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Abstract Disposable electrochemical DNA-based biosen-
sors are reviewed; they have been used for the determina-
tion of low-molecular weight compounds with affinity for
nucleic acids and for the detection of the hybridisation re-
action. The first application is related to the molecular in-
teraction between surface-linked DNA and the target pol-
lutants or drugs, in order to develop a simple device for
rapid screening of toxic or similar compounds. The deter-
mination of such compounds was measured by their effect
on the oxidation signal of the guanine peak of calf thymus
DNA immobilised on the electrode surface and investi-
gated by chronopotentiometric analysis. The DNA biosen-
sor is able to detect known intercalating compounds, such
as daunomycin, polychlorinated biphenyls (PCBs), aflatoxin
B1, and aromatic amines. Applicability to river and waste
water samples is aso demonstrated. Disposable electro-
chemical sensors for the detection of a specific sequence
of DNA were realised by immobilising synthetic single-
stranded oligonucleotides onto a graphite screen-printed
electrode. The probes became hybridised with different con-
centrations of complementary sequences present in the sam-
ple. The hybrids formed on the electrode surface were eval-
uated by chronopotentiometric analysis using daunomycin
asindicator of the hybridisation reaction. The hybridisation
was aso performed using real samples. Application to
apolipoprotein E (ApoE) is described, in this case samples
have to be amplified by PCR and then analysed by DNA
biosensor. The extension of such procedures to samples of
environmental interest or to contamination of food is dis-
cussed.

M. Mascini (X) - |. Palchetti - G. Marrazza

Dipartimento di Sanita Pubblica,

Epidemiologia e Chimica Analitica Ambientale,

Universitadi Firenze, Via G. Capponi, 9, 50121, Firenze, Italy
e-mail: mascini @unifi.it

Introduction

In recent years there has been an increase in the use of nu-
cleic acids as a tool in the recognition and monitoring of
many compounds of analytical interest [1, 2]. Nucleic acid
layers combined with electrochemica transducers pro-
duce a new kind of affinity biosensor. An interesting ap-
plication of a DNA biosensor will be the testing of water,
food, soil, and plant samples for the presence of analytes
(carcinogens, drugs, mutagenic pollutants, etc.) with bind-
ing affinities for the structure of DNA. Binding of small
molecules to DNA and, generally, DNA damage by ionis-
ing radiation, dimethyl sulfate, etc., has been described
[3-8]. The DNA-trapped compounds can either be de-
tected directly if they are electroactive molecules or via
changes in electrochemical DNA signal [4-6, 10-13].

Moreover, DNA-based affinity biosensors can be used
for the detection of selected oligonucleotide sequences.
DNA biosensors can detect the presence of genes or mu-
tant genes associated with inherited human diseases [9-12].
They can be employed to obtain early and precise diag-
noses of infectious agents in various environments [7], or
can be exploited for monitoring sequences for specific
hybridisation events directly or by DNA intercaators
[13], which form complexes with the nitrogenous bases of
DNA.

This article reviews recent activity in the author’s lab-
oratory in developing DNA biosensors based on the cou-
pling of thick-film disposable electrochemical transducers
with DNA recognition layers. Single-use sensors have
several advantages, such as avoidance of contamination
among samples, constant sensitivity and reproducibility
and ease of use because no pretreatment is needed [14,
15]. We developed a disposable biosensor based on the
immobilisation of double-stranded (ds) or single-stranded
(ss) DNA on the surface of carbon-based screen-printed
electrodes (SPE) and the use of afast chronopotentiomet-
ric method in order to measure guanine, analyte oxidation
(when it is electroactive), and intercalating agent oxida-
tion peaks accumulated on the electrode surface.
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We report here some examples of the two main possi-
ble applications of DNA biosensors: immobilisation on
the electrode surface of calf thymus DNA (ds or ss) in or-
der to detect in water binding compounds with affinity on
DNA structure investigating the electrode response to
guanine base oxidable on carbon surface at about +1 V vs.
Ag/Ag/Cl reference. The monitoring of such compounds
in water or in waste water can aert on the possible pres-
ence of genotoxic compounds and can be useful as a
screening device or continuous monitoring for such com-
pounds.

Moreover, the other main application of DNA biosen-
sors is the possibility to detect the hybridisation reaction
between one synthetic single strand oligonucleotide (up to
23 bases) immobilised on the electrode surface and the
complementary strand in solution. If the hybridisation re-
action occurs, a double strand is formed on the electrode
surface and can be detected through an intercal ating agent
electrochemically active at +0.4 V vs. Ag/Ag/Cl like
daunomycin. Such compound is preferably trapped on the
electrode surface when the double strand is present, there-
fore it behaves as an hybridisation monitor agent.

