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Abstract. The process of immobilization of biological molecules is one of the most important steps in
the construction of a biosensor. In the case of DNA, the way it exposes its bases can result in electro-
chemical signals to acceptable levels. The use of self-assembled monolayer that allows a connection to
the gold thiol group and DNA binding to an aldehydic ligand resulted in the possibility of determining
DNA hybridization. Immobilized single strand of DNA (ssDNA) from calf thymus pre-formed from
alkanethiol film was formed by incubating a solution of 2-aminoethanothiol (Cys) followed by glutaral-
dehyde (Glu). Cyclic voltammetry (CV) was used to characterize the self-assembled monolayer on the
gold electrode and, also, to study the immobilization of ssSDNA probe and hybridization with the com-
plementary sequence (target ssDNA). The ssDNA probe presents a well-defined oxidation peak at
+0.158 V. When the hybridization occurs, this peak disappears which confirms the efficacy of the anneal-
ing and the DNA double helix performing without the presence of electroactive indicators. The use of
SAM resulted in a stable immobilization of the ssDNA probe, enabling the hybridization detection with-
out labels. This study represents a promising approach for molecular biosensor with sensible and repro-

ducible results.
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1. Introduction

Development of biotechnology and medicine allowed
the detection of target single-stranded DNA (ssDNA)
which is, currently, an area of research interest as it
provides potential applications in gene transfection,
accurate polymerase chain reaction for mutation de-
tection, diagnosis of genetic diseases, species identi-
fication, and evolutionary analysis. ssDNA is
generated during orchestrated cellular processes
such as DNA replication, recombination and repair, as
well as by spontaneous DNA damage events.’ Sev-
eral techniques are used for DNA detection; the con-
ventional ones are based on the coupling of electro-
phoretic separations and radioisotopic detection.®’
However, they are generally labour-intensive and
time consuming, requiring well-trained technicians.

*For correspondence
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Recent advancements in biotechnology have
resulted in the development of rapid methods that
reduce analysis time and offer great sensitivity and
specificity in the detection of DNA,’ such as, fluo-
rescence technique,'’ optical methods, quartz crystal
microbalance'' and electrochemistry.'>'* Amongst
them, electrochemical detection based on biosensor
has attracted considerable interest due to the advan-
tage of simplicity, low cost and high sensitivity.""”
The genosensor seems to be excellent candidates for
the rapid detection of pathogenic biological species
of clinical interest.'*"*

Different methods have been used to immobilize
the DNA onto electrode surface such as, controlled-
potential adsorption,'” entrapment in a polymer
matrix, biotin-avidin interaction, and covalent-
binding.' Alkanethiol compounds are commonly
used to form strong covalent bond on gold surfaces
producing a well-ordered structure. Using this self-
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assembled monolayer (SAM) it is expected that
biomolecules, enzymes and probe oligonucleotides,
can be irreversibly immobilized on a variety of sub-
strates without denaturation.”” SAM is a good strat-
egy for linking biomolecules because, this technique
allows an easy formations of monolayers, reasonable
stability for extended period, allowing several reli-
able measurements. However, SAM also presents
limitations, such as, immobilization of enzymes are
very much sensitive towards changes in analytical
parameters (pH, temperature, etc.), a minor change
in one of these parameters can sometimes be respon-
sible for losing the biological activity.”' The litera-
ture describes numerous detection strategies for
DNA hybridization, involving labelling DNA with
metal nanoparticles and sophisticated sandwich
assays using redox-active enzymes bound to the
target DNA strands.'® Based on the detection of
hybridization events, the target ssDNA is detected
directly or by DNA electroactive indicators (metal
coordination complexes, etc.), which form complexes
with the nitrogenous bases of DNA.** Oligonucleo-
tides labelled with enzymes have been employed in
hybridization detection protocols.® Additionally, an
hybridization detection scheme based on ferrocene
modified adenine moieties was reported.”’ Increased
attention is given to direct label-free hybridization
detection involving the intrinsic electroactivity of
nucleic acids. This hybridization method, based on
oxidation signal of probe on modified gold elec-
trodes in electrochemical DNA biosensor, seems to
be a simple, less time consuming and more applicable
strategy in comparison with the others.**

