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Abstract

An electrochemical investigation of the interaction of adriamycin (DXH) with DNA on a Hg electrode is reported.
In weakly acidic media of pH 4.0-7.0, the addition of DNA to DXH solution results in the decrease of redox peak
currents. In the presence of DNA, no new peak appears and the standard rate constant k, is not significantly changed.
The binding of DXH to DNA by electrostatic attraction and intercalation forms a kind of supramolecular complex
DXH-DNA, which is electrochemically non-active. The equilibrium constant for the complex is calculated. The
decrease in peak current is proportional to DNA concentration and can be used to determine DNA concentration.

© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Adriamycin (DXH) (see Fig. 1) is an anthracy-
cline antibiotic widely used as an antitumor agent
[1]. Tt binds to DNA by intercalation between
base pairs and inhibits RNA transcription [2]. Its
activity against a broad spectrum of solid tumors
has determined the importance of the studies on
its interaction with DNA. The studies of DXH
reacting with DNA by UV and fluorescence
quenching spectroscopic techniques et al. have
been reported [3-9]. By electrochemical method
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to study the difference of the electrochemical be-
havior of DXH with or without DNA, it can be
found the influence of DNA on the electron trans-
fer process of DXH. H. Berg et al. measured the
complex formation of some anthracyclines with
DNA with regard to the influence of the sugar
residue by polarographic method [10]. From these
results, conclusions can be drawn concerning bio-
chemical reaction and some therapeutic effects of
adriamycin. There are many factors affecting the
reaction of DNA with DXH, such as temperature
and ionic strength. Different results can be ob-
tained in different conditions. In an attempt to
address more fully the electrochemical interaction
of DXH to DNA, we report here the studies on
the binding of DXH to DNA by cyclic voltam-
metric technology.
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2. Experimental

2.1. Apparatus

Cyclic voltammetric experiments were per-
formed using an EG&G PAR (Princeton Applied
Research) Model 273 potentiostat/galvanostat
controlled by an IBM microcomputer with
EG&G PARC M270 software and with a PAR
Model 303 static mercury drop electrode. The
electrode surface area was 0.0162 cm?, determined
by weighing a large number of mercury drops. An
Ag/AgCl electrode was used as the reference elec-
trode with a platinum wire as the counter elec-
trode. The UV-visible spectra were recorded by
means of a CARY Model 1E spectrophotometer
(Varian).
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Fig. 1. Structure of adriamycin.
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Fig. 2. Absorption spectra. (a) 0.12 M pH 6.0 Mcllvaine
buffer; (b) 2.0 x 10~¢ M DNA mixing 5.0 x 10~°® M DXH in
buffer; (c) 5.0 x 10-¢® M DXH in buffer; (d) 20 x 10-° M
DNA in buffer.

2.2. Reagents

Fish sperm DNA (fsDNA) was purchased from
ACROS (New Jersey, USA) and used as received.
DNA concentrations per base pair were deter-
mined by the absorbance at 260 nm in 0.1 M
NaCl. Stock solutions were stored at 4°C and are
stable after 3 weeks. Adriamycin hydrochloride
(DXH) was purchased from Mercian Corporation
(Japan) and its chromatographic purity is 99.9%.
Stock solution of DXH was prepared in water
and stored in the dark at 4°C and can be depend-
able for 1 month. Dilution of DXH stock into the
Mcllvaine buffer was prepared immediately be-
fore use. Other reagents used were of analytical
grade.

2.3. Procedure

0.12 M pH 6.0 Mcllvaine buffer was used as
supporting electrolyte. The measurements were
taken after mixing DNA with DXH for at least 1
h under low light intensity to avoid photodegra-
dation. Water was triply distilled from an all-
quartz still. High purity nitrogen was used to
deaerate for 12 min. All experiments were carried
out at ambient temperature (ca. 16°C).