An “interrogation” of the electrode surface reveals if
daunomycin has been trapped and then if the hybridisa-
tion has occurred. This event has been coupled with the
amplification reaction (Polymerase Chain Reaction, PCR)
necessary to amplify a specific piece of DNA in buffer so-
[ution.

The coupling of DNA biosensors with PCR amplifica-
tion reaction is absolutely new and brings severa advan-
tages in the genetic identification of a selected species.
Detection of specific base sequences in human, viral and
bacterial nucleic acidsis becoming increasingly important
in several areas ranging from the detection of disease-
causing and food contaminating organismsto forensic and
environmental research.

We show here the first results obtained by electro-
chemical detection of the oligonucleotide target in solu-
tion after having immobilised an oligonucleotide comple-
mentary as a probe on the electrode surface. The novelty
of the presentation is due to the fact that real samples are
considered and that the target is amplified by the PCR re-
action.

Experimental

Apparatus and chemicals. Electrochemical measurements were per-
formed with an Autolab PGSTAT 10 electrochemical analysis sys-
tem, with GPESA software (Eco Chemie B.V ., Utrecht, The Nether-
lands), in connection with a VA-Stand 663 (Metrohm, Milan,
Italy). Screen-printed electrodes were printed with a Model 245
screen-printer, obtained from DEK (Weymouth, UK) using differ-
ent inks obtained from Acheson Italiana (Milan, Italy). A graphite-
based ink (Electrodag 421), asilver ink (Electrodag 477 RFU) and
an insulating ink (Electrodag 6018 ss) were used. The substrate
was aflexible polyester film obtained from Autotype Italia (Milan,
Italy). A screen-printed three electrodes strip is realised with a
graphite working el ectrode (surface area 3 mm?), a graphite counter
electrode and a silver reference electrode [14-15]. Calf Thymus
DNA, daunomycin hydrochloride, NaCl, C;HsNa;O; were from
Sigma, Milan, Italy. Sodium acetate, acetic acid, KCI, methanol

were from Merk Darmstadt, Germany. Oligonucleotide base se-
quences were obtained from Pharmacia Biotech (Milan, Italy).

Electrochemical measurements. All electrochemical measurements
were carried out at room temperature. Chronopotentiometric
analysis at a constant current (PSA) was performed with the fol-
lowing parameters; the potentials were sampled at a frequency of
33 KHz. The original signal (t vs. V) was elaborated and the deriv-
ative signal (dt/dE) versus the potentia (E) was taken as the ana-
lytical signal. Using the GPES4 software this signa was smoothed
and a baseline correction was generally performed.

DNA biosensor for binding compounds with affinity for DNA. The
procedure is based on three steps: 1) calf thymus DNA immobili-
sation on the electrode surface, 2) dipping the electrode in the sam-
ple/blank solution, 3) electrochemical interrogation of the surface.

First the working electrode is cleaned by an electrochemical
oxidation (+1.6 V for 2 min and +1.8 V vs. reference electrode for
1 minin 0.2 M acetate buffer pH 4.7), then the electrode is im-
mersed in a stirred buffer solution containing 20 mg L1 of single
stranded or double stranded calf thymus DNA. This immobilisa-
tion step lasted for 2 min holding the electrode surface at a poten-
tia of +0.5 V vs. reference electrode. The electrode was washed
with buffer solution. Then it was placed in the sample for 2 min for
the interaction step. The electrode was washed with buffer solution
and then a chronopotentiogram was carried out in 0.2 M acetate
buffer pH 4.7, 0.01 M KCI, by using an initial potential of +0.2 V
to +1.3V and a constant current of +2 pA; by plotting the derivative
signal dt/dE vs. V apeak, due to the oxidation of guanine [10-13],
is obtained at around +1.0 V. The peak area is evaluated by the
GPESA4 software and the blank is subtracted.

In some cases the sample solvent was up to 10% of methanol to
alow analyte dissolution; this concentration has no effect on the
measurement value.