In this study, a non-labelling electrochemical
DNA biosensor based on SAM modified gold elec-
trode for ssDNA detection was studied, using the
covalent coupling of complex cysteamine (Cys)/
glutaraldehyde (Glu) as a cross-linking structure
amino-functional, which allowed the DNA hybridi-
zation efficiently. These new electrochemical DNA
based-biosensors offer new opportunities in the ana-
lytical field, increasing the applications of DNA-
based-molecular diagnostics, taking full advantage
of the existing modified electrode technologies.

2. Experimental

2.1 Reagents

Single stranded DNA (ssDNA from calf thymus and
lyophilized, > 65%), double stranded DNA (dsDNA,
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DNA from calf thymus), Glu (25%), 2-amino-
ethanethiol or cysteamine (95%) were purchased
from Sigma Co. (MO, USA). Hydrogen Peroxide
30% (v/v) and ethanol (99.5%) were obtained from
Labsynth (Sdo Paulo, Brazil) and F. Maia Ltda. (Sao
Paulo, Brazil), respectively. The ssDNA and dsDNA
from calf thymus were diluted in ultra-pure water
(1 mg mL™") and kept frozen according to manufac-
turers’ instructions.

All other chemicals were of analytical reagent
grade. The Phosphate Buffer (PB; 0.1 mol L™ pH 7.0)
was used as electrolyte. In all prepared solutions, ul-
tra-pure water was used as acquired from Millipore —
Milli-Q® Ultrapure Water Purification Systems.

2.2 Apparatus

Cyclic voltammetry (CV) was carried out using a
MPQG-01 potentiostate (Microquimica, Brazil)
connected to a PC. All the measurements were made
using a conventional three-electrode system. A
platinum wire acted as the auxiliary electrode. All
the potentials were referred to an Ag/AgCl/KCl
saturated reference electrode. The gold electrode
(0-5 mm diameter, Microquimica, Brazil) was used
as working electrode.

All the electrochemical experiments were carried
out at room temperature (25°C) without aeration.
The potential scan was carried out between — 0-5 and
+0-5Vat50mVs .

2.3 Pretreatment of the gold electrode (AukE)

The gold electrode (AuE) was mechanically pol-
ished with alumina slurry (0-3 gam) followed by rins-
ing with distilled water and sonication (UltraSonic
Cleaner USC 700, Unique, Brazil) in pure ethanol
and water, for 2 min. After mechanical cleaning, the
gold electrode suffered a chemical treatment by
immersion in a ‘piranha solution” (H,SO./H,0,,
1:3v/v) for 10 min at room temperature. After-
wards, the gold electrode was immersed in PB and
10 cycles were carried out between +0-2 and + 1-5V
at 50 mV s . Finally, the electrode was rinsed thor-
oughly with distilled water for 10 min and after ex-
posed to UV radiation for 15 min.

2.4 Self-assembled monolayer and ssDNA
immobilization

The pretreated electrodes were immersed into
25 mmol L' ethanolic solution of Cys for 2h at
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room temperature (25°C) to allow an intimate con-
tact between the gold and the thiol groups and sub-
sequent formation of Au—-Cys SAMs on the electrode
surface. After that, the electrode was washed with
distilled water. The immobilization of ssDNA was
accomplished after incubating the Au—Cys electrode
in a Glu solution (2-5% of Glu in 0-1 mol L™' PB pH
7-0 at 4°C for 50 min). The clectrode was then
exhaustively washed with ultra pure water and incu-
bated with ssDNA from calf thymus (probe ssDNA)
prepared in 0-1 mol L™' PB pH 7-0 at 10 ug mL™"
The incubation time was maintained for 1 h at room
temperature (25°C). Then, the electrode was washed
for 2 min twice with PB buffer (pH 7-0) to remove
the non-binding probe ssDNA. The modified sur-
faces were then treated with glycine (dipped in
0-1 mol L' glycine aqueous solution for 20 min) to
cap off any unreacted aldehyde groups following
probe immobilization. The immobilization of ssDNA
on the Au-Cys—Glu was scanned by cyclic voltam-
metry, continuously, in PB buffer solution.

