,, before (---)
and after the successive addition of 5 uM MB (—) and 10 pg ml™ ' DNA

)

enzyme substrate, and regenerated through the electrochem-
ical reaction: the consumption/regeneration cycle for the
mediator results in an amplified electrode response, which
provides an inherent gain in sensitivity. MB has been
reported to act as an electron transfer mediator for horse-
radish peroxidase (HRP, EC 1.11.1.7) [12,13], which means
that an HRP-based electrode is useful for the high sensitive
measurement of MB, and, accordingly, for that of DNA.
This paper describes the preliminary results for the mea-
surement of DNA with an HRP-modified electrode.

2. Experimental

HRP (216 U mg~ ") and MB were obtained from Toyobo
(Osaka) and Wako (Osaka), respectively. Bovine serum
albumin (BSA) and ds-DNA (from salmon testes) were
purchased from Sigma (St Louis, MO). Other reagents were
of analytical reagent grade (Nacalai, Kyoto). Deionized,
doubly distilled water was used throughout.

A grassy carbon disc electrode (Bioanalytical Systems,
West Lafayette, IN), | mm in diameter, was polished with
0.05-pm alumina slurry, rinsed with water and then soni-
cated in water for 2 min. On the grassy carbon electrode,
solutions containing HRP (2% (w/v), pH 7, 0.6 ul), BSA
(2% (w/v), pH 7, 1.2 pl) and glutaraldehyde (0.5% (w/v),
pH 7, 0.6 pl) were successively placed. Then the electrode
was allowed to dry for 4 h. Thus, an HRP/BSA-crosslinked
membrane was formed on the electrode surface. The en-

zyme electrode, an Ag/AgCl electrode (saturated with KCI)
and a platinum wire were employed as the working,
reference and auxiliary electrodes, respectively, in a three-
electrode configuration. The testing buffer solution used
was a 0.1 M phosphate buffer (20 ml; pH 6.0) whose
temperature was kept at 25.0 £ 0.2 °C. The potential of
the enzyme electrode was usually set at — 0.3 V vs. Ag/
AgCl. The potential was negative enough for the reduction
of MB as described later.

3. Results and discussion
3.1. Current-potential profile

Fig. 1 shows cyclic voltammograms on the enzyme
electrode in the buffer solution containing (a) 0 and (b) 2
mM H,0,, respectively, before and after the successive
addition of 5 uM MB and 10 ug ml~ ' DNA. The addition
of H,O, to the buffer solution without MB did not bring
about a discernible current response on the glassy carbon-
based enzyme electrode in the potential range examined.
As shown in Fig. la, cathodic and anodic peaks
corresponding to the electron transfer between MB and
its reduced form, (MB),.q was observed around —0.2 V
vs. Ag/AgCl on the enzyme electrode, indicating that MB
permeated through the HRP/BSA-membrane to undergo
the electrochemical reaction on the glassy carbon surface.
The addition of DNA caused a slight decrease in the redox
peak heights, resulting from the complexation of MB with
DNA.

On the other hand, the addition of H,O,, the substrate of
HRP, caused a remarkable increase in the cathodic current
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Fig. 2. Calibration curves for DNA of the HRP-modified electrode in 0.1 M
phosphate buffer solutions containing 5 pM MB, and 0 (a) and 2 mM (b)
H,0, at —0.3 V vs. Ag/AgCl.



F. Mizutani et al. / Bioelectrochemistry 63 (2004) 257-259 259

so as to give a catalytic limiting current (Fig. 1b) for the
MB-recycling sequences:

OMB +2¢ — 2(MB),eq

H202 +HRP — Hzo +HRP I
HRP 1+(MB),.q — HRP I1+MB
HRP [[+(MB),q — HRP + MB

Furthermore, much larger current decrease was given by
the addition of DNA than that obtained in the hydrogen
peroxide-free solution, as shown in Fig. la and b. This is
inherently advantageous to increasing the sensitivity for the
DNA measurement.

3.2. Amperometric measurement of DNA

Fig. 2 shows relationships between the amount of DNA
and the steady-state current decrease of the enzyme elec-
trode in the solution containing 5 pM MB (a) and that
containing 5 M MB and 2 mM H,0,. The time required
for obtaining a steady-state response after the addition of
DNA was less than 2 min in each solution system. The
response of DNA of the enzyme electrode in the MB/H,O,-
solution was proportional to the DNA concentration only up
to 0.5 pg ml~'. In the linear range, however, the DNA
response was amplified by a factor of 45 compared to that in
the H,O,-free, MB solution. This resulted in a much higher
sensitivity of the recycling system: the detection limit for the
salmon testes DNA was 5 ng ml~ ' (signal-to-noise ratio, 5)
in the MB/H,0,-system, although that was 0.2 pg ml~ ' in
the H,O,-free solution. The sensitivity of the present recy-
cling system is high enough for applying to the detection of
DNA in biopharmaceutical products. The relative standard
deviation for 10 successive measurement of 10 ng ml~'
DNA was 3.7%. The HRP-modified electrode could be used
for a week.

The extent of signal amplification for DNA, an inhibitor
of the electrochemical mediator, depends on the parameters
of the enzyme membrane used, such as the enzyme activity,
membrane thickness and diffusion coefficient of the medi-
ator in the membrane [11,14]. The study for enhancing the
amplification factor, as well as the application of the present

recycling system to the biological samples, is now in
progress.
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