Chemistry Letters 1998

989

Enhanced Electron Transfer from Glucose Oxidase to DNA-Immobilized Electrode Aided
by Ferrocenyl Naphthalene Diimide, a Threading Intercalator
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A ferrocene-modified 1,4,5,8-naphthalenetetracarboxyldiimide
(1), bound to double stranded DNA by a threading intercalation
mode, enhanced the electron transfer between glucose oxidase
and a DNA-immobilized electrode.

We recently reported a DNA sensor consisting of an
oligonucleotide-modified gold electrode and ferrocenyl
naphthalene diimide (1).! The probe DNA on the electrode
undergoes hybridization with a sample DNA having the
complementary sequence, and the diimide intercalates into the
resulting double stranded (ds) DNA specifically. Since the
intercalating ligand carries electrochemically active ferrocene
moiety, it undergoes a redox reaction on the electrode surface.
With a high binding affinity of 1 to dsDNA (see below), 1
becomes concentrated on the DNA double helix on the electrode
even under low concentration of 1 in the bulk solution.
Morcovcer, becausc of a peculiar stereochemical configuration of
1 when it "thread"-intercalates into dsDNA, the ferrocene
moieties of the bound 1 are placed in arrays along each groove of
dsDNA. The resultant architecture of the ferrocenyl ligand-
dsDNA complex may be regarded as a pseudo-polyferrocene
polymer extending along a one-dimensional DNA strand. Such
an arrangement may be expected to be capable of efficiently
mediating electron transfer between the electrode and the chemical
species in the bulk solution away from the electrode. In this
paper, we show that this seems to be the case; the electron
transfer between reduced glucose oxidase (GOx) in solution and a
DNA-immobilized gold electrode is enhanced in the presence of
ferrocenyl ligand 1.
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Ferrocenyl naphthalenc diimide (1) undergoes hypochromic
and bathochromic shifts of the absorption band of the naphthalene
diimide chromophore upon binding to sonicated calf thymus
DNA, which is indicative of DNA intercalation.2 Spectro-
photometric titration was carried out for 1 with calf thymus DNA

in 10 mM morpholinoethancsulfonatc and 1 mM EDTA at pH
6.25 and 25 °C. The data obtained (Scatchard plots) were
compared with the theoretical curves generated by the binding
equation of McGhee and von Hippel? to give a binding constant
of 1.3 x 105 M-I with a site size of 2 and a cooperativity
parameter of 0.4. The site size of 2 implies that at binding
saturation, 1 is placed on double stranded DNA every two base
pairs.

Intercalation of 1 to dsDNA was confirmed by viscometric
titration of supercoiled plasmid DNA with 1. Addition of
increasing amount of 1 to DNA caused first a supercoil relaxation
and then a reversed supercoil induction.
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Figure 1. Cyclic voltammograms of systems consisting of GOx

(200 units) and glucose (0.01 M) in the presence of 50 M 1 (a),
2 (b) or 3 (c) in 0.1 M phosphate buffer (pH 7.0) and 1 mM
KCl. dA39dTyg-immobilized Au electrode, Pt wire counter
electrode, and Ag/AgCl reference electrode were used. The scan
rates were 10 mV/s. Insertion : Cyclic voltammograms of 1 and
2 on a dA,dTyg-immobilized Au electrode in the absence of GOx
and glucose. Other conditions were the same as above.

Cyclic voltammetry (CV) was carried out at 10 mV/s in 0.1 M
phosphate buffer (pH 7.0) containing 1 mM KCl. A normal
three-electrode configuration was adopted which consisted of a
Ag/AgCl reference electrode, a Pt wire counter electrode and
either an un-modified or a DNA-immobilized gold electrode. The
dsDNA-immobilized electrode was prepared by chemisorption on
a gold electrode of dTyg carrying a mercaptohexyl group at the 5'-
phosphate end. followed by hybridization with dA,;. HPLC
analysis of the solution before and after chemisorption indicated
that the amount of the immobilized dTay was 10 pmol/mm?2.

