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Reagentless, sensitive and multiplexed analysis of gyrB and
K-ras gene biomarkers is achieved based on the proximity
changes of two different redox-tags to the electrode surface
upon DNA hybridizations, and the presence of the two gene
biomarkers also acts as inputs and activates the logic gate.

The completion of the human genome project has generated a
large number of sequence data. Although significant progress
has been made in analyzing single component sequences,
one-spot multiplexed analysis of DNA sequences remains a
challenge because of the requirement to eliminate cross-
activity, design optimal probes, and minimize non-specific
bindings.! On the other hand, due to the important functions
of DNA multiplexing in gene expression profiling, drug
discovery, pathogen detection, and clinic diagnosis,? recent
research activities have been focused on developing assays for
simultaneous analysis of multiple DNA sequences. Various
strategies for multiplexed analysis of DNA sequences based on
distinct signal readouts upon DNA hybridization from
quantum dots,” stripped metallic nanorods,* fluorescent dyes,’
and DNA bio-barcode' thus have been demonstrated. These
methods, however, encountered the limitations of extra
labeling steps, long assay time, and high cost.

Indeed, the pioneering work by Plaxco’s and Lai’s groups
on the fabrication of E-DNA sensors has greatly facilitated the
detection of DNA.® Their approaches rely on the assembly of
a redox-tag modified DNA probe on the electrode surface.
Hybridization of the target DNA with the probe changes the
distance and electron transfer efficiency between the redox-tag
and the electrode surface and causes variations in electro-
chemical (EC) signal from the redox-tag, which leads to
convenient detection of DNA target.

Inspired by these advances in DNA analysis, we report herein
for the first time a reagentless, disposable, sensitive and multi-
plexed genosensor for one-spot simultaneous monitoring of two
gene biomarkers from the salmonella typhimurium pathogen
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(gyrB gene) and the colorectal tumor (K-ras gene), respectively.
This multiplexed genosensor is based on changes in current
intensities from two distinct redox-tags (methylene blue, MB
and ferrocene, Fc) conjugated to stem-loop probes on a
disposable screen printed carbon electrode (SPCE) upon
hybridization with the corresponding target DNAs. The
redox-tags exhibit two well-resolved peaks, whose positions
(MB: —0.28 V and Fc: +0.25 V) and sizes reflect the identities
and concentrations of the target sequences. Moreover,
molecular logic gates have received increasing attention owing
to its important roles in developing molecular computations
and “autonomously regulated”” chemical systems.” Most of the
molecular logic gates reported to date, however, are mainly
based on optical outputs, which suffer the limitations of
cumbersomely interfacing the optical outputs with non-
molecular-based technologies.7g In response, based on our
multiplexed DNA sensing strategy, we show that a robust
“AND” molecular logic gate operation can be designed by
employing the gyrB and K-ras genes as inputs and the distinct
current suppressions from the redox-tags as the electronic
outputs, respectively.

The new reagentless and multiplexed sensing protocol, as
illustrated in Scheme 1, involves the co-assembly of MB and
Fc modified stem-loop SH-DNA probes for gyrB and K-ras
genes on a gold nanoparticle-deposited disposable SPCE,
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Scheme 1 Illustration of the reagentless and multiplexed sensing
platform for two target gene biomarkers based on proximity changes
of two different redox-tags to the electrode surface upon DNA
hybridizations.
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followed by surface blocking with 6-mercapto-1-hexanol,
addition of the target gene sequences, and EC monitoring of
the redox-tags. The SH-DNA probes were designed in such a
way that each probe has five complementary bases at its 5’ and
3’ termini, which forms the double-stranded stem and brings
the redox-tags to proximity of the electrode surface.’“® The
loop regions, meanwhile, specifically target the gyrB and K-ras
genes, respectively. Hybridizations of the surface immobilized
probes with the target analyte sequences unfold the stem-loop
structures, force the redox-tags away from the electrode, and
consequently lead to decreased current intensities. The distinct
EC signatures of MB and Fc at resolved potentials with
different degree of current suppressions thus correspond to
the identities and concentrations of the target sequences.

