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In the present paper we report an original reagentless electro-
chemical DNA biosensor, based on an electroactive self-assembled
5-hydroxy-3-hexanedithiol-1,4-naphthoquinone (JUGy,;,) monolayer,
which achieves highly sensitive and selective signal-on detection
and may also be easily transposable for protein recognition. In the
field of label-free electrochemical DNA biosensors, signal-on
devices are preferable to signal-off ones in that false positives are
less likely."* The main aim is to find sensitive interfaces with charge
transfer properties which change depending on the nature and the
quantity of the DNA target.> > In the last few years, a new direction
towards signal-on sensors is to exploit the differences in the physical
properties of single-stranded DNA compared to double-stranded
DNA.®"® One of the first sensors using this new approach was
based upon a DNA-PEG-DNA “wrap” format.® In this sensor, the
immobilized DNA is composed of two hybridization sequences
(“capture” and “probe”) connected by a linker (PEG) and a redox
probe reporter attached to the end of the probe strand. The redox
probe reporter is brought close to an electrode upon hybridization,
producing a signal-on sensor for a target concentration up to few
nanomoles. Another elegant way to realize label-free electrochemi-
cal DNA sensors might be to use dense monolayers in which a
redox center is in the outside part of the self-assembled monolayer
(SAM) (cf. scheme 1).

To the best of our knowledge there is no published system using
the electroactivity of the substrate monolayer itself as a signal-on
transducer of DNA hybridization. As part of the general strategy
of our group aimed at developing label-free electrochemical
biosensors, we undertook to investigate whether a JUGy,;, monolayer
self-assembled with a DNA probe on gold could produce a
biosensitive interface.

The biosensor consists of a mixed monolayer of JUGy,;, and
single-stranded oligonucleotides modified in the 3" position by an
alkylthiol (HS-ss-ODN) (Scheme 1). Oligonucleotide sequences are
detailed below (bases really used, in bold; others are spacers to
avoid edge effects; mismatches, underlined). The probe sequence
is HS-ss-GEM (5'- TCG CAC CCA TCT CTC TCC TTC TAG
CCT -3'C¢H;3SH), the complementary target HIV (3'- CG TGG
GTA GAG AGA GGA AGA -5), the mismatch sequence MHIV
(3'- CG TGG GTA AAG AGA GGA AGA -5). and the random
sequence RAND (3'- CG TAA ATG ATC CTT CAA CTA -5").

JUGui, SAMs were obtained by immersing a 1 cm? freshly
washed and pretreated gold electrode (see Supporting Information,
SD) in a 1 mg/mL JUGy,, solution in ethylacetate overnight with
stirring and an Ar atmosphere. Square-wave voltammetry (SWV)
was performed on JUGy,;, SAMs in phosphate buffer medium (PBS,
pH 7.4) from 0.00 V to —0.65 V (vs SCE). One reduction peak
appears at ~ —0.44 V, corresponding to the redox process of the
quinone group. In the following, it is the change in intensity of
this peak that will be considered as significant for grafting and
hybridization experiments. Then, HS-ss-ODN probe strands were
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Scheme 1. Electrochemical Detection Strategy Based on the
Change in Electroactivity of Self-Assembled JUGi, Monolayers
upon Hybridization
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self-assembled onto the JUGy,;,-modified gold electrode. We assume
that the mixed monolayer is obtained by the partial replacement of
JUGi, by HS-ss-ODN. The total charge of the monolayer obtained
by cyclic voltammetric experiments is not significantly different
after the exchange reaction, indicating that very few ODN probes
are immobilized. However, SWV experiments show that the current
diminishes after the self-assembly of HS-ss-ODN (see SI).

Target probes 0.1 uM of HIV (full complementary), RAND
(random), or MHIV (single mismatch) are then added (see SI). In
the case of MHIV, hybridization was performed at 50°C, instead
of room temperature, and the mixture was slowly cooled to 37°C
to improve the selectivity. SWV was applied after the hybridization.
We calculated the differential peak current (Al = Iyyg — Igem)s
with Iyyg and Iggm as the peak currents after and before,
respectively, target addition. As shown in Figure 1, the HIV target
leads to a drastic increase in intensity of the peak at —0.44 V (i.e.,
signal-on detection), whereas the RAND sequence does not lead
to a significant current change. In the case of MHIV, a signal
decrease is noted. This decrease is as great as that observed in a
blank experiment when JUGi, SAMs are treated at 50°C in PBS
without MHIV (thermal SAM desorption). This system exhibits
signal-on detection, that is to say, an enhancement of peak current
after hybridization with the full complementary target and no change
after addition of a random target. Moreover, this system is very
selective in that it allows discrimination between target probes
which differ by only one base.