Analysis of river water samples and waste water samples. A pre-
concentration step for river water was found necessary to obtain
clear signals with this technique. The water samples were gener-
ally concentrated according to [10]. The water samples were also
analysed using a standard chromatographic procedure with an ion
trap detector mass spectrometer (GC-ITDMS). Moreover, different
industrial and civil waste water samples were analysed. The sam-
ples were collected during the BIOSET Technical Meeting [16, 17]
and from the waste water treatment plant of the town of Florence.
In this case the samples were only filtered through a 0.45 um filter
and buffered to obtain afinal concentration of 0.2 M acetate buffer
pH 4.7. The results obtained were compared with the Toxalert 100
(Merck, Darmstadt, Germany), a commercia device for toxicity
testing based on luminescent bacteria; the procedure of sample analy-
sis with Toxalert has been reported elsewhere [16-18]. Samples
collected during the Bioset technical meeting in Berlin were com-
pared also with the umu-assay test and the protein RTG2 test. The
umu-assay [16] is a genotoxicity method based on the genetically
engineered bacterium Salmonella typhimurium TA1535pSK 1002
carried in the plasmid pSK 1002 with the umuC-lacZ fusion gene.
The values of the dilution steps by which an induction ratio lower
than 1.5 was observed counts for genotoxicity. The factor pRTG-2
[16] is a test based on the protein RTG2 that is involved in inter-
organelle communication between mitochondria, perixosomes and
nucleus. RTG2p isrequired for expressions of several genesin res-
piratory deficient cells.

DNA biosensor for hybridisation measurements. The procedure can
be divided into three steps: 1) probe immobilisation, 2) interaction
with the sample containing the target oligonucleotide for the hy-
bridisation reaction, 3) indicator binding and electrochemical inves-
tigation of the surface. The probe immobilisation starts with an elec-
trochemical pretreatment of the graphite electrode surface (see be-
fore); then it isimmersed in a stirred citrate buffer solution (300 mM
NaCl-30 mM C;HsNasO-, pH 7.4, denoted as 2XSSC) containing
4 mg L~ of synthetic oligonucleotide (probe) for 120 s at a poten-
tial of +0.5 V vs. reference electrode [12]. Daunomycin solution



(10 pM) is the hybridisation marker employed in this application.
The electrode modified with oligonucleotide sequences (the DNA
biosensor) is immersed for 6 min in the sample solution (contain-
ing the target) buffered by 2XSSC and in this period hybridisation
on the surface of the electrode takes place. The probe, after rinsing,
isimmersed into the stirred daunomycin solution for 2 min at room
temperature in the dark, and washed again. The electrochemical in-
vestigation of the surface was performed carrying out a chronopo-
tentiogram in the range of +0.2 V—1.3 V with a constant current of
+2 pA. A signal related to the oxidation of daunomycin is obtained
at around +0.4 V. Only one measurement is allowed. If a second
scan is performed no signal can be observed. We can conclude that
under these conditions the daunomycin intercalated on the double
strand is completely oxidised in one step.

Hybridisation detection on PCR amplified clinical samples. For
the investigation of the hybridisation reaction with real samples,
20 pL of the DNA fragments obtained from the amplification by
PCR were diluted with 0.8 mL of hybridisation buffer. The sam-
ple, before the dilution, was denatured by heating it at 95°C for
5 min and then cooling the sample in an ice bath for 2 min. Then
50 pL of the sample were directly added on the DNA biosensor.
The reaction was allowed to proceed for 8 min and then the
biosensor was washed and immersed into a daunomycin solution
for 2 min and then washed again. An anodic daunomycin peak area
increase was observed by chronopotentiometry. The reported re-
sults correspond to the difference between peak area of dauno-
mycin for the hybridised oligonucleotide decreased by the blank
value. The samples used for the ApoE polymorphism were previ-
ously characterised by PCR and polyacrylamide gel electrophoresis
as described in [12].

Results

DNA sensor for binding compounds
with affinity for DNA

Preliminary studies were performed to identify genera as-
say conditions which affected the electrochemical signal
of the guanine oxidation peak, like ionic strength, pH,
buffer composition, DNA concentration and form (single
stranded and double stranded) [11].

With the optimised conditions, we performed several
preliminary experiments for evaluating the variation of
the area of the guanine peak using single stranded or dou-
ble stranded DNA immobilised and different compounds
of environmental interest (Table 1) are analysed. The re-
sults are expressed as response % (R%0).

Experiments carried out in buffer solution show that
the ssDNA guanine peak area is higher than the dsDNA
guanine peak area (more than 2 times); this can be ex-
plained considering that the guanine base in single-
stranded DNA is reported to be more available for oxida-
tion than in double-stranded DNA [11].

