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Here we have demonstrated an apparently general method for
the electrochemical detection of macromolecules that interact
strongly with specific small molecule targets. Using the small
molecule recognition elements biotin and digoxigenin, we demon-
strate detection of subnanomolar to low nanomolar concentrations
of streptavidin and anti-digoxigenin antibodies directly in blood
serum and other complex sample matrices.

Our approach is based on a relatively new class of reagentless,
electrochemical sensors that utilize electrode-bound, redox-tagged
oligonucleotide probes as their sensing elements." Prior to this work,
these electrochemical DNA (E-DNA) and electrochemical, aptamer-
based (E-AB) sensors have been reported against specific DNA
and RNA sequences,” proteins,®* small molecules,””” and inorganic
ions.®? Because all of the sensing components in the E-DNA/E-
AB platform are covalently attached to the interrogating electrode,
the approach requires neither exogenous reagents nor labeling of
the target. Likewise, because their signaling is linked to specific,
binding-induced changes in the dynamics of the probe DNA (rather
than changes in adsorbed mass, charge, etc.), these sensors function
well when challenged with complex, contaminant-ridden samples
such as blood serum, soil extracts, and foodstuffs.>”>-'° These
attributes render the E-DNA/E-AB platform an appealing approach
for the specific detection of oligonucleotides and other targets that
bind DNA or RNA.'' ™"

Despite their promise, however, sensors in this class have only
been reported for the detection of targets that bind to unmodified
DNA or RNA. And while the use of aptamer receptors has
broadened the range of targets that can be detected using unmodified
oligonucleotides,'* further expansion of the platform to targets that,
for example, bind specific small molecules should increase the
approach’s utility. Fortunately, the observation that E-DNA/E-AB
signaling requires only that target binding alters the dynamics of
the DNA-bound redox tag'>'® suggests a means of detecting
proteins that bind small molecules by simply appending the small
molecule to the DNA probe. In support of this hypothesis we
demonstrate here two new sensors that combine the selectivity and
convenience of E-DNA sensors with the expanded recognition
properties of small molecule receptors.

The new sensor platform comprises a small-molecule recognition
element appended onto a relatively rigid, partially double-stranded
DNA scaffold that, in turn, is chemi-adsorbed to an interrogating
gold electrode (Figure 1, left). One of the two scaffold strands, the
anchoring strand, is linked to the electrode using self-assembled
monolayer chemistry via a 5" thiol group and is modified with a
redox tag (here methylene blue) at its 3" terminus. The second
strand, the recognition strand, is complementary to a region of the
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anchoring strand and is covalently modified with the relevant small
molecule recognition element at one of its termini. In the absence
of target, the modified, double-stranded scaffold is free to collide
with the electrode surface (Figure 1, left) and, thus, produces a
large faradaic current at the redox potential expected for methylene
blue (Figure 1, right). Upon target binding, this current is reduced
(Figure 1, right), presumably because the bulky target reduces the
efficiency with which the redox tag collides with the electrode
(Figure 1, center). Alternatively the reduced electron transfer may
be due to target-induced cross-linking between adjacent scaffolds
(antibodies contain two binding sites).

We fabricated our first sensor by appending a biotin to the 5’
terminus of the recognition strand, which places it distal to the
electrode (Figure 1, left). In the presence of the protein target
streptavidin, this leads to a significant decrease in faradaic current
(Figure 2, top). However, the magnitude of this signal suppression
(under, for example, saturating target) depends on the precise
configuration of the DNA scaffold. A series of sensors containing
recognition strands ranging from 13 to 27 bases in length (all
centered on the middle of the same, 27-base anchoring strand,
Figure 2, top) produce signal suppression of 10% to 45% (50 nM
target). The best signaling is observed using a 19-base recognition
strand (sequence 19B5) that leaves a 4-base single-stranded element
on each end of the scaffold. By comparison, a shortened, 10-base
recognition strand that is offset to place the biotin in the same
position (producing a longer single-stranded element proximal to
the electrode) leads to poorer signal change (data not shown),
suggesting that optimal signaling reflects tuning of the flexibility
of the scaffold (the length of the single-stranded region) rather than
the precise placement of the recognition element. Finally, no signal
suppression is observed with a 17-base recognition strand lacking
biotin (ctrl in Figure 2).

In contrast to the above-described sensors, sensors fabricated with
biotin on the 3’ terminus of the recognition strand, which places
the recognition element proximal to the electrode, display rather
more complex behavior (Figure 2, bottom). As was true of all of
the 5" recognition strands we investigated, short 3’ recognition
strands generate ‘“‘signal-off” sensors in which target binding
suppresses the signaling current. 3 recognition strands of 21 or
more bases, however, produce “signal-on” sensors in which target
binding increases the faradaic current, culminating in the 15%
increase observed for a 23-base, 3’ recognition strand (centered on
the 27-base anchoring strand). We presume this signal-on behavior
arises when target binding to the proximal side of the double-
stranded scaffold forces its distal end (and thus the methylene blue)
toward the electrode surface, increasing electron transfer. A shorter,
17-base recognition strand that retains the same recognition element
location (sequence 23S17B3) yields a still greater signal increase
(~45%, see Figure 3), supporting the argument that scaffold
flexibility is a key design parameter.
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Figure 1. Here we demonstrate a novel electrochemical sensing architecture that retains the selectivity and convenience of E-DNA sensors' ' while
expanding its range to the detection of macromolecules that bind to specific small molecules. The new architecture utilizes a largely double-stranded DNA
as a rigid-but-dynamic scaffold to support a small-molecule recognition element. One strand of the scaffold, the “anchoring strand”, is attached to the
electrode surface at its thiol-modified 5" terminus and labeled with a redox tag (here methylene blue) at its 3" terminus. The second strand, the “recognition
strand”, is modified either at its 3" terminus or, as shown, its 5" terminus with a small-molecule recognition element. (Left) In the unbound state, the scaffold
supports efficient electron transfer between the redox label and the electrode. (Center) The binding of the macromolecular target to this recognition element
reduces the transfer efficiency, thus significantly reducing the observed faradaic current. (Right) Shown here are representative square wave voltammograms
of the free and target-bound sensor (for the detection of 30 nM anti-digoxigenin antibody in 50% blood serum).
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Figure 2. Sensor response depends on the flexibility of the DNA scaffold.
Using a 27 base anchoring strand and 5" placement of the biotin recognition
element (distal to the electrode), we achieve optimal signaling with a
recognition strand of 19 bases (centered on the middle of the anchoring
strand). In contrast, 3" placement of the recognition element produces a
sharp transition from signal-off behavior at short lengths to signal-on
behavior for recognition strands of 21 or more bases. Double-stranded
scaffolds 17 bases in length lacking the small molecule recognition element
(Ctrl) do not respond to target. All data represent addition of saturating (50
nM) streptavidin target.