These results were supported by quantitative measurements,
performed by fluorescence spectroscopy (see SI). Fluorescent targets
are modified with a BODIPY 650/675 molecule on their 5'-end.
After the hybridization, three washing steps (PBS at 25°C) were
performed followed by a denaturation step (80°C in pure water).
At each step, the solution is analyzed by fluorescence measurements.
Denaturation of all the hybridized fluorescent ODN leads to the
dehybridization of ~10 pmol cm ™2 for complementary strands and
to a negligible amount for the random sequence and the mismatch
sequence. These results demonstrate that hybridization is truly
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Figure 1. (Left) Differential peak current (Al = Inyys — Igem), With Inys
and Igem as the peak currents after and before hybridization, respectively,
after addition of HIV, RAND, and MHIV. (Right) Differential current A/I
(expressed as a percentage of the maximum at 100 nM), measured for
different HIV concentrations.

responsible for the current increase in the case of the full
complementary strand, whereas the addition of the random se-
quence, which does not hybridize, leads to negligible current change.

To determine the detection threshold of the system, the SWV
current response was measured as a function of the full comple-
mentary target strand concentration. Results are shown in Figure 1
for concentrations between 30 pM and 25 nM and are expressed
as a percentage of the maximum of Al/Iggm. The current response
remains low, below 300 pM, and then follows a sharp increase
until a maximum is reached at ~100 nM (see SI). We estimate the
detection threshold to be ~300 pM.

All the already published reagentless monolayer systems showing
signal-on transduction are based on redox molecules grafted onto
the DNA probe. The aim is to create an ad-hoc ODN structure
which allows the redox probe to reach the vicinity of the electrode
surface after hybridization. This strategy exploits the special
structural properties of DNA strands, which become rigid upon
double helix formation. Our approach is totally different, because
the transduction principle is based on the modification of the
intrinsic properties of JUGy,, which stays at the same distance from
the electrode.

In previous work,'® we analyzed the electron transfer kinetics
of a pure JUGu;, monolayer self-assembled on gold. A kinetic
analysis of the redox reactions involving both electron and proton
transfers revealed unusual behaviour of this molecule, due to the
presence of several inter- and intramolecular hydrogen bonds,
especially in neutral buffered solutions. These results show that
the JUGy, redox kinetics is controlled by a chemical rate-
determining step resulting from the necessity to disrupt these bonds
in the monolayer before charge transfer.

Single-stranded ODN (ssODN) is considered to behave as a
classical polymer chain. This means that, in the vermicular model,
ssODN could be characterized by its contour length (L) and its
persistence length (p). L varies slightly between dsODN and ssODN,
but p varies dramatically between the single and the double strand
(dsODN) conformation. Indeed, p4sopn 1S 50 nm, whereas psopn
varies between 0.8 and 8 nm, depending on the ionic strength.'' '3
Here, the salt concentration is ~0.13 M, and 20 nucleobases are
involved in hybridization. In this case, one finds 8.6 and 6.8 nm
for Liopn and Lgsopn, respectively (see SI). Therefore, Liopn is
much greater than pyopn (1 nm in our case), and the chain behaves
as a coil. Conversely, for a dsSODN, Lgopn is much less than 50

nm (pgsopn)- The double strand is straight and rigid. Hence, the
single strand has a high degree of freedom (increased by the length
and the flexibility of the alkylthiol linker) and is able to interact
with molecules on the surface. Conversely, the double strand is
rigid, and most of the probe hydrogen bonding sites are involved
in Watson—Crick base pairing with the target.

The ability to modulate the electroactivity of JUGy,, by hydrogen
bonding and the specific capacity of the grafted ODN probe to
interact with the monolayer surface suggest an interpretation of the
signal-on behavior towards hybridization. Indeed, before hybridiza-
tion, the single strand can interact with JUGy,;, and slow down the
redox reaction. This phenomenon can explain the decrease in
the observed SQW peak current upon probe grafting. When the
complementary target is added, the formation of the double helix
eliminates the single strand/JUGy,, interactions and the JUGi,
redox rate increases.

However, the above discussion does not take into account the
negative charge on the phosphodiester ODN backbone. The high
ionic strength, used in this study, is presumed to screen electrostatic
effects at sub-nanometric distances. Therefore, experiments with
peptide nucleic acid are currently being performed in the laboratory
to check this point. Another important concept to be understood is
the exact molecular nature of the interaction between the single
strand and JUG .

In the field of label-free electrochemical DNA sensors based on
monolayers, the JUGy;, system is the only architecture allowing
signal-on detection without requiring probe modification. Moreover,
when taken with the observation that any single-stranded DNA or
RNA sequence, including aptamer sequences, can interact with the
JUG;, monolayer, and given that the target-binding-induced folding
of an aptamer should also disrupt interfacial hydrogen bonding,
this direct transduction principle may also prove appropriate for
the detection of proteins, small nonelectroactive molecules, and
other non-nucleic acid targets, even in complex clinical samples.

Supporting Information Available: Experimental details. This
material is available free of charge via the Internet at http://pubs.acs.org.
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