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We report a signal-on, label-free and reagentless electrochemical DNA biosensor, based on a mixed
self-assembled monolayer of thiolated hydroxynaphthoquinone and thiolated oligonucleotide. Electro-
chemical changes resulting from hybridization were evidenced with oligonucleotide targets (as models),
as well as with polymerase chain reaction (PCR) products related to different lineages of Mycobacterium
tuberculosis strains. With pure oligonucleotides, this system achieves high sensitivity (~300 pM of DNA

target, i.e. 30fmol in a 100 pL sample) and excellent selectivity, allowing to detect a single mismatch
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on a sequence of 20 bases. With PCR products, current changes are specific to the bacterial strain from
which the PCR fragment is produced. In addition, the sensor response is of the signal-on type, giving a
positive signal change upon hybridization, and therefore does not suffer from false positive responses
due to non-specific adsorption of DNA.

© 2011 Elsevier B.V. All rights reserved.

Electrochemical transduction offers great advantages over
optical transduction systems which require fluorescent or chemi-
luminescent labels (Xu and Bard, 1995; Epstein et al., 2002;
Calvo-Munoz et al., 2005) as it allows miniaturization and low-cost
detection. This is why direct electrochemical DNA biosensors,
which require neither modification of the target nor addition of
a reagent to detect hybridization, are of great interest. The main
aim is to find sensitive interfaces with charge transfer properties
that change when hybridization occurs. This is based on difference
between the physical properties of single-stranded DNA (ssDNA)
and double-stranded DNA (dsDNA) (Piro et al., 2007; Thompson
etal., 2003). Following this approach, a new direction is to fabricate
biosensitive interfaces using self-assembled monolayers (SAM)
(Gooding and Garry, 2005) which allows the physicochemical

* Corresponding author. Tel.: +33 1 57277223; fax: +33 1 44276814.
E-mail addresses: mcpham@univ-paris-diderot.fr, mcpham@paris7.jussieu.fr
(M.C. Pham).

0956-5663/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
d0i:10.1016/j.bios.2011.11.048

properties of the interfaces to be fine-tuned. Different research
groups have used a similar approach in grafting a thiolated ssDNA
(that can adopt a stem-loop structure in some formats) modified by
an electroactive ferrocene tag (Anne et al., 2003; Fan et al., 2003).
Before target addition, the ferrocene tag, close to the electrode
surface generates an amperometric current. After target addition,
the rigid duplex moves the ferrocene tag away from the electrode
surface, so no current is observed. The detection limit reached by
the hairpin system is good (10 pM) (Fan et al., 2003). Nevertheless,
the transduction results in an “off” signal with the current decreas-
ing upon hybridization. In the field of label-free sensors, signal-on
(current increase) devices are preferable to signal-off ones, in that
false positives are less likely. Signal-on architectures using this
approach have been developed (Ricci and Plaxco, 2008; Lubin and
Plaxco, 2010) notably a system based on a DNA-poly(ethylene
glycol)-DNA triblock probe which can operate with target concen-
trations up to 200 pM (Immoos et al., 2004). Another example is
the use of an immobilized double (pseudoknot) or triple stem-loop
DNA probe modified at its 3’-terminus with methylene blue,
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where detection limits of 2nM and 5nM respectively have been
reported (Xiao et al., 2007, 2009). Finally, another “signal-on”
architecture is based on a target-induced strand displacement,
where target binding generates a short, flexible ssDNA modified
with methylene blue. Sub-picomolar detection has been reported
(Xiao et al., 2006). All these systems use the same transduction
principle based on the variation of the distance between a redox
tag attached to the probe strand and the electrode surface.

We have adopted a different approach, which requires no redox
tag, where electroactive layers based on quinone derivatives are
used. It was demonstrated that hydroxy-naphthoquinones, in the
Electronic Conducting Polymer configuration, present significant
potential for DNA sensors (Reisberg et al., 2005, 2006; Pham et al.,
2003). More recently, we have investigated the electroactivity
of a 5-hydroxy-3-hexanedithiol-1,4-naphthoquinone monolayer
(JUGsy) self-assembled on gold (March et al., 2008a). These results
show that JUGgy electroactivity is very sensitive to the presence
of DNA in its vicinity and that JUGgy is therefore able to act as a
sensitive monolayer for label-free and reagentless electrochemical
biosensing of DNA hybridization. The transduction principle was
not clearly defined and we previously assumed that physicochem-
ical interactions (hydrogen bond interactions, weak interactions
or electrostatic ones) between DNA strands and the immobilized
naphthoquinone are central to the detection scheme.