As a first step of our goal towards the dual-target gene
sequence multiplexing, we evaluated the single gene sequence
detection assay performance. As expected, the presence of
gyrB gene increases the distance between the MB tag on the
stem-loop probe and the electrode surface, resulting in a
current suppression. Fig. 1A depicts the current suppression
dependence of the MB tag upon concentration of gyrB gene
(curve a). We can see that the degree of current suppression is
enhanced (from 10-1000 nM) and levels off thereafter as the
concentration of gyrB gene increases. The detection limit for
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Fig. 1 Calibration curve for gyrB gene (A) and K-ras gene (B)
detection in the range of 10 nM-2 uM using the proposed genosensor.
Square wave voltammetric measurements were carried out in 20 mM
Tris-HCI buffer (140 mM NaCl, 1 mM MgCl,, 5 mM KCl and 1 mM
CaCl,, pH 7.0) by scanning the potential from —0.50 V to +0.45 V
with a step potential of 4 mV, a frequency of 25 Hz and an amplitude
of 25 mV. The error bars represent the standard deviations of three
parallel tests.

gyrB gene is estimated to be 8.3 nM. On the other hand, in the
presence of various amounts of gyrB gene, no significant
current suppression of Fc (corresponding to the K-ras gene)
is observed in Fig. 1A (curve b), which indicates minimal cross
activity of the two target genes because the presence of one
target gene only causes current suppression of the corres-
ponding tag. Similarly, the current suppression of Fc also
shows concentration dependence upon the K-ras gene
(Fig. 1B) with a detection limit of 10 nM. It should be noted
that the current suppression of either MB or Fc in the presence
of the corresponding target gene biomarkers levels off at about
80% and further increase of the target concentrations causes
no significant current suppression. This is presumably due to
two reasons. First, despite that hybridizations between the
targets and probes unfold the hairpin structures, force the
redox-tags away from the electrode surface and lower
the electron transfer efficiency between the redox-tags and
the electrode, the lowered electron transfer efficiency still
generates residual current responses. Second, the inaccessibility
of some hairpins by the targets because of their steric
hindrances maintains these hairpins unfolded and results in
residual current responses. The combination of these possible
effects causes the current suppressions less than 80% even with
higher concentrations of target genes in the sample.

Moving to the dual-target gene biomarker detection
scenario, the current suppression of both MB and Fc is
expected. Due to the signal suppressions in the presence of
the target DNAs, the current intensities exhibit inverse
dependence upon the target concentrations. As displayed in
Fig. 2A, the current intensities of MB (gyrB gene) and
Fc (K-ras gene) decrease accordingly as the concentrations
of the target sequences increase from 25 to 1000 nM, suggest-
ing the feasibility of our genosensor for simultaneous mon-
itoring of multiple target sequences.

The selectivity of the multiplexed genosensor was investi-
gated, respectively, against a random DNA sequence and a
mixture of control sequences of the gyrB gene from Shigella
sonnei pathogen and three-base mismatched K-ras gene. From
Fig. 2B, we can see that despite the existence of an excess
(50-fold, 2.5 uM) of the non-target sequences, no apparent
signal suppression is observed with respect to the blank test
(0 nM target analytes). However, the presence of 500 nM gyrB
and K-ras genes leads to significant signal drops, indicating a
good selectivity of our sensor.

In addition to selective and sensitive monitoring of multiple
gene sequences, we also employed the multiplexed sensing
platform as molecular logic gates by setting the two target
gene sequences as inputs and the current intensity suppressions
of MB and Fc as outputs (Fig. 3A). Consequently, we define
the current intensity suppression (>5%) of MB or Fc as the
“OFF” or “0” output and the suppression of both as “ON”’ or
“1” output. As can be seen from the truth table in Fig. 3B,
only when both inputs are “1”, a ““I”” output is obtained. If
both inputs are “0” or only one of the inputs is “1”, a “0”
output is observed. The multiplexed sensing platform thus
serves as an “AND” gate.

In summary, we have demonstrated a reagentless,
disposable and multiplexed electronic DNA sensing platform
and its application to the design of a molecular logic gate.

This journal is © The Royal Society of Chemistry 2011
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Fig. 2 (A) Square wave voltammograms for multiplexed analysis of
mixtures of gyrB and K-ras genes at: (a) 0, (b), 25, (c) 100, (d) 500, (e)
1000 nM. (B) Specificity investigations against non-target molecules:
mixture of target gene sequences (500 nM) versus random (2.5 pM)
and control sequences (2.5 pM). Other conditions as in Fig. 1.
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Fig. 3 (A) Schematic presentation of the “AND” logic gate system
based on current intensity suppressions of MB and Fc at —0.28 V and
+0.25 V by the gyrB and K-ras gene inputs: 500 nM gyrB gene (1, 0),
500 nM K-ras gene (0, 1), 500 nM gyrB and K-ras gene (1, 1). (B) The
truth table for this two-input logic gate.

The sensing mechanism relies on the changes in surface
proximity of two redox-tags at distinct potentials. Considering
the possibility of a wider potential window for EC measure-
ment, the multi-analyte sensing strategy and the logic gate
operation can be readily expended by careful selection of more
redox-tags with distinct potential positions (e.g. thionine at
—0.17 V, anthraquinone at —0.45 V), which could potentially
pave the way for the development of multiplexed point-of-care
diagnostic devices.
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