Some compounds such as aromatic amines decrease
the peak area (even when low concentrations were pre-
sent), some other increase it. This can be explained with
lower or higher availability of guanine for oxidation at the
electrode surface; with aromatic amines we can deduct a
binding of the guanine with the structure of the DNA
which prevents its oxidation, while with other chemicals
we can suppose an interaction with the whole structure
(especially with the dsDNA) giving an higher availability
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of the guanine for the oxidation. Similar results were also
reported in [6].

From Table 1 it is noteworthy to point out that 2-an-
thramine and 2-naphthylamine gave similar decrease with
ds and ssDNA while with the other two amines (1,2 di-
aminoantroquinase and acridine orange) the decrease of
ssDNA is higher than with dsDNA. Therefore, the struc-
ture of the compounds should be also considered.

Moreover, compounds like daunomycin showed an in-
crease in the guanine peak area when using dsDNA. In
this case we observe a linear increase with the dauno-
mycin concentration in the range 1-10 mg L. We attribute
such results to the intercalation of daunomycin between
the base pairs in the double stranded DNA inducing an
easy oxidation of guanine [11]. Any variation of the gua-
nine oxidation peak was observed when ssDNA biosensor
was used in that concentration range.

Aflatoxins are metabolites produced by some strains of
the mould Aspergillus flavus. They are among the most
potent environment mutagens and are implicated as liver
carcinogens. The binding of the aflatoxin B1 to both na-
tive and denatured DNA has been demonstrated [19]. We
obtained a gradual decrease of the guanine peak in the
presence of increasing levels of the aflatoxin B1 with ass-
DNA in the range 10-30 mg L. Any effect in this con-
centration range was observed when dsDNA was used.
However, we have to point out that for such compounds
the ppm range is not relevant for environmental interest
being often present at ppb or lower level.

Moreover, since some compounds, such as aromatic
amines (that constitute a very important class of environ-
mental pollutants), are electroactive we compared the ox-
idation signal of these compounds with the effect of them
on the oxidation peak of the guanine. In Fig. 1 the effect of
2-anthramine on dsDNA coated electrodes is reported:
Fig. 1A chronopotentiograms for some concentration val-

Table1l Compounds tested with single stranded or double stranded
calf thymus DNA immobilised on screen printed electrodes. Calf
thymus DNA immobilisation: 20 mg L~ of single stranded or double
stranded calf thymus DNA in 0.2 M acetate buffer solution pH 4.7
for 2 min at +0.5 V vs. reference electrode. Chronopotentiometry
conditions: in 0.2 M acetate buffer solution pH 4.7, KCI 0.01 M,
with astripping current of +2 pA and an initial potential of +0.2'V.
The areais reported with each measurement repeated 4 times

Compounds tested Calf thymus Calf thymus
dsDNA R% ssDNA R%
1,2-Diaminoanthraguinone S50+ 7 -10+ 4
(0.05mg L)
2-Anthramine (0.05 mg L%) -38+ 6 26+ 9
2-Naphthylamine (1.5 mg L) 48+ 13 —31+10
Acridine orange (0.05 mg L) 40+ 4 -19+ 5
Daunomycin (5 mg L) +44 + 16 +3+ 1
Phthal ates mixture (20 mg L-1) +8+ 6 +10+ 7
PCB 105 (0.4 mg LY +50 + 20 +10+ 8
Aflatoxin B1 (10 mg L2) -3+ 1 -15+ 3
Cisplatin (30 mg L) +50+ 8 -10+ 2
Hydrazine (20 mg L1) +2+ 05 -20+ 6
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Fig.1 Chronopotentiometric response of dsDNA biosensor for
2-anthramine; A chronopotentiograms for some concentrations,
B calibration curves. dsDNA immobilisation: 120 s at +0.5 V in
calf thymus dsDNA 20 pg mL— in acetate buffer 0.25 M (pH 4.7);
accumulation: 120 s at open circuit in 0.1 M phosphate buffer so-
lutions (pH 7.4); measure: chronopotentiometry at constant current
(+2 YA) in acetate buffer 0.25 M (pH 4.7), KCI 0.01 M

ues and Fig. 1B the two calibration curves. Increasing the
concentration we obtain an increase in the amount of aro-
matic amines collected and oxidised to its cation radical
() [6], and adecrease in the dSDNA guanine oxidation peak
(.

