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Abstract Five morpholino-quinazoline derivatives have
been investigated voltammetrically using a competition
with the tris(o-phenanthroline) cobalt(l1l) redox marker
for the accumulation at dSDNA modified screen-printed
electrodes. An association of quinazolines with DNA was
observed at the modified electrodes polarized by the neg-
ative potential of —0.4 V vs. Ag/AgCI. This was confirmed
by a potentiometric stripping analysis based on the DNA
guanine signal. Calibration curves for quinazolines within
a concentration range of pmol/L were obtained with DP
voltammetry using 5 x 10~ mol/L Co(phen)s3* marker. The
guinazolines exhibit no effect on the DNA complex with
the fluorescent thiazole orange derivative TO-PRO-3. The
role of the accumulation potential in the association inter-
action with DNA is discussed.

Abbreviations DM SO dimethylsulfoxide -

DNA deoxyribunucleic acid - DP differentia pulse -

ds double stranded - DNA/SPE screen-printed electrode
modified by DNA - PSA potentiometric stripping
analysis - RSD relative standard deviation - SCE saturated
calomel electrode - SPE screen-printed electrode
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Introduction

Screen-printing technology represents aroute for the sim-
ple mass fabrication of solid-state electrochemical trans-
ducers. They can be chemically modified by immobiliza-
tion of the discriminator (biocomponent) within the car-
bon ink or on the surface of the electrode strip. Screen-
printed electrodes have been suggested as inexpensive
disposable sensors for decentralized testing or field moni-
toring of avariety of analytes[1, 2, 3, 4].

The well-known and wide-spread group of quinazoline
derivatives [5] is used with respect to their large biologi-
cal activity in the pharmaceutical industry, medicine and
agriculture. Many derivatives act as anticancer active
agents [6]. Therefore, a study of the interaction of quina-
zolines with DNA and simple methods of screening are of
interest.

This paper deals with an interaction of some quinazo-
line derivatives with double stranded (ds) DNA using sur-
face-based and solution methods. For the surface-based
study, DNA modified screen-printed electrodes were uti-
lized. Electrochemically inactive quinazolines have been
detected voltammetrically with the tris(1,10-phenanthro-
line)cobalt(l11) complex as DNA redox indicator and
chronopotentiometrically using the DNA guanine moiety
signal. The results are compared with fluorimetric and bi-
ological tests. The investigation of the activity of quina-
zolines towards DNA and the development of analytical
procedures for the determination of quinazolines at the
DNA biosensors were aims of the study.

Experimental
Apparatus and reagents

A computerized voltammetric analyzer ECA pol, model 110 (Is-
tran, Bratislava) was used for the voltammetric measurement in
connection with a screen-printed bielectrode system (FACH, Presov)
including a working electrode and silver/silver chloride reference
electrode and a separated platinum auxiliary electrode. Chronopo-
tentiometric measurements were performed with an AUTOLAB



PGSTAT 10 electrochemical analysis system with GPES 4 and
GPESSIX software package (Eco Chemie, Utrecht). Here, a screen-
printed working electrode, saturated calomel reference electrode
and graphite auxiliary electrode were used. The fiber fluorimeter
(Royal Veterinary and Agricultural University, Copenhagen) with
a 642 nm light emitting laser diode was utilized for optical measure-
ments and the signal output was read using a standard voltmeter.

For DP voltammetry, screen printed electrodes were obtained
using a graphite-based ink, Ag/AgCl paste and an insulating paste.
A working area of the bare strip was modified by application of the
acetate cellulose-based polymer solution containing 0.5 mg/mL
dsDNA. For chronopotentiometric measurements, the bare elec-
trodes were prepared using graphite, silver and insulating inks as
described previously [7]. They were modified prior to analysis as
described in Procedures.

The quinazoline derivatives were prepared as described else-
where [8, 9] and used as received. The DNA redox marker
[Co(phen);](ClO,); was synthesized in our laboratory according to
literature [10]. Calf thymus DNA was obtained from Merck and
used as received. The salmon sperm DNA was from Sigma-
Aldrich and purified as described previously [11]. The TO-PRO-3
dye (a monomeric thiazole orange derivative) was obtained from
Molecular Probes (Eugene, Oregon).