Cyclic voltammograms were studied for the solution containing
200 units of GOx from Aspergillus niger (Wako, Osaka) and
0.05 M glucose in the presence of 50 uM of 1, dimethylamino-
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ferrcene 2, or ferrocenecarboxylic acid 3 in 0.1 M phosphate
buffer (pH 7.0) and 1 mM KCl. Compounds 1 and 2 are
cationic, whereas 3 is anionic under the experimental conditions.
Figure 1 shows electrocatalytic anodic currents obtained for the
dA,pdTg-immobilized gold electrode. As the currents indicate,
ferrocenyl ligands 1 and 2 acted as an electron transfer mediator,
whereas 3 gave only a ca. 25-fold smaller electrocatalytic anodic
current (Iyax = 0.1 pA). Since GOx has an isoelectric point of
pl=3.6,% the access of anionic 3 to the negatively charged GOx
appears to be hampered. The access of 3 to the negatively
charged DNA-modified electrode could also involve some barrier.

The electrocatalytic anodic current of 1 was twice larger than
that of 2 (2.8 pA for 1, 1.4 pA for 2). Since DNA is a poly-
anionic polymer, the cationic mediators, 1 and 2, should be
concentrated on the surface of the DNA-immobilized electrode.
We estimated the amount of 1 and 2 bound within the diffusion
layer on this electrode. The calculation from the area under the
normal CV peak (insertion in Figure 1)3 gave the value of 10
pmol for each ligand. This indicates that for the same number of
ligands effectively bound on the electrode surface, 1 mediates the
electron transfer from GOx to the electrode twice more efficiently
than 2 does. This observation seems to be very much
contradictory if one simply looks at the difference in the binding
mode of the two ferrocene-derived ligands. 2 becomes bound
only electrostatically around the negatively charged DNA strand
without involving any specific stereochemical requirement. In
other words, the diffusion of 2 should takes place freely except
only for electrostatic interaction. On the other hand, 1 is thread-
intercalated, and its binding and dissociation on dsDNA is
kinetically hindered to a considerable extent. This along with a
greater molecular size of 1 leads one to expect a reduced
diffusion-controlled electron transfer rate for 1 on the DNA-
modified electrode. As mentioned carlicr, the reverse is the
experimental observation.

The salt effect on the electrocatalytic anodic current was found
to be opposite for 1 and 2. Thus, the current for 1-mediated
clectron transfer decreased by 10% in the presence of 0.1 M
sodium chloride, while that for 2-mediated reaction increased by
28%. An increased salt concentration weakens electrostatic
interaction of electrolytes, and the DNA-bound fractions of 1 and
2 molecules decrease in 0.1 M sodium chloride as is usually the
case for all the positively charged DNA ligands. However, the
observed effect on the catalytic current was in the opposite
direction between I and 2. This suggests that we were handling
two types of electric current here: (i) an ionic current carried by
molecularly diffusing electroactive ligand and (ii) an electronic
current mediated by an electron exchange among the DNA-fixed
ligands, the summation of the two representing the observed total
CV current. It may be deemed that the contribution from process
(i) is important for ligand 2 while process (ii) prevails for 1.
However, actually, there should be many other factors that can
affect the present catalytic current such as detailed kinetics of
ligand - DNA binding and ligand - GOx electron exchange, which
are yet to be studied to clarify the exact event taking place.6

‘Whatever the exact mechanism, the observed catalytic current
is the first observation of enhanced electron transfer between a
proteic redox factor and a metal electrode that is mediated by the
array of redox ligands arranged along a one-dimensional dsDNA
molecule. Its greater efficiency of mediation as compared with a
similar ligand - DNA combination but lacking a defined
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stereochemical configuration of the ligand molecules implies that
there can be some stereochemically favorable disposition for the
collected electroactive molecules to effect an efficient electron
conduction through a molecular scaled wire, in this case, a
dsDNA. Recently, Braun et al.” reported the construction of a
silver wire by reduction of silver chloride followed by the
aggregation of the resulting metallic silver on a ds DNA skeleton.
Our finding could be some alternative to this approach in utilizing
a DNA matrix to construct an electron conduction network which
takes advantage of all the peculiar supramolecular architecture that
should be attained with DNA.

Authors are grateful to the financial support from the Japan
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