After such preliminary results we tried some applica
tion with real samples of river water. The results reported
in Table 1 suggested to concentrate such samples in order
to obtain some clear responses. One of the first resultsis
depicted in Fig. 2 where some samples (b, ¢, d) are com-
pared with a sSDNA sensor giving different and clear re-
sults. The area of sample b is similar to the buffer while ¢
and d samples gave measurable smaller areas. Analysis by
HPL C of some pesticidesin the same samples gavethere-
sultsreported in Table 2, where surprisingly we can notice
that samples ¢ and d are heavily polluted in comparison
with sample b.

Some of these compounds, revealed by HPLC analy-
sis, did not give any effect on the DNA sensor at such low
level of concentration and we concluded that the DNA
sensor revealed a cumulative effect.

Therefore, the sensor is not able to distinguish specific
compounds of environmental concern but it could be con-
veniently used as a screening tool of toxicity (or genotox-
icity) due to the short time involved in the measuring step.

Samples of water collected during the ‘2nd European
Technical Meeting — Biosensors for Environmental Mon-
itoring’ (Berlin 1998) and waste water samples collected
during the Bioset Technical Meeting for the Evaluation
of the Performance of Waste Water Treatment Works
(Barcelona 2000) were tested using the DNA biosensor.

a)
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a) Peak area: 89+ 13 ms
b) Peak area: 94 &= 7 ms
c)Peak area: 61 £ 8 ms
d) Peak area: 48+ 9 s

Fig.2 Chronopotentiograms obtained using calf thymus ssDNA
modified sreen-printed electrode with a) blank solution, b), ¢) and
d) river water (100 times concentrated). Calf thymus ssDNA im-
mobilisation: 20 mg L calf thymus ssDNA for 2 min at +0.5 V
vs. reference electrode. Chronopotentiometry conditions: in 0.2 ac-
etate buffer pH 4.7, 0.01 M KCI with a stripping constant current
of +2 uA and an initial potentia of +0.2 V

Table 2 Results of the water samples obtained using a standard
method with a Varian 3400 gas chromatograph coupled to a
Finningan Mat 800 ion trap detector mass spectrometer (GC-1T-
DMS)

Samples b c d
(ngLl™ (gLl (gL

Desethyl-terbuthylazine 0 12 21
Carbofuran 0 210 101
Simazine 0 0 23
Terbuthylazine 79 28 81
Ethofumesate 6 184 83
Alachlor 0 0 27
Metolachlor 7 14 225

These technical meetings (supported from the EC) pro-
vide valuable opportunities to evaluate biosensors perfor-
mance in field conditions with a portable apparatus, we
participated by comparing the DNA biosensor outputs with
other toxicity tests on several water samples. The results
expressed as response % (R%) are reported in Table 3 and
4A [13]. Table 3 reports the correlation between different
tests: the samples from the C series (industrial waste wa-
ters) gave low R% with the DNA-biosensor and also
shows elevate inhibition for Toxalert® and high dilution
values for the umuC assay. The samples collected in Bar-
cellona Technical Meeting (Table 4A) show a good corre-
lation between other toxicity tests such as the Toxalert®
and the DNA biosensor. Toxalert® is acommercial device
for toxicity based on luminescent bacteria. The system is
quite compact and practical and most suitable for in field
analysis with clear samples. Results obtained with such



Table3 Comparison of
dsDNA and ssDNA biosensor
results and other genotoxicity
tests for samples of water col-
lected for the ‘2nd European
Technical Meeting — Biosen-
sors for Environmental Moni-
toring’ (Berlin 1998)

aThe water samples analysed
were collected from the lake
StoRRensee in front of the Fi-
schereiamt (S1), at the sewage
plant Ruhleben (R1,3,4,7),
from the wastewater of a ce-
ment industry (K1,3), from in-
dustrial effluents from Bitter-
feld (C samples); °low toxic
effect, °moderate toxic effect,
dhigh toxic effect

Table4 Waste water samples
analysis with the DNA biosen-
sor: A) Sample collected dur-
ing the Bioset Technical Meet-
ing in Barcelona (march 2000);
B) some samples collected in
the waste water treatment
plants of the town of Florence.
All the experiments were
realised with dsDNA
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Sample? Genotoxicity ~ Genotoxicity ~ ToxAlert® dsDNA  ssDNA
umu-assay Factor p R% R%
without S9 RTG-2 Dilution inhib. %