2.5 DNA hybridization

The probe-modified electrode was incubated with a
solution containing the DNA sequence complemen-
tary to the probe ssDNA to form a surface-bound
duplex (dsDNA). The single stranded complemen-
tary ssDNA sequence was obtained by boiling native
double-strand DNA from calf thymus in a water bath
at 100°C for ca. 5 min followed by rapid cooling in
an ice bath. Hence, target DNA (20 ug mL™") was
incubated at room temperature (~25°C) while the
incubation time was maintained at 30 min. Subse-
quently, the gold electrode was washed twice with
PB buffer (pH 7-0) to remove the non-hybridized
DNA probes. A control experiment regarding the
hybridization was carried out by incubating the
ssDNA probe immobilized with a non-comple-
mentary ssDNA sequence, which was obtained by
boiling double-strand from Salmon Sperm DNA
(Sigma No. D-1626). A scheme of immobilization
and hybridization is shown in figure 1.

3. Results and discussion

The electrochemistry of the ferri/ferrocyanide redox
couple was used to study the chemisorptions of the
SAM on the gold electrode. Figure 2 shows the
behaviour of the gold electrode and the process of
cleaning or surface preparation for the immobiliza-
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tion of ssDNA. An uncontaminated gold surface is
important for the good chemisorption of thiol moiety
for gold.”! In this study. the gold electrode surface
was then mechanically polished with alumina, soni-
cated, and etched in a piranha solution to remove
possible contaminant. Moreover, the electrode was
submitted by repeated cycles (4 cycles) to remove
residual contaminant until stable voltammogram was
obtained. The cyclic voltammogram of gold elec-
trode immersed in a solution of 10 mM ferri/
ferrocyanide (1 : 1) shows a difference of redox peak
of approximately 50 mV and the amplitudes was
practically equal (figure 2a), it shows that the pro-
cess of cleaning was satisfactory. When the poly-
crystalline gold electrode was exposed to a thiol-
based solution a strong and stable linkage of S-Au
occurs.” This was confirmed by a decrease in peak
current when the Au surface was exposed to —SH
groups (Cys) for up to 2 h (figure 2b). This observa-
tion was attributed to a continuous layer forming on
the electrode surface, which hindered the electron
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Figure 1. Formation of the thiol-based monolayer on
gold surface for DNA immobilization and hybridization.
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Figure 2. Cyclic voltammograms of (a) Au bare elec-
trode; (b) Au—Cys—Glut; (¢) Au—Cys—Glut-ssDNA modi-
fied electrode. Scan rate: 50 mV s in 10 mM of ferri/
ferrocyanide redox couple.
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transfer between the electroactive species and the
electrode. After that, the modified clectrode contain-
ing amino groups (Cys) was exposed to a solution of
Glu at neutral pH to form a covalent bond C=N.
Changes in interfacial properties by adding a thin
polymeric layer is shown in the voltammogram (fig-
ure 2b) by a slight reduction in area and displace-
ment of the electrolytic anode and cathode potential
as resulting of a capacitive current. It is desirable
that this change is slight, in fact, due to the necessity
of a tightly binding of the compound Cys to gold
and the alignment of self-assembled monolayers,
which can result in a greater increase in faradaic
current source. When the ssDNA is linked, a signifi-
cant reduction in the electrochemical area is justified
by the large amount of material assets (figure 2c¢).