In this paper, we pursue the description of this new class
of label-free DNA sensors by identifying factors controlling the
direct transduction efficiency and by assessing its ability to detect
short oligonucleotides in a complex real sample consisting of PCR-
amplified fragments. We used first peptide nucleic acids (PNAs) as
probes because these DNA homologues have the same steric hin-
drance and the same hybridization capabilities but, since they are
neutral, do not exert electrostatic charge effects on their environ-
ment. It is therefore possible to conclude whether charges carried
by nucleotide strands (DNA) are implied in the electrochemical
transduction process. Secondly, we report results obtained not only
with oligonucleotide targets (as models), but with real-world PCR
products (Bettazzi et al., 2008; Farabullini et al., 2007; Del Giallo
et al., 2005). For this, we use PCR products related to different lin-
eages (of different geographical origin) and strains (quoted as a
number in brackets for each lineage) of Mycobacterium tuberculosis.
Strains of three different lineages were investigated: M. africanum
(51), Beijing (23), Latino-America and Mediterranean LAM (1). It is
shown that current changes are specific to the target sequence, that
is, of the lineage and strain from which the PCRresidue is produced.
The identification of M. tuberculosis at the lineage level could be
considered as a surrogate marker for tuberculosis drug resistance
and is important for patient treatment choice

1. Experimental
1.1. Materials

5-Hydroxy-1,4-naphthoquinone (JUG) and phosphate buffer
solution (PBS) were purchased from Aldrich and Sigma, respec-
tively. Aqueous solutions were made with Milli-Q water. Ethyl
acetate was purchased from VWR. 5-Hydroxy-3-hexanedithiol-
1,4-naphthoquinone (JUGsy) was synthesized in the laboratory
according to a published procedure (March et al., 2008a). Oligonu-
cleotides were synthesized by Eurogentec (Belgium). Peptide
nucleic acids (PNA) were synthesized in the Department of Cel-
lular and Molecular Medicine, Panum Institute, Denmark. Three
formats of hybridization were envisaged on the JUGsy system: DNA
probe-DNA target, PNA probe-DNA target and DNA probe-DNA
(from PCR) target. Sequences are given with the bases really used in
bold; others are spacers to avoid edge effects, and mismatches are

underlined: DNA probe (DNA-SH): SH-CgH12-3" TCC GAT CTIT CCT
CTC TCT ACC CAC G CT 5'; PNA probe (PNA-SH) SH-CgH1,-Gly-3’
T CTT CCT CTC TCT ACC CAC G —(eg;)3-Cys-Ac 5'; complementary
DNA target (HIV) 5° A GAA GGA GAG AGA TGG GTG C 3’; single
mismatch target (M-HIV) 5° A GAA GGA GAG AAA TGG GTG C 3’;
random target (RAND) 5 A TCA ACT TCC TAG TAA ATG C 3'. For
hybridization with PCR fragments, the probe sequence is Sp32-SH,
SH CgH13 3’ ACT TGT GCG GCT ATG GAT AAA CCA G 5’; complemen-
tary to the so-called Spacer 32 sequence (5'-TGA ACA CGC CGATAC
CTATTT GGT C-3') present in the CRISPR! spacer sequence from M.
africanum and the Latino American-Mediterranean (LAM) clinical
isolates, whereas the PCR product from the Beijing strain does not
present any complementarity with this probe sequence (Sebban
et al., 2002).