CO199A 1c 1.27¢ 1:4 3 70 70

CO566A - 1.16° 1:80 41 63 67

CQ0992A 1c 1.4d 1:4 9 50 60

C1227A 1c 1.31d 1:4 39 12 63

C1702A 12d 1.32d 1:80 25 24 70

C1747A 384d 1.87d 1:80 56 10 5

C1794A 1c 1.14b 1:4 8 38 23

C2010A 192d 2.27d 1:80 40 40 40

C2596A 48d 1.5d 1:80 26 50 49

C2894A 12d 1.38d 1:80 51 53 33

K1 - — 1:2 22 100 79

K3 - — 1:2 5 100 87

R1 - — n.d. n.d. 69 74

R3 - — n.d. n.d. 77 83

R4 - — n.d. n.d. 82 82

R7 - - n.d. n.d. 100 76

S1 - — - 6* 87 76

4A)

ToxAlert  DNA ToxAlert DNA

% inhi- biosensor % inhi- biosensor

bition Guanine peak bition Guanine peak
% decrease % decrease
(PSA) (PSA)

Lagosta influent 6+1 —-60+7 Igualada influet 62+ 2 73+ 4

L agosta treatment 631 765 lgualadatreatment 711 96+ 2

L agosta effluent 31+1 367 Igual ada effluent 32+2 -39+8

4B)
Sample Raw waste water Treated waste water
ToxAlert DNA biosensor ToxAlert DNA biosensor
Inhibition % Guanine peak Inhibition % Guanine peak
% decrease % decrease

1 3B+l 30+ 2 63+1 62+ 11

2 85+ 2 76 +£11 4+1 32+ 3

3 82+1 94+ 3 56+ 2 41+ 6

4 89+1 91+ 9 53+2 47+ 6

5 89+1 78+ 3 45+ 1 31+19

6 87+1 100 57+1 19+ 2

7 74+1 65+ 2 70+1 42+ 9

8 62+1 56 + 12 58+1 47+ 9

9 92+1 100 54+2 10+ 10

10 78+ 2 71+ 6 83+3 32+ 13

11 76+ 1 86+ 5 69+ 1 24+ 5

12 90+1 100 60+ 1 8+ 17

13 66+ 1 97+ 3 52+1 64 + 17

14 68+1 41+ 2 64+1 2+ 7

instrument are ready in 30 min. The performances of it are
the nearest to those obtained with DNA biosensor (results
obtained in 2 min whatever the turbidity of the sample).
Therefore, recently we analysed a certain number of waste
water samples with the two procedures and all results ob-

tained so far are reported in Table 4B. The samples were
analysed before and after the treatment and the methods
show the same trend; generally the raw waste water sam-
ples are more toxic than the treated ones; nevertheless, for
some treated water samples the toxicity value obtained
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with Toxalert® is higher than that obtained with the biosen-
sor; thisis probably due to the use of luminescent bacteria
which involve metabolic reactions, not present in the DNA
biosensor measurement.

Asagenera remark, on the basis of our experience we
conclude that both ss and dsDNA biosensors are conve-
nient for environmental screening; dsDNA can aso mon-
itor the presence of molecules intercalating in the double
helix, with ssDNA we can monitor the presence of mole-
cules binding the guanine base.

The application of this DNA biosensor to the evalua-
tion of the toxicity of waste water is interesting because it
isavery fast measurement and it isin agreement with the
request of international legislation.

DNA biosensor as detector of the hybridisation reaction

In such experiments an oligonucleotide isimmobilised on
the surface of the carbon disposable electrode and we
called it “probe” and the complementary isin solution and
iscalled “target”. If the target is present in a suitable con-
centration hybridisation will occur and the daunomycin
will be trapped in the double strand, giving an oxidation
signal. Generally, a sequence of 20 nucleotides is consid-
ered enough to characterise a specific gene portion and then
monitor unequivocally the presence of a certain organism.

A 21-mer oligonucleotide specific sequence for Chla-
mydia trachomatis was chosen as first model for our ex-
periments; we immobilised it on the electrode surface and
obtained the daunomycin signal (chronopotentiometry at
constant current) for the different concentrations of the
target sequence according to the procedure described. Fig-
ure 3A showsthe increasing area of the daunomycin peak
as a function of the complementary oligonucleotide con-
centration. The electrical signa of daunomycin is much
more evident when hybridisation occurs; note that the peak
area did not increase when a 21-mer sequence non-com-
plementary to the immobilised oligonucleotide was used
in control experiments. The difference of the area ob-
tained in the chronopotentiograms (increase compared to
the single stranded immoabilised oligonucleotide) is reported
(Fig.3B) with each measurements repeated 4 times. Hy-
bridisation lasted for 6 min and the signal was observed
within the 0.2-3 mg L of target range. With this approach
0.2 mg L1 of target is necessary to confirm the hybridisa-
tion event.