3. Results and discussion
3.1. UV-visible spectra

As shown in Fig. 2, DNA absorbs at 260 nm
[11]. DXH shows the peaks at 252 nm, 292 nm
and 480 nm [12]. To the mixture of DXH and
DNA, the peak at 292 nm disappears and the
peak at 480 nm decreases accompanied by the
absorbance of 252 nm increasing. These are in
accordance with Ref. [3], which means the forma-
tion of a new compound on this experimental
condition.

3.2. Electrochemical behavior of DXH
As previously reported [10,13], the electroreduc-

tion of DXH is complicated, varying with the
supporting electrolyte and pH value. In the pH
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Fig. 3. Cyclic voltammograms for 5.0 x 10 ~¢ M DXH in 0.12
M Mcllvaine buffer of pH 6.0 in the absence (solid) and
presence (dashed) of 2.0 x 10 ~¢ M DNA. Rest time: 2 s. Scan
rate: 100 mV s~ 1.
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Fig. 4. The relationship of the decrease of the peak current
(AIp) with pH values in 5.0 x 10~ ¢ M DXH solution mixing
with 2.0 x 10~ M DNA.

6.0 Mcllvaine buffer, the waves show two reduc-
tion peaks P,, P, (see Fig. 3a). As shown in Fig.
3b, P, ,P] are a pair of reversible surface-confined
peaks caused by two-electron transfer and two-
proton uptake of the quinone group of DXH
[10,13]. However, if we scan back after scanning
the peak P,, the peak P; increases significantly
(see Fig. 3a), which is due to the adsorption of the
reduction product of peak P,. Peak P, is due to a
kinetic or catalytic process [13]. Below pH 6.0, the
behavior of the cyclic voltammograms of DXH
fundamentally resembles that of the voltam-

mograms obtained at pH 6.0, except for the peak
potential. At elevated pH, it was found that the
electrochemical behavior of DXH becomes com-
plicated, showing different number of reduction
waves and the first pair waves ascribed to the
redox reaction of the quinone group.

3.3. The interaction of DXH with DNA

The interaction of DXH with DNA varied with
supporting electrolyte, ionic strength, pH value
and temperature [6,10]. By investigating the effect
of pH value on the reaction of DXH with DNA,
it was found that in weakly acidic media of pH
4.0-7.0, the addition of DNA to DXH solution
and subsequent scanning produced no new waves.
Both the reduction peak current and the oxida-
tion peak current decrease accompanied by the
peak potential of P,, P} not changing. The peak
potential of P, shifts negatively (Fig. 3a), which is
similar to the decrease of the concentration of
DXH. Because peak P, discharges near the base
and the peak height is not easy to be exactly
determined, only the changes of the redox peaks
P, and P} in the absence and presence of DNA
were studied (Fig. 3b). In the pH range from 4.0
to 7.0, the relation between peak potential and pH
was directly investigated and a linear regression
equation, Ep = — 176 — 56.3 pH (Ep, mV; corre-
lation coefficient, r = 0.9952) was obtained. This
shows that the uptake of electrons is accompanied
by an equal number of protons independent of
the presence of DNA.

In neutral and alkaline media, the peak currents
of DXH remain constant after the addition of
DNA to the solution of DXH.

Because at pH 6.0 the peak current decrease is
at a maximum (Fig. 4), pH 6.0 was selected as the
optimum value.

Under the selected experimental condition, the
peak currents of DXH solutions with DNA addi-
tion are linearly dependent on scan rate and in-
crease with increasing preconcentration time,
parallel to DXH in absence of DNA. These re-
sults indicate that the electrode reaction of DXH
in presence of DNA is also a reversible surface
electrochemical reaction where both the reactant
and the product are strongly adsorbed on the
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electrode surface [1,14]. For a reversible adsorp-
tion peak [15], the width of the peak at mid-height
(W) ist Wy, =90.6/n mV at 25°C. For the re-
duction peak P,, W, is 54.8 mV. Thus, the
estimated number of electrons transferred during
the electrode reaction (n) is still 2. So we conclude
that, no matter whether DNA is present or not,
the electrode reaction processes are both two-elec-
tron transfer with two-proton uptake.