1.2. Electrochemical materials and methods

Electrodes were ultrasonicated for several minutes in ace-
tone and ethanol and finally put inside an UV-Ozone cleaner
(5 min) before SAM assembling. A conventional one-compartment,
three-electrode cell was used with an Autolab PGSTAT 100. The
SAM-modified electrodes were tested using 1cm? platinum flag
auxiliary electrode and a SCE reference electrode. Hybridization
was detected by following the modification of the quinone elec-
troactivity using Square Wave Voltammetry (SWV), in order to
minimize the capacitive component of the current. The follow-
ing parameters were used: pulse height 50 mV, pulse width 50 ms,
scan increment 2 mV, frequency 12.5 Hz, potential range (—0.65V;
—0.2Vvs. SCE). The SWV scans were recorded in PBS medium, bub-
bled with argon for 20 min before the first measurement, to remove
oxygen, which is known to interact with quinone. Up to five CVs or
square wave voltammograms were performed for each measure-
ment until complete stabilization of the signal. This procedure is
necessary toensure a good reproducibility in different experiments.

Polycrystalline gold electrodes (supplied by BASi, area:
0.03 cm?) were used as working electrodes.

See Supplementary Information file for PCR details.

1.3. Monolayer formation

Polycrystalline gold electrodes (radius 1 mm) were sequentially
polished on polishing clothes (Struers, Denmark) with diamond
pastes of decreasing particle size, followed by ultrasonication for
several minutes in acetone and ethanol. They are then potential
scanned from —0.3 to 1.5V at 50mVs~! in 0.5M aqueous H,SO0y.
The electroactive self-assembled monolayers were obtained by
immersing the freshly cleaned Au electrode in 1mgmL-! JUGsy
in ethyl acetate solution overnight with stirring in an argon atmo-
sphere.

1.4. DNA or PNA grafting and hybridization procedures

50 L of 4 WM probes in PBS having the 3’-alkylthiol functional-
ity (DNA-SH, PNA-SH or Sp32-SH) were placed on a JUGsy-modified
gold electrode overnight for self-assembly. The electrodes obtained
in this way (modified with a mixed monolayer of JUGsy/probe)
were then rinsed with PBS (pH 7.4) before use.

In the case of the single mismatched sequence (M-HIV),
hybridization was performed at 50 °C and the mixture was slowly
cooled to 37°C. For PCR fragments, 15 wL of the PCR products
diluted in 225 L of PBS was first denatured at 95 °C for 60 min, then
slowly cooled to 55°C and left for 2 h at 55°C to hybridize. Finally,

1 Clustured Regularly Interspersed Palindromic Repeats.
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Fig. 1. SWV of JUGgy before (solid line) and after (dashed line) DNA probe grafting.

the electrode was immersed in PBS for 1 h at room temperature in
order to remove non-hybridized targets.

2. Results and discussion
2.1. Experiments with synthetic DNA

The pure JUGsy monolayer was analyzed by square-wave
voltammetry (SWV) in PBS between —0.2V and —0.65V vs. SCE
(Fig. 1, continuous line). One oxidation peak, corresponding to the
quinone redox process, appears at ca. —0.45 V. In the following, the
change in intensity of this peak current will be considered as the
significant parameter for probe grafting and hybridization exper-
iments. As the hybridization procedure involves heating at 50 °C,
the stability of JUGsy was studied at this temperature. After 2 h in
PBS, the SWV peak current shows a 10% decrease (see SI 1) which
we assume to be due to the low thermal stability of the JUGsy
monolayer.

The mixed DNA/JUGsy monolayer was obtained by immersing a
pure JUGsy monolayer in a 1 WM DNA-SH solution for 18 h at room
temperature. We assume that the mixed monolayer is obtained
by partial replacement of JUGsy by the thiolated DNA-SH probes.
The total charge of the monolayer, measured by cyclic voltamme-
try experiments, is not significantly changed by probe grafting;
this indicates that very few JUGsy molecules are removed from
the surface (see SI 2). Previous fluorescence experiments indicated
that this self-assembling set-up gives a surface probe density of
10pMcm—2 (Xiao et al., 2006). However, although the amount of
probe immobilized on the SAM is not sufficient to noticeably alter
the total juglone surface concentration, SWV experiments show
that probes grafting reduce the current density (Fig. 1, dashed line).
The decrease in SWV peak currents will be expressed as the rela-
tive current variation upon grafting (ARg =100 x (Ia — I))/I. where
I; and I, are the current densities after and before probe grafting
respectively). This value is —30 & 5%.