Such results confirm similar experiments reported ear-
lier [11] and show the possibility to detect specific hy-
bridisation in a short time. However, the sensitivity of this
assay is dill insufficient to allow a direct assay without
amplification step.

DNA biosensor for hybridisation detection
with clinical samples amplified by PCR

Apolipoprotein E (ApoE) is an important constituent of
several plasma lipoproteins, it is associated with the risk
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Fig.3 (A) Chronopotentiograms for daunomycin @) at 5 mg L
21-mer of Chlamydia trachomatis oligonucleotide modified screen-
printed electrodes and followed increasing target concentrations
b) 1 mg L~! 21-mer non-complementary sequence, ¢) 0.5 mg L,
d) 1 mg L= (B) Cadlibrations curve obtained with different
amounts of target sequence. The results correspond to the differ-
ence between the daunomycin peak areafor the hybrids minus that
obtained for single 21-mer of Chlamydia trachomatis oligonu-
cleotide. Probe immobilisation: 5 mg L1 for 2 min at +0.5 V vs.
reference electrode. Hybridisation: complementary oligonuclectide
for 2 min at +0.5 V. Chronopotentiometry conditions: in 2xSSC
buffer pH 7.4 with a stripping constant current of +2 pA and an
initial potential of 0.2V

of developing cardiovascular diseases [20]. The protein
(299 amino acids) presents a genetic polymorphism with
three major isoforms (E2, E3 and E4), related to cysteine-
arginine interchanges at position 112 and 158. These amino
acid substitutions correspond to nucleotide substitutions
in the DNA regions. The corresponding allele €2 has a
thymine in codons 112 and 158 of the sequence, the €3
has a thymine in codon 112 and a cytosine in codon 158,
and the €4 has a cytosine in both codons [13, 21].

We developed a new procedure for detecting genetic
polymorphisms of ApoE in human blood samples, using
two different probes (probe 1 and 2) to investigate both
the positions where polymorphism takes place [13]. Probe
1 is characteristic of the aleles €3 and €2 (around the
codon 112) and the 100% complementary sequenceisrep-



Table5 Real samplestested with probe 1. The 3rd column reports
the difference in the daunomycin area between the samples and the
2XSSC buffer; the 4th column reports the standard deviation for
the daunomycin area of the sample (the background value is 2000 £
200 ms)

Sample Genotypes Daunomycin Standard
Aarea (ms) deviation (ms)
1 PCR blank —346 171
2 PCR blank -152 83
3 PCR blank —343 179
4 PCR blank —279 180
5 €3/e3 +468 135
6 €3/e3 +648 207
7 €3/e3 +564 64
8 €3/e3 +601 127
9 €3/e3 +12 144
10 €3/ed +329 166
11 €3/ed +162 176
12 €3/e4 +168 185
13 €3/ed +128 81
14 e3/ed +158 128
15 e3/e4 +18 192
16 edled -128 230
17 edled -189 88
18 edled —229 130
19 edled +84 201
20 edled —276 149

Table6 Real samplestested with probe 2. The 3rd column reports
the difference in the daunomycin area between the samples and the
2XSSC buffer; the 4th column reports the standard deviation for
the daunomycin area of the sample (the background value is 2000
+ 200 ms)

Sample Genotypes Daunomycin Standard
Aarea (ms) deviation (ms)
1 PCR blank —247 84
2 PCR blank -97 65
3 €3/e3 +542 146
4 €3/e3 +719 218
5 €2/e3 +396 189
6 €2/e3 +225 182
7 €2/e3 +119 79
8 €2/e2 —289 185
9 €2/e2 +63 148
10 €2/e2 —226 256

resented by genotypes €3/€3, €2/e2 and €2/¢3. The geno-
type €4/e4 presented the mismatch sequence; genotypes
€3/e4 and €2/e4 had 50% of the two sequences together.
Probe 2 is characteristic of the alleles €3 and €4 (around
the codon 158) and the 100% complementary sequenceis
now represented by genotypes €3/€3, e4/e4 and €3/e4. The
genotype €2/e2 presented the mismatch sequence; geno-
types €2/e3 and €2/e4 had 50% of the two sequences to-
gether.