The time contact of Cys with the gold surface
used to form the S—Au covalent linkage should be
considered for the SAM construction. It is important
to note that after a given time contact of the Cys
solution with the gold surface used to self-assemble
this monolayer, a specific number of ssDNA mole-
cules are attached to the electrode surface.*® The op-
timal response of this genosensor was previously
obtained within 2 h.*”*® For lower time of contact,
the analytical signals were lower, thus indicating
that the gold surface had still active sites for sulfide
linkage. For time of contact of Cys above 12 h, the
analytical signals also decreased. This behaviour
may indicate the formation of disulfide bridges
between two Cys molecules, decreasing the concen-
tration of available —SH groups.

Cys reacts after with Glu, a molecule with two
terminal aldehyde functions (-CHQO). Because of the
polarization of the carbonyl bond (-C=0), the car-
bon atom of each carbonyl group becomes electron-
deficient, acquiring a partial positive charge. This
makes it susceptible to nucleophilic attack by an
electron-rich chemical species. The Cys monolayer
has free amine groups (-NH,) that may carry out
this reaction; the nitrogen atom attacks the carbon
atom of the carbonyl group, producing a typical nu-
cleophilic addition product —C(OH)(NH,)-. How-
ever, this is not a stable structure and the reaction
proceeds with the elimination of one water molecule
and subsequent rearrangement into a —C=N- bond.
Therefore, time and concentration are two important
factors to develop a well-ordered monolayer, made
by reacting Glu with the outer surface of Cys
attached to gold. With a reduced time of contact
between Glu solution and the Cys monolayer, the
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reaction may turn incomplete and only a few free
carbonyl groups at the new assembled monolayer
are found. An excess time of contact may promote
cross linking reactions, where both carbonyl groups
in each Glu molecule react with adjacent amines
from the Cys monolayer. In this specific reaction
one carbonyl group is left for subsequent binding
ssDNA. A long time of contact between Glu and
Cys monolayer may also allow the formation of by-
products from the nucleophilic attack of oxygen
atoms to the electron-deficient carbon atom in
nearby C=0 bonds. Nucleophilic oxygen atoms may
result from remaining hydroxyl groups of the first
nucleophilic addition product or from water mole-
cules. All previous possibilities reduce the number
of carbonyl groups at the outer surface of the
monolayer, thus decreasing the number of active
sites for subsequent binding of ssDNA.

The electrochemical signal of DNA sensors is
mainly achieved by interaction of DNA probe with
target analyte which can affect the electrochemical
oxidation of guanine residues. Only guanine (G) and
adenine (A) bases are inherently electrochemically
active at practical potentials. The ideal immobiliza-
tion of ssDNA onto surface occurs when the probe is
attached to the electrode through free bases with the
purpose of subsequent hybridization. Analysing the
figure 3, it can be verified that during the cathodic
scan an oxidation process occurs at about +0-158 V.
This process is irreversible and the oxidation peak is
sharp and well-defined suggesting the immobiliza-
tion of ssDNA, for an active surface of 5-5 x 107
mol cm . There is a selective covalent coupling of
Glu to the 3' end of ssDNA,* resulting in the stable
and simple immobilization technique.

It is evident that the use of SAM technique to
immobilize ssDNA is efficient, especially as com-
pared with ssDNA direct adsorption on the electrode
that was just dispersing DNA molecules on an elec-
trode substrate until they were physically adsorbed
onto the electrode (figure 4). As shown in figure 4a,
no current peak of oxidation at +0-158 V was
observed when the same ssDNA (1 mg mL™') was
directly immobilized on the gold electrode, under
the conditions of 1 h at 25°C. It is also important to
clucidate the discrete reduction at +0-158 V on the
current peak from direct adsorption of DNA (figure
4a). This reduction is due to binding of ssDNA on
the gold electrode surface as resulted from positive
potential applied during the immobilization enhanc-
ing the electrostatic attraction between the positively
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charged surface and the negatively charged sugar-
phosphate backbone of DNA.>