For hybridization experiments, solutions containing 0.1 WM tar-
gets were used. Note that the mismatch sequence M-HIV was
hybridized at 50 °C instead of room temperature to improve selec-
tivity. More than 100 samples were used for this study. SWV
results are presented in Fig. 2; curve 1 is that for an electrode
before hybridization (dashed line). Addition of the complemen-
tary target (HIV) leads to a clear current increase (curve 2) with
ARy, =+35 £ 5% where AR, =100 x (I — I3)/13, Ic being the current
density after target addition. On the contrary, addition of the ran-
dom target (RAND, curve 3) or M-HIV (curve 4) does not lead to
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Fig. 2. SWV peaks obtained for electrode before hybridization (curve 1, dashed line)
then after hybridization with the full-complementary sequence (HIV, curve 2); after
addition of a single-mismatch (M-HIV, curve 3, gray) or a random sequence (RAND,
curve 4, black).

a significant current change. At first sight, the similar behavior
for hybridization with random and mismatch seems to be abnor-
mal, but it should be recalled that the hybridization conditions are
not the same with these two targets. In order to minimize non-
specific hybridization, the mismatch sequence was hybridized at
50°C. These hybridization conditions were previously determined
using fluorescein-modified DNA sequences (Reisberg et al., 2010).

This sensor exhibits signal-on detection, as the current increases
upon hybridization with the complementary target. Moreover, its
selectivity is excellent, allowing discrimination of a single-base
mismatch.

To investigate the detection limit of the system, the SWV cur-
rent response was measured as a function of the complementary
target (HIV) concentration. Results are shown in Fig. 3 for six dif-
ferent concentrations between 30 pM and 100nM (see SI 3 for
the log. display). We recorded the relative current variation (AIfI)
obtained when a non-complementary strand is added at 100 nM,
this concentration is also used in the case of the perfect match.
In such condition, we obtained Al/I=043%. We assume that all
current variation exceeding +3% are significant. Hence, the detec-
tion threshold estimated is ca. 300 pM (5% < Al[/I < 7%); that is better
than most literature values for direct electrochemical DNA biosen-
sors (1072 and 10-19M) (Sassolas et al., 2008). Compared with
the detection threshold reported for signal-on systems using also
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Fig. 3. Relative current density difference ARy, (expressed as the difference between
the current after and before hybridization normalized to the current before
hybridization), measured for different HIV concentrations.
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transduction based on conformational change of DNA probe upon
hybridization, our systemis in the same range: 200 pM for the DNA-
polyethylene glycol-DNA triblock probe-based system (Immoos
et al,, 2004) and a few nM for the double or triple stem-loop DNA
probe-based architecture (Xiao et al., 2007, 2009). Only that based
on target-induced strand displacement is better, at 400 fM (Xiao
et al.,, 2006).

Concerning the reproducibility of the results, the standard devi-
ations here could appear high according to well-known analytical
standards. However, it falls in a common range when compared to
other reagentless DNA biosensors. Moreover, the system is “signal-
on” so less sensitive to false positives.