The DNA sensor gave avery clear response with com-
plementary oligonucleotides and a very poor response
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with mismatched oligonucleotide. With real samplesfrom
human blood after PCR amplification the DNA sensor
was able to give the results reported in Tables 5 and 6.
Table 5 reports results obtained with probe 1. This probe
was characterised by three kinds of samples: £€3/e3 com-
pletely complementary (very high value of daunomycin
signal), e4/e4 have the mismatch sequence and have low
values (even negative), €3/e4 50% complementary (inter-
mediate value of daunomycin signal).

In Table 6 the results are reported for probe 2. In this
case the genotype €3/e3 is completely complementary,
€2/€3 has 50% of complementarity and €2/€2 has the mis-
match sequence. The results are easily divided into 3 groups
with probe 1 and 3 groups with the probe 2. Only few
samples, N.9, N.15 and N.19 of Table 5 and N.9 of
Table 6 are of difficult interpretation and cannot be easily
assigned to any group. This could be a new procedure to
genotype blood samples.

Conclusions

The potential of DNA biosensors for DNA hybridisation
and for detection of toxic compounds has been demon-
strated. This procedure offers a sensitive, rapid and portable
tool for several applicationsin clinical chemistry, in envi-
ronmental and in food analysis.

The DNA biosensor for hybridisation detection is use-
ful to detect specific sequences of oligonucleotides with
high selectivity; this procedure requires an amplification
step such as PCR in order to be readily applicable to real
samples. Problems in clinical chemistry, such as blood
genotyping for specific sequencing of environmental con-
cern, or in food technology can be solved using electro-
chemical biosensors. They may be used in place of elec-
trophoresis, which in several cases gives uncertain results
because the amplified sequence isidentified only from the
molecular weight and not from the sequence itself. More-
over, it isdemonstrated that calf thymus ssDNA biosensor
interacts with low-molecular mass compounds of environ-
mental concern and can thus be used as a general indica-
tor of the presence of toxic compounds; it is a simple tool
that can give reliable results directly at the site of interest.

References

1.Wang J, Cai X, Rivas G, Shiraishi H, Dontha N (1997) Biosen-
sors & Bioelectronics 12:587

2.Wang J, Rivas G, Palecek E, Nielsen P, Shiraishi H, Dontha N,
Luo D, Parrado C, Chicharro M, Farias PAM, VaeraFS, Grant
DH, Ozsoz M (1997) Anal Chim Acta 347:1

3.Mecklenburg M, Grauers A, Rees Jonsson B, Weber A,
Danielsson B (1997) Ana Chim Acta 347:79

4.Wang J, Rivas G, Ca X, Shiraishi H, Farias PAM, Dontha N,
Luo D (1996) Ana Chim Acta 332:139

5.Wang J, Chicharro M, Rivas G, Cai X, Dontha N, Farias PAM,
Shiraishi H (1996) Ana Chem 68:2251

6.Wang J, Rivas G, Luo D, Cai X, VaeraFS, Dontha N (1996)
Ana Chem 68:4365

7.Wang J, Rivas G, Cai X (1997) Electroanalysis 9:395-398



22

8.Jelen F, Tomoschik M, Palecek E(1997) J Electroanal Chem
423:141

9.Haschimoto K, Ito K, Ishimori Y (1994) Anal Chem 66:
3830-3833

10.Marrazza G, Chianellal, Mascini M (1999) Biosensors & Bio-
electronics 14:43

11.Marrazza G, Chianella |, Mascini M (1999) Ana Chim Acta
387:297

12.Marrazza G, Chiti G, Mascini M, Anichini M (2000) Clin Chem
46:1, 31-37

13.Chiti G, Marrazza G, Mascini M (2000) Anal Chim Acta (in
press)

14.Del Carlo M, Lionti I, Taccini M, Cagnini A, Mascini M (1996)
Ana Chim Acta 342:189

15. Laschi S, Franek M, Mascini M (2000) Electroanalysis (in press)

16. 1st and 2nd European Technical Meetings-Biosensors for Envi-
ronmental Monitoring, Berlin 1997 and 1998, Hansen P,
Kohler J, Nowack D (eds)

17.Bioset biosensors for evaluation of performance of waste water
treatment works, Barcelona, April, 2000, Book of Abstracts

18.Castillo M, Barcelo D (1999) Anal Chem 71:3769-3776

19.Gopalakrishnan S, Byrd S, Stone MP, Harris TM (1989) Bio-
chemistry 28:726

20.De Béllis G, Salani G, Panigone S, Betti F, Invernizzi L,
Luzzana M (1997) Clin Chem 43:1321-1324

21.Hixon JE, Vernier DT (1990) J Lipid Res 31:545-548