One probable explanation for the decrease of
the peak current without change of peak potential
is based on the competitive adsorption between
DXH and DNA. By investigating the effect of
accumulation time on peak area, we can calculate
the surface coverage (¢) at different accumulation
time (¢,). The amount of saturation adsorption is
about 1.1 x 10~ mol ecm ~2 [13]. To 5.0 x 10—¢
M DXH solution, the reduction charges (Q), ob-
tained by determining the reduction peak area of
the voltammogram, are 0.036 and 0.062 pC, cor-
responding to 7, =2 and 10 s, respectively. Ac-
cording to I' = Q/nFA and 0 = I' /T, the coverage
0 can be approximately calculated as 0.11 and
0.18, respectively. Thus at ¢, < 10 s, the coverage
of DXH is much smaller than 1 and the competi-
tive adsorption between DXH and DNA hardly
exists. As the peak currents are still decreasing at
t, =2 s, this further confirms that the variation of
peak currents is not due to competitive
adsorption.

Another probable explanation of these experi-
mental phenomena is that DXH binding to DNA
forms an electroactive supramolecular complex
with its diffusion coefficient decreasing responsi-
ble for the decrease of peak currents [16,17].
Investigation of the variation of the electrochemi-
cal parameters in absence and presence of DNA

Table 1

can judge whether the formed supramolecular
complex is electrochemical active. Laviron [18§]
reported that the transfer coefficient o and the
standard rate constant of the surface reaction k;
can be deduced from an experimental study of the
variation of the peak potential as a function of
the scan rate when nAEp is smaller than 200 mV
and « ranges from 0.3 to 0.7. Laviron provided
several groups of data corresponding to m~' and
nAEp, respectively (m = RTk/nFv, where n, F, R
and T have their usual significance). He also
pointed out that the relative error on k, is at the
most about 6% if the relationship for o = 0.5 was
used.

Table 1 shows the relationship between nAEp
and v in absence and presence of DNA. As values
of nAEp smaller than 200 mV (n=2) were ob-
tained, this method could be used. Introducing
the values of nAEp into the regression equation,
which was deduced from the data Laviron pro-
vided, the values of m ~! were obtained, and then
k¢ could be calculated. The average values of k;
are 2.2 x 10* s—! and 2.4 x 10* s~ !, correspond-
ing to the absence and presence of DNA, respec-
tively (Table 1). The values of « and k, did not
change, independent of an addition of DNA.
Obviously, the supramolecular complex formed
has no electrochemical activity and the explana-
tion that the formed complex is electroactive and
the decrease of its diffusion coefficient leads to the
peak currents decreasing is not suitable for this
case.

It has been reported that 9,10-anthraquinone
binds to DNA by intercalation owing to its planar
hydrophobic structure [19,20]. There have been
studies that some anthraquinone derivative an-
thracycline antibiotics such as adriamycin and

The chosen values of AEp and the calculated &, in the absence and presence of DNA

v (V/s) 10 15 20 30

Absenting DNA nAEp (mV) 14.4 24.0 29.8 39.6
kg (x10% s71 23 2.0 2.1 22
Average k, (x 10° s~1) 2.2

Presenting DNA nAEp (mV) 12.2 20.6 30.0 36.8
kg (x10% s71 2.8 23 2.1 2.4
Average k, (x10% s71) 2.4
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Fig. 5. Relationship between Ip and cpxy (a, b), Alp and
coxu (©)- (@) cpna=0; (b) cpna =6.0x 107° M; (c) Ip, —
Ipy,.
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Fig. 6. Relationship between AI~! and [DXH] ™.