The new sensor platform is sensitive, selective, reusable, and
rapid. Both the signal-on and signal-off streptavidin sensors respond
sensitively to their target, exhibiting detection limits below 1 nM
(Figure 3). Neither architecture responds significantly to nontargeted
proteins, such as a mixture of IgG antibodies (Figure S2), and both
architectures support the detection of their targets directly in
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Figure 3. Both the signal-on and signal-off streptavidin sensors achieve
subnanomolar detection limits and are able to function in complex samples.
Shown on the top are titrations of signal-on (23S17B3) and signal-off (19B5)
streptavidin sensors in buffer (the biphasic nature of the curves arises due
to the subnanomolar dissociation constant of the streptavidin—biotin
interaction). The sensors function comparably in complex samples such as
blood serum, soil suspensions, and beer (bottom), yielding similar signals
upon addition of saturating (30 nM) streptavidin target. The error bars in
this and the following figure represent the standard deviations of measure-
ments conducted using three separately fabricated electrodes. The signal-
on construct has large electrode-to-electrode variability in gain, although
detection limits are similar for each individual electrode. (Figure S7 presents
titration data for individual electrodes.)

complex sample matrices, such as 50% blood serum, 5% (w/v) soil
in buffer, and foodstuffs (Figure 3, bottom and Figure S3). The
sensors are also readily regenerable: a short rinse with deionized
water to disrupt hybridization and remove the recognition strand
before the addition of fresh recognition strand allows reuse for more
than five cycles (Figure S4). Finally, both sensors equilibrate
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Figure 4. The new sensing architecture appears to be general. For example,
employing digoxigenin as the recognition element we readily detect anti-
digoxigenin antibodies at low nanomolar concentrations in buffer (top; the
biphasic curve arises due to the subnanomolar dissociation constant of the
antibody—digoxigenin interaction). Antibody detection also functioned in
complex sample matrices (bottom), with comparable signals obtained upon
addition of saturating (30 nM) antibody target. Unlike the streptavidin sensor,
no “signal-on” sensors are observed, suggesting that the “signal-off”
approach may be more general.

rapidly, achieving saturation with exponential time constants of less
than 4 min (10 nM target; Figure S5).

To test the generality of our approach, we have also fabricated
sensors employing the steroid digoxigenin as the recognition
element. Using a 19-base recognition strand with a 5" digoxigenin
label (sequence 19D5), we obtain a limit of detection of ~5 nM
for monoclonal anti-digoxigenin antibodies in both buffer (Figure
4) and 50% blood serum (Figure S3). Unlike the streptavidin sensor,
however, recognition strands employing a 3” (i.e., electrode
proximal) digoxigenin do not produce “signal-on” sensors (Figure
S6), suggesting that the signal-on mechanism is sensitive to
the precise geometry of the target—receptor complex and may not
be as general as the “signal-off” architecture. Like its predecessor,
the digoxigenin-based sensor is specific, selective, and rapid: it does
not respond to other, nontargeted proteins (Figure S2); performs
well when deployed directly in buffer, blood serum, soil suspen-
sions, and foodstuffs (Figure 4); and exhibits exponential equilibra-
tion with a time constant of 10 min (30 nM target; Figure S5).

This new sensing approach offers several significant advantages
over other methods for monitoring protein—small molecule interac-
tions or detecting proteins that bind to specific small molecule
targets. For example, while standard methods for protein detection,
such as ELISAs and western blots, can be several orders of
magnitude more sensitive,'” they are time and capital intensive and
typically involve reagent-intensive amplification steps and multiple
washings.'®!'? Less cumbersome methods for monitoring protein—
small molecule interactions, such as fluorescence polarization and
surface plasmon resonance (SPR) and quartz crystal microbalance
(QCM) approaches, often fail in complex samples because of

background fluorescence® or nonspecific adsorption.*'-** Finally,
while our approach is intellectually related to the promising new
method of Rant and co-workers*>** in which binding-induced
changes in the electrostatically driven dynamics of DNA are
monitored optically, our approach appears less technically complex
and, because of the relative paucity of electroactive interferants,
may be better suited for deployment in complex samples.

In short, the approach we have demonstrated here is rapid and
convenient and functions even when challenged directly in clinically
and environmentally relevant samples. Moreover, it appears that
this new approach may also be rather versatile; in principle, given
a target macromolecule large enough to alter the collision dynamics
of the scaffold, the only limiting factor is the ability to effectively
conjugate the relevant small recognition molecule to a rigid-yet-
dynamic scaffold.
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