2.2. Transduction mechanism

The ability to modulate the electroactivity of the JUGsy layer
by hydrogen bonding (March et al., 2008b) and the specific capac-
ity of the grafted DNA probe to interact with the monolayer surface
suggest an interpretation of the signal-on behavior upon hybridiza-
tion. Before hybridization, the single strand behaves as a random
coil (Ortiz et al., 1998; Armitage et al., 1998), which has a high
degree of freedom and can interact with JUGsy through hydrogen
bonds. This increases the activation energy of the redox reaction, so
that it slows down the reaction rate and lowers the related current
(March et al., 2008b). This explains the decrease in the observed
SWV peak current when the probe strand is grafted. The absence
of peak shift, usually encountered in the case of strong hydrogen
bonding, indicates that the formal potential is constant. Hence, this
means that interactions with DNA are equally shared on the oxi-
dized and reduced forms. This characteristic behavior of the JUGsy
monolayer has been discussed in a previous paper (March et al.,
2008b). Only the electron transfer rate depends on the JUGsy/DNA
probe interactions. When the complementary target is added, a
double helix is formed, which weakens the single strand/JUGgsy
interactions and leads to an increase in the JUGsy redox rate. How-
ever, the above discussion does not take into account the negative
charge on the phosphodiester DNA backbone. Experiments with
peptide nucleic acids could give information about the relative
importance of hydrogen bonding and electrostatic effects in the
transduction mechanism. The juglone monolayer carries a negative
surface charge due to the deprotonation of the hydroxyl function
for pHs above 7 (March et al., 2008b). Hence, most of the hydroxyl
groups are deprotonated at pH 7.4. In order to investigate the con-
tribution of electrostatic interactions in the transduction process,
experiments where carried out with PNA homologues which have
the same steric hindrance and the same hybridization capabilities
as DNA but, since they are neutral, exert much less electrostatic
effects (Uhlmann et al., 1998; Nielsen et al., 1991).

2.3. Experiments with peptide nucleic acids (PNAs)

After insertion of the PNA-SH probe into the pure JUGsy mono-
layer, the quinone surface content is not significantly altered, as
shown by cyclic voltammetric control experiments. We assume
that the mechanism of mixed monolayer formation occurs is the
same for DNA-SH, leading to almost the same surface density.
Indeed, this is mainly controlled by the length of the alkylthiol
(Ulman, 1998), which is the same for PNA-SH and DNA-SH (see
Section 1).

The typical SWV of JUGsy after PNA-SH probe immobilization
is similar to that for DNA-SH (Fig. 4): the peak current decreases,
ARg =65+ 5%, higher than with DNA, and the peak goes to slightly
higher potential. Therefore, it seems that the interaction between
juglone and the PNA probe is stronger than with DNA.

Besides the fact that PNA grafting leads to a much more severe
current density drop than DNA (see Figs. 1 and 4), the increase
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Fig. 4. SWV current density response of a JUGsy Au electrode without PNA probe
(a) and after PNA probe grafting (b).

upon hybridization is also significantly higher in the PNA/DNA
configuration than in the DNA/DNA one. Fig. 5 presents SWV
responses of a PNA/JUGsy-modified electrode after incuba-
tion with the complementary DNA sequence. A large current
increase is detected, ARy, =+554+15%. Incubation with the non-
complementary and the mismatch sequences does not lead to any
significant current increase (see SI 4).

In the mixed monolayer (DNA—JUGsy or PNA—JUGsy), JUGsy
could form hydrogen bonds with DNA probes as well as with PNA.
Since itis neutral, PNAis more likely to interact with JUGsy, which is
negatively charged at pH 7.4 (March et al., 2008b), than the polyan-
ionic DNA.

Single-stranded PNA and DNA are sterically similar both being
random coils of short polymer chains (Ortiz et al., 1998; Armitage
et al., 1998; Juhn et al., 2001). Hence, single stranded DNA or PNA
has a high degree of freedom (in our case, increased by the length
and the flexibility of the alkylthiol linker) and is able to interact
with molecules on the surface. Conversely, as the double strand
(DNA/DNA or PNA/DNA) is rigid and straight, hydrogen-bonding
interactions with JUGgy are disrupted. The fact that the JUGgy elec-
troactivity is modulated by hydrogen bonding and that the grafted
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Fig. 5. SWV current density response of PNA/JUG;,-modified electrode (a); after
hybridization with the HIV target (b).
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DNA or PNA probes can interact with the monolayer suggests an
interpretation of the signal-on behavior following hybridization.
Before hybridization, the single-stranded DNA or PNA probe can
interact with JUGsy and slows down the redox reaction, explain-
ing the decrease in SWV current density upon probe grafting.
After complementary target addition, the double helix disrupts the
single-stranded DNA or PNA/JUGsy interactions so the JUGsy redox
rate increases. Indeed, our previous work has shown that the rup-
ture of hydrogen bonds increases the apparent rate constant of the
JUGsy redox reaction at biological pH.