Stock solutions of 1 x 10-3 mol/L quinazoline derivatives were
prepared in 100% DMSO. The redox indicator stock solution of
1 x 103 mol/L was prepared in water. The stock solutions of DNA
(5 mg/mL calf thymus DNA and 250 pg/mL salmon sperm DNA)
were prepared with a TrissEDTA solution pH 8.0 (1 x 10-2 mol/L
TrissHCI and 1 x 10 mol/L EDTA) and stored at -5°C. The
TO-PRO-3 stock solution was prepared as 1 x 10 mol/L in 10%
DMSO and stored at —20°C. All other chemicals were of analyti-
cal-reagent grade purity. Deionized, doubly distilled water was
used throughout. The experiments were carried out at the labora-
tory temperature (23°C).

Procedures

For voltammetric measurement, the electrodes containing DNA
immobilized within the cellulose acetate film were utilized. 5 x
107 mol/L Co(phen);3* was accumulated from its solution or the
mixture with quinazoline (in 5 mmol/L phosphate buffer pH 7.0
containing 0.8% DM SO) at the potential +0.600 V for 120 s under
stirring. The positive accumulation potential was used similarly to
[12, 13]. Then, the DP voltammogram was recorded in the sample
solution from —0.400 V to +0.600 V using 100 mV pulse ampli-
tude and 25 mV s scan rate. After the subtraction of the curve
corresponding to the blank, the DP peak current was evaluated us-
ing the standard software.

Another electrode was used for chronopotentiometric measure-
ments. The unmodified SPE was first activated for 360 sat 1.6 V
and 60 sat 1.8 V [14, 15], then DNA was fixed onto the electrode
surface from its stirred solution (20 pug/mL) in 0.25 mol/L acetate
buffer pH 5.0 at 0.5V vs. SCE for 120 s[7, 15]. Then, the analyte
was accumulated from stirred 0.25 mol/L acetate buffer containing
0.8% DMSO at —0.4 V for 120 s. After medium exchange for the
acetate buffer blank solution, the potentiometric stripping analysis
was performed with a constant current of 6 pA and an initial po-
tential of 0.500 V. The derivative signal was evaluated using the
baseline correction.

Fluorimetric assay was performed as described previously [16].

Results and discussion

Two types of the quinazoline compounds have been in-
vestigated: one tetrazol o-derivative and four 4-aniline-de-
rivatives (Fig. 1). All of them are non-electroactive within
the usual range of potential and the voltammetric investi-
gation of their interaction with dsDNA is based on com-
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Fig.1 Structure of quinazoline compounds. | 9-bromo-5-mor-
pholino-tetrazol o[ 1,5-c]quinazoline; |1 6-chloro-2-morpholino-4-
(4’ -nitroanilino)quinazoline; 111 2-morpholino-4-(4’ -bromoani-
lino)quinazoline; IV 6-bromo-2-morpholino-4-anilinoquinazoline;
V 6-bromo-2-morpholino-4-(4’ -nitroanilino)quinazoline

petitive binding with the DNA electrochemical label
Co(phen);%*. Therefore, the voltammetric behavior of this
marker at the screen-printed electrode (SPE) modified
with DNA has been investigated. The nature of interac-
tion between DNA used and Co(phen);®*, the adduct for-
mation constant and binding site size were studied in our
previous paper [17]. The modified electrode contains ds-
DNA entrapped in a cellulose acetate-based film on the
surface of a carbon based SPE. Various carbon materials
and polymeric films were tested for this purpose and their
composition was optimized.

Typical DP voltammograms of the Co(phen)s3* com-
plex obtained at the SPEs without and with DNA are
shownin Fig. 2. Practically the same picture (curve 1) was
obtained at the bare SPE and that covered by cellulose ac-
etate without DNA. Other experimental conditions were
the same for all electrodes, i.e. no electrode was activated
at the conventional high positive potentia [7, 14, 15]. The
positive potential was chosen for the accumulation of
Co(phen),3* according to [12, 13] athough the marker in
the unchanged redox state can be effectively attached to
DNA aso at open circuit [18]. The anodic scan was used
with respect to a relatively strong competitive effect of
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Fig.2 DP voltammograms of the Co(phen);®* complex in 5 x
10" mol/L solution obtained at the SPE without (1) and with DNA
(2) after 120 s accumulation at +0.600 V vs. Ag/AgCI, pulse am-
plitude 100 mV, scan rate 25 mV s?, 0.005 mol/L phosphate
buffer solution of pH 7, 0.8% DM SO

quinazolines under these conditions (see below). A pre-
concentration effect of the DNA modifier can be seen.