daunomycin interact with DNA by intercalation
and electrostatic attraction by their basic sugar
residue with the sugar-phosphate backbone of
DNA [10,21,22]. The investigation of Zhao [9]
and Frederick [23] showed that the chromophore
of DXH is intercalated at the CG-GC steps at
the DNA helix with the amino sugar extended
into the minor groove. In our experiment, in the
pH 4.0-7.0 region, there is an electrostatic inter-
action between the protonated amine group of the
sugar residue of DXH (pK,=28.2 [24]) and the
negatively charged phosphate group of DNA.
Above pH 7.0, DXH forms a neutral species or a
charged anion and below pH 4.0, DNA has no
net charge, so the electrostatic attraction disap-

pears. If we used the single-strand DNA instead
of the native double-strand DNA, it was found
that there is no interaction between DXH and
DNA. So we conclude that the interaction of
DXH with DNA is that the outside electrostatic
attachment of the basic sugar residue is followed
by the intercalation and the main effect on the
interaction is the intercalation of DXH to DNA.
DXH binding to DNA by intercalation in weakly
acidic media forms a kind of electrochemically
non-active supramolecular complex, which cannot
be reduced on the electrode. In presence of DNA,
the equilibrium concentration of DXH decreases,
which results in a decrease of redox peak currents.

3.4. Determination of the stoichiometry of
DNA-mDXH

After a little modification to the method of Li
and Qu [25], we can conclude the equation

1 1 1 1
= + X
Al” Al " p-AlL,, [DXH]"

According to this equation, the composition of
this supramolecular complex and the equilibrium
constant can be calculated.

In Fig. 5, curve b typically represents the cur-
rent change at 6.0 x 10~® M DNA with different
concentration of DXH. Curve a shows the rela-
tionship of the peak current and c¢pxpy in absence
of DNA. A linear regression equation for curve a
and a polynomial regression for curve b were
obtained by programming. Then curve ¢ was plot-
ted using the difference between the above two,
which represents the relationship between Al
(Ip, — Ip,) and the concentration of DXH.

It is assumed that DNA and DXH forms a
single complex and that m is 1 and 2. If the plot
1/AI versus 1/[DXH]” is linear, the assumed value
of m is reasonable. The results of m =1 and log
S = 5.3 were obtained from the experimental data
(Fig. 6), which means that DXH binding to DNA
forms a 1:1 complex of DNA-DXH.

3.5. Analytical application

In 0.12 M pH 6.0 Mcllvaine buffer solution, the
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Table 2
Results of sample determination

Number SM?* (x107*M) EM?* (x10-*M) RSD (%) Added (x107°*M) Found (x107° M) Recovery (%)
1 1.20 1.15 2.0 3.30 108
2 1.20 1.13 8.1 3.0 4.3 106
3 1.20 1.31 4.0 5.20 97
Average - 1.20 - - - 104
4 SM, spectrometric method; EM, electrochemical method.
addition of DNA to DXH solution results in a References

decrease of the reduction peak current. This can
be applied to the determination of DNA con-
cen-tration. The decrease of the reduction peak
height is proportional to the DNA concentra-
tion in the range from 5.0 x 10~7 to 8.0 x 10~°
M ( correlation coefficient r=0.9948) using
8.0 x 10-® M DXH solution.

Genomic DNA sample was obtained from hu-
man peripheral leukocyte by the method of
Sambrook et al [26] and was determined after
suitable dilution. Table 2 shows the result of the
sample determination. The result was consistent
with the value by UV spectroscopy, which
means the method is suitable for the determina-
tion of DNA.

4. Conclusion

It was observed by cyclic voltammogram that
DXH interacting with DNA by electrostatic at-
traction and intercalation in weakly acidic media
forms an electrochemically non-—active
supramolecular complex DXH-DNA, which
causes the equilibrium concentration of DXH
reducing and results in the decrease of the peak
current. The interaction of DNA with DXH can
be applied to determine DNA.
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