To get deeper insight into the transduction mechanism, a cru-
cial parameter, the distribution of DNA probes inside the juglone
monolayer, has to be controlled. That is why we are currently work-
ing with nanostructured substrates allowing the construction of
well defined mixed monolayers. We plan to study several param-
eters such as the ratio of juglone to DNA probes, and to develop
a theoretical approach in order to correlate the strength of the
hydrogen-bonding interaction and the juglone electron transfer
rate. All these points are currently under investigation.

This study already shows that our system is able to detect, with
excellent sensitivity, short synthetic DNA targets. In the following,
it will be evaluated for its capability to detect longer sequences in
PCR products.

2.4. Hybridization with PCR products

Experiments were extended to assays on PCR products related
to M. tuberculosis. These products have 200 bases in average, with a
sequence of 25 bases, specific for the targeted bacteria strain. This
experimental section details these lineages and strains, and shows
whether or not they contain the target sequence (Spacer32). One of
the main difficulties lies in the use of a complex sample containing
very long DNA sequences for which non-specific hybridization may
occur.

To probe the specificity of our sensor, we used salmon genomic
DNA that contains a large variety of strand lengths (between 200
and 800bp) along with other targets in a mixture for which the
exact ODN concentration is known. Hybridization solutions were
first heated at 95°C for 1 h, to allow denaturation, then cooled to
55°C for 2 h. A current increase was observed when the comple-
mentary target (25bp at 0.1 wM) is present in the mixture; there
is no significant variation without it (see SI 5). The non-specific
hybridization content can be estimated from the known exact
target concentration in the mixture. We obtained a 18% current
increase, vs. 22% for DNA target alone in PBS solution. We, there-
fore, estimate the contribution of non-specific hybridization to the
signal increase to be below 4% at 55°C.

The electrodes were modified as already explained above with
JUGsy and the Sp32-SH probe sequence. Fig. 6 shows SWV cur-
rent densities obtained with an electrode before hybridization, then
after incubation with PCR products from M. africanum (51) and
LAM (1). A positive current response is observed for M. africanum
(51) (AR, =23 £5%) and LAM (1) (AR, =25+6%), but no signifi-
cant increase is observed for Beijing (23) (ARy, =5 4 2%) or for pure
PBS, as expected (see SI 6). These responses fit very well with the
presence or not of the Sp-32 target.

Current changes are lower than those obtained for synthetic
DNA. This can be due both to the uncertain concentration of the PCR
product and the greater steric hindrance of these PCR sequences
compared to the shorter oligonucleotides. Beside these two fac-
tors, the weaker electrochemical signal for PCR amplicons could be
ascribed to their reannealing, a process competing with hybridiza-
tion with the specific DNA on the surface. Hybridization in solution
is easier than on a solid support, although the sequences are longer
(200 bp vs. 25bp).
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Fig. 6. SWV peaks obtained for electrode before hybridization (dashed line), then
after hybridization with PCR products from africanum (51) (gray) or with PCR prod-
ucts from LAM (1) (black).

3. Conclusions

We have demonstrated that JUGsy is an interesting system
for making a label-free electrochemical sensor allowing signal-
on detection. It leads to very good sensitivity and selectivity, as
reported in previous work, when short synthetic oligonucleotides
are used. In order to investigate the transduction mechanism, in
this work, neutral PNAs were compared with the charged DNAs.
Our results indicate that the hydrogen-bonding between the probe
and the electroactive JUGsy monolayer are the key parameter that
controls the signal variation upon hybridization. They are weaker
with DNA than PNA, due to the repulsive electrostatic interaction
between the anionic JUGsy and the polyanionic DNA. This is evi-
denced by the difference in sensor response when DNA probes are
replaced by PNA.

A good detection threshold 300 pM target was obtained for syn-
thetic DNA. The system was then extended to analyze real-world
PCR products. In this case, our study offers valuable results con-
cerning the hybridization of longer DNA fragments with short DNA
probes. PCR products related to different lineages and strains of M.
tuberculosis were used. Current changes are specific to the bacte-
rial strain from which the PCR fragment is produced. This label-free
electrochemical system can therefore be extended to numerous
other applications where the CRISPR strategy is used.
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