A potential shift of the guest molecule is usually taken
as a confirmation of its binding mode. According to pub-
lished data the interaction between DNA and Co(phen);3*
at theionic strength used is either dominantly electrostatic
[18] or electrostatic with a significant contribution of the
intercalation as it can be deduced from a small change in
the marker peak potential obtained with our reagents and
conditions [17]. Considering the electrostatic attachment,
Co(phen);3* has to be bound more strongly than its re-
duced form Co(phen);2* existing at —0.400 V. In fact, the
DP peak height for the indicator at the DNA/SPE using
the scan from —0.400 V to 0.600 V represents about 77%
of that measured at the scan from 0.600 V to —0.400 V.

A positive shift of the peak potential value from
—0.150 V at the SPE to —0.148 V at the DNA/SPE to-
gether with smaller peak width at the half peak height at
the DNA/SPE (0.162 V) compared to SPE (0.172 V) was
observed. The small potential shift indicates an equality
of the electrostatic and intercalative contributions at the
interaction of the complex particle with DNA/SPE. In the
case of dominantly eletrostatic binding, a strong negative
potential shift could be expected due to the difference in
the association constants of Co(phen);®* and Co(phen);?
with DNA [17, 18]. However, the ssmple physical adsorp-
tion of the marker on the electrode surface may also con-
tribute to its potential characteristics. The strip-to-strip re-
producibility for the current signal of 5 x 10~ mol/L
Co(phen);3* is characterized by an RSD of 5.6% (n = 10).

A contribution of the diffusion of the marker from so-
[ution to the total response of the DNA/SPE has also been
investigated. In Fig. 3 the accumulation time dependences
of the indicator are shown, obtained with three types of
working electrodes: abare strip, a SPE covered by the cel-
lulose acetate polymeric film and a SPE covered by the
polymer with entrapped DNA. The differences between
the marker signals at the first two electrodes are within
experimental errors. The marker accumulation occurring
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Fig.3 Accumulation time dependence of 5 x 107 mol/L
Co(phen)4®* obtained with three types of working electrodes: a
bare strip (A), an SPE covered by the cellulose acetate polymeric
film (O) and an SPE covered by the polymer containing DNA (@®).
Accumulation at +0.600 V vs. Ag/AgCl, scan range from +0.600
V to —0.400 V, other conditions asin Fig.2

on the electrodes without DNA is evidently due to its ad-
sorption on the carbon strip and not due to an interaction
with the polymeric film. Thus the diffusion current of
Co(phen);3* plays a minor role for the accumulation time
of 120 s.

In order to evaluate only the Co(phen);*" accumulated
at DNA, the total DP peak current of the indicator ob-
tained at the DNA/SPE has been corrected to the signal of
the electrode covered with cellulose acetate without DNA
by the subtraction of the last one

lo = lo, onwvsee — lo,sE

A linear calibration curve (r = 0.9967) within the range
1 x 107 to 5 x 10 mol/L Co(phen);®* was obtained at
DNA/SPE and 120 s accumulation.

Using the cellulose acetate covered SPE the marker
signal is not affected by the presence of a 10-fold molar
excess of quinazolines. However, at the DNA/SPE the in-
dicator peak height decreases in the presence of quinazo-
lines, evidently due to their competitive association with
DNA. A content of 0.8% DMSO in the test solution is
necessary to ensure the solubility of the quinazolines. The
effect of quinazolines depends on the accumul ation poten-
tial and the potential scan range. Table 1 presents the rel-
ative current results obtained with two quinazoline deriv-
atives. The peak current of the marker in the presence of
quinazoline obtained at the DNA/SPE (I pnasoe) WaS cor-
rected to the signa measured at the electrode without
DNA (Igp) asfollows:

I = Ipnwvsee — lspe

A strong competing effect of quinazolines on the accumu-
lation within dsDNA was found using the anodic DP scan.
The same behavior was observed at a DNA modified car-
bon paste electrode. According to their structure, the
guinazoline derivatives can interact with DNA by the in-
tercalation and displace the marker bound by this mode.
With respect to the lower amount of the marker attached



Table 1 Effect of accumulation potential and scan range on the
relative response of 5 x 107 mol/L Co(phen)s®* in a mixture with
8 x 106 mol/L quinazoline derivative