Increased attention has been given recently, to
direct label-free electrochemical detection by moni-
toring the changes in some electrical parameter ac-
crued from the hybridization event. Hybridization
detection label-free was reported by Lucarelli and
collaborators'® monitoring the decrease of the gua-
nine peak of the immobilized probe (e.g. oligo
d(G)20), following the addition of the complemen-
tary oligo d(C)20 target.”® However, this procedure
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Figure 3. Cyclic voltammograms performed in modi-
fied Au-electrode. (a) Au—SAM; and (b) After ssSDNA
immobilization. Scan rate: 50 mVs' in 0-1 mol L™
phosphate buffer pH 7-0.
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Figure 4. Cyclic voltammograms of (a) ssDNA direct
absorption (pipetting 40 pL. of ssDNA directly) on Au
electrode and (b) Au—SAM-ssDNA immobilization. Scan
rate: 50 mV s in 0-1 and L' phosphate buffer pH 7.0.
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was not applicable in most cases (e.g. for guanine
containing targets). In this work, it was possible to
characterize the electrochemical discrimination be-
tween the ssDNA and dsDNA probes by a low oxi-
dation peak current of dsDNA when compared with
the ssDNA oxidation process. This electrochemical
evidences are not only because dsDNA is protected
by hydrogen bonds of the double helix, but also
because of its structural rigidity on the electrode
surface."”

The phenomenon of the double helix was moni-
tored when the dsDNA electrode was heated to

0,30
)
0,25 /0
- ]
s 0,20 /
o [
< 0,15
0,10
0,05 )
o 10 20 30 4 50 60
Temperature (°C)
Figure 5. The hybridization of DNA probe was charac-

terized with cyclic voltammetry (CV), in which the
hybridization efficiency was optimized by varying tempe-
rature.
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Figure 6. Cyclic voltammograms of (a) Au-SAM-
ssDNA; (b) Au—SAM-ssDNA hybridization with non-
complementary ssDNA and (¢) Au-SAM-ssDNA
hybridization with complementary ssDNA. Scan rate:
50 mV s in PB buffer pH 7-0.
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denaturation temperatures in order to form single
strands and then cooled slowly to allow the DNA
reform (renaturation) at regions of sequence com-
plementarity and form a new ‘hybridized® DNA
molecule. A reduction of current oxidation peak ap-
pears in the hybridization. These results agreed with
other studies found in the literature.’’

The effect of incubation temperature on the
charge of hybridization of immobilized ssDNA was
studied. The electrode was incubated for 30 min
with the target ssDNA. The cyclic voltammograms
of different temperature of hybridization DNA was
compared to ssDNA oxidation signal. Figure 5 shows
that a maximum kinetics of hybridization was
achieved at room temperature (20 to 26°C), with a
reduction of current peak of oxidation at +0-158 V.
For temperatures higher than 47°C, the charge of
hybridization is strongly reduced by non-annealing
of bases.”

According La-Scalea and collaborators,> there is
a relation between the dsDNA oxidation peak and
the molecular weight of nucleic acids. Here, it was
used a genomic DNA of long-chain bases, resulted
by high molecular weight is a more evident electro-
chemical signal (figure 6a). Moreover, a self-
assembled of thiol with short chain length (Cys with
2 carbons) leads to higher physical proximity of
DNA sequence to electrode surface, facilitating
charge transfers to the electrode surface and increas-
ing guanine oxidation peak. Figure 6b shows that the
anodic peak current disappeared after hybridization.
This inverted oxidation peak seems to be due to the
saturation or excess of complementary ssDNA in
competition with the hybridized target ssDNA. This
anodicity is explained by the negative charges of
sugars present in single stranded probes of deoxyri-
bonucleic acid. The control experiment, carried out
with a non-complementary ssDNA did not cause a
significant reduction of the anodic peak (figure 6b).

4. Conclusions

This work described a simple label-free electro-
chemical DNA method for detection of target
ssDNA. Immobilization of ssDNA on the gold elec-
trode was possible by SAMs formation. SAM pro-
vides an easy method to functionalize a gold surface
by forming a highly ordered organic film that
resembles the biomembrane microenvironment. This
method is simple and does not require an electroa-
tive species to generate an amperometric signal. It
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can be applied to food and environmental analysis as
well as different clinical assays demanding quick
responses for urgent diagnostic.
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