Eoe, MV AE, mV 1,
9-Bromo-5-morpholino-tetrazol o[ 1,5-c]quinazoline
+600 +600 - —400 1.006
+600 —-400 - +600 0.425
—400 —-400 - +600 0.578
6-Bromo-2-morpholino-4-(4’ -nitroanilino)quinazoline
+600 +600 - —400 1.023
+600 —400 - +600 0.867
—400 -400 - +600 0.918
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Fig.4 Cadlibration curves for quinazoline derivatives in the pres-
ence of 5 x 107 mol/L Co(phen);>* marker measured at the
DNA/SPE: 9-bromo-5-morpholino-tetrazolo[1,5-c]quinazoline (),
6-chloro-2-morpholino-4-(4’ -nitroanilino)quinazoline (O), 2-mor-
pholino-4-(4’ -bromoanilino)quinazoline (A), 6-bromo-2-morpho-
lino-4-anilinoquinazoline (®) and 6-bromo-2-morpholino-4-(4' -
nitroanilino)quinazoline (). Conditions asin Fig.3

electrostatically at —0.400 V than at 0.500 V (see above),
the portion of the total marker displaced by binding of
quinazolines at the negative potentia is higher (the cur-
rent of the marker is lower) than that at the positive po-
tential. Calibration curves for quinazoline derivatives in
the presence of 5 x 10" mol/L Co(phen);®* marker are de-
picted in Fig.4. The curves can be used for the voltam-
metric determination of quinazolines in a concentration
range from 5 x 107 to 4 x 105 mol/L. The detection limit
(60) was estimated to 2 x 10~ mol/L.

To validate the assay, chronopotentiometric measure-
ments have been performed utilizing the DNA/SPEs pre-
pared by the DNA fixation immediately before the analy-
sis. The conventional procedure based on the adsorption
of DNA from its solution was used for the electrode mod-
ification. Using the simple procedure described in Exper-
imental, electrodes with an irreversible adsorbed portion
of ssDNA aswell as dSDNA were obtained [7, 12, 13, 14,
15, 19, 20]. The amount of DNA and the stability of its
adsorbed layer can be enhanced by more sophisticated
procedures [21, 22]. With our electrode atypica guanine-
residue PSA peak [15, 19] was observed at about 1.04 V
vs. SCE. The treatment of the DNA/SPE at 0.500 V or
—0.400 V in acetate buffer blank solution (a simulation of
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Fig.5 Calibration plot of the PSA signa for 9-bromo-5-mor-
pholino-tetrazol o[ 1,5-c]quinazoline. Conditions: 120 s accumula-
tion at —0.400 V vs. SCE in 0.25 mol/L acetate buffer pH 5 and
0.8% DM SO, measurement in pure acetate buffer using 6 pA con-
stant current and initial potential of 0.500 V

the accumulation step) leads to similar PSA peaks, how-
ever, with an increased background current in the later
case. The accumulation of 9-bromo-5-morpholino-tetra-
zolo[1,5-c]quinazoline on the DNA/SPE at 0.500 V for
120 s followed by the medium exchange does not change
the guanine-residue signal. On the other hand, the nega-
tive accumulation potential of —0.400 V causes a decrease
of the PSA signal together with a small shift in the back-
ground current to less positive potential values. These
changes depend on the concentration of the quinazoline
derivative. In Fig.5 the plot of PSA signal vs. quinazoline
concentration is shown. It can be used for the determina-
tion of the analyte within the umol/L concentration range.

A fluorimetric investigation has also been carried out
using the long wave thiazole orange dye TO-PRO-3 [23]
and the purified salmon sperm DNA. The measurement in
optical fiber is based on arelease of the dye from the TO-
PRO-3:DNA complex in the presence of analyte. No ef-
fect of the quinazolines has been observed within the con-
centration range of 107 to 10-> mol/L. Similar results were
obtained in the cell cycle analysis by flow cytometry. The
4-aniline-quinazoline derivatives caused no change in cell
cycles of L1210 line cells [24]. However, the 9-bromo-5-
morpholino-tetrazol o[ 1,5-c]quinazoline induces DNA sin-
gle stranded breaks in V79 cells [25].

From our investigations it can be deduced that the
quinazoline derivatives under study bind to dsDNA when
applying the negative accumulation potential. Generally,
the potential may affect not only a guest particle (e.g. its
redox state and charge) but also the structure of the host
DNA. To test this point, experiments have been per-
formed with the DNA/SPEs pretreated at various poten-
tialsin blank supporting electrolyte. Then the Co(phen)43*
marker was accumulated for 120 s at an open circuit and
the DP voltammogram was recorded with the scan from
negative to positive potential values. The signal increases
significantly with the negative potential used for the elec-
trode pretreatment. Hence, an influence of the potential on
the binding ability of DNA itself can be expected.
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Conclusion

The DNA modified electrodes represent suitable tools for
the detection of an interaction of analytes with DNA. The
analyte-DNA association can be significantly forced by
the potential value. For the determination of traces of non-
electroactive molecules, the signals of both the DNA re-
dox marker and the DNA-guanine residue can be used.
Electrochemical studies can provide valuable additional
information for the investigation by conventional biologi-
cal and optical methods.
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