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Abstract

In a traditional sandwich assay, a DNA target hybridizes to a single copy of the signal probe. Here
we employ a modified signal probe containing a methylene blue (a redox moiety) label and a
“sticky end.” When a DNA target hybridizes this signal probe, the sticky end remains free to
hybridize another target leading to the creation of a supersandwich structure containing multiple
labels. This leads to large signal amplification upon monitoring by voltammetry.

The sandwich assay has become a mainstay for the detection of oligonucleotides.1—®
Typically in such assays a surface-bound capture probe specifically hybridizes with one
region of a target oligonucleotide sequence. To complete the assay, a second probe, the
signal probe, which is labeled with a fluorescent,10-12 enzymatic,5:8:13-15 or electroactive
signaling moiety,2:3:9:16-19 js hybridized to a second region on the target, forming a capture
probe—target oligonucleotide—signal probe “sandwich”. The utility of this approach is
twofold. First, it does not require that the target oligonucleotide to be fluorescently,
enzymatically, or otherwise labeled.2 Second, the capture and signal probes do not come
into proximity in the absence of target, which reduces background signals, increases gain
(signal change upon target binding), and leads to often impressive detection limits.

Despite their many positive attributes, a limitation of traditional sandwich assays is that each
target strand hybridizes only a single copy of the capture probe and signal probe, limiting
the total signal gain and thus sensitivity. In order to overcome this, gold nanoparticles,
quantum dots, supramolecular polymerization, or enzymes (such as HRP) have been
employed as signal-probe tags due to their ability to produce amplified signals.1+4~
12,14,15,20-31 These approaches, however, typically require time-consuming, multistep
processing, such as washing or amplification steps, in order to reduce false positive or
negative signals arising from the nonspecific adsorption of the catalytic signaling moiety. As
such, a simple and straightforward approach to improving the workflow of sandwich assays
without degrading sensitivity could thus improve their utility. Motivated by this observation,
we demonstrate here a sensitive, selective “supersandwich” assay that achieves a
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significantly higher gain than traditional sandwich assays without a concomitant
requirement for additional steps after hybridization.

In a traditional sandwich assay, a single target molecule hybridizes with a single signal
probe (Figure 1, inset). Here we have modified this approach by using signal probes that
hybridize to two regions of a target DNA in such a manner that a single signal probe
hybridizes more readily to complementary regions on each of two target molecules than to
two regions on a single target molecule.12 Hybridization thus creates long concatamers
containing multiple target molecules and signal probes (Figure 1). As a first step toward this
goal, we have fabricated supersandwich signal probes directed against a specific target
sequence and employed gel electrophoresis to confirm the formation of the proposed
“supersandwich” structure. This analysis (Supporting Information Figure S1, left) produces
a ladder of different lengths of the supersandwich structure, with the maximum length being
~1000 base pairs. Correspondingly, the traditional sandwich structure produces only bands
of less than 75 base pairs (Figure S1, right).

Fortified by the above gel electrophoresis results, we developed an electrochemical
supersandwich assay using an electrode-bound capture probe attached to a gold electrode via
a hexanethiol at its 5’ terminus. The second component of the assay, the signal probe, is
modified with the redox moiety methylene blue. In the absence of targets, we observe only a
small reduction peak at the potential expected for methylene blue. This background peak
presumably arises due to signal probes freely diffusing in solution. After the addition of the
target DNA, the concatenated supersandwich structure forms, and its multiple methylene
blue tags produce a large increase in faradic current (Figure 2, left). The traditional
sandwich assay, in contrast, produces a much smaller signal increase due to its 1:1 ratio of
capture to signal probe (Figure 2, right). Despite the larger structures involved in the
supersandwich assay, both it and the traditional assay produce similar electron transfer rates
(Supporting Information Figure S2).

The improved gain of the supersandwich assay leads to significantly improved detection
limits relative to a traditional sandwich assay. For example, we achieve a detection limit of
100 fM (defined as 3 standard deviations above the blank; the red lines in Figure 2), above
which we observed monotonically increasing current with increasing target concentration
until a signal gain of 300% is achieved at a target concentration of 100 nM (Figure 3). In
contrast, we obtain a 100 pM detection limit using the traditional sandwich assay, some 3
orders of magnitude poorer than that of the supersandwich assay. Of note, while the
improvement in gain of the supersandwich assay relative to the traditional assay is only 10-
fold (at 100 pM) (Figure 3), the improvement in detection limit is much greater. We believe
that this stems from two effects. First, the interplay between the two dissociation constants
in the supersandwich assay (those for formation of the signal probe—target complex and for
the association of this complex with a capture probe) alters the shape of the concentration
versus signal response curve of the assay. Second, given the shapes of the curves for the
supersandwich and traditional assays, a 10-fold change in gain pushes the detection limit
(the point at which the signal rises above some detection threshold) much more than 10-fold
down the concentration axis.

Given that the formation of the supersandwich complex requires multiple binding events, the
formation of the complex is likely more sensitive to mismatches than would be the
formation of a simple target—probe duplex. Consistent with this, the supersandwich assay
achieves its improved detection limit without sacrificing specificity. To show this, we
challenged the assay using representative one-base, three-base, and five-base mismatched
targets and found that it readily discriminates between these and fully complementary
targets (Supporting Information Figure S3).
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The electrochemical readout mechanism of our implementation of the supersandwich assay
leads to good selectivity. Specifically, we find that, despite lacking washing steps, the
electrochemical supersandwich assay performs well when challenged directly in complex
clinical samples (Figure 3, red line). We achieve, for example, nearly indistinguishable
signals when the assay is challenged either in buffered saline or in 50% blood serum despite
the highly complex, multicomponent nature of the latter.

The supersandwich assay appears more straightforward than many existing amplification-
based sandwich assays and competes well with them in terms of sensitivity. For example,
our assay does not require either the multiple self-assembly steps required by gold
nanoparticle-based amplification assays*7:8:23 or washing steps or any of the sophisticated
passivation steps required by enzymatic-based amplification and traditional ELISA assays.
58,14 Finally, the supersandwich assay is reusable: room-temperature immersion in 8 M urea
readily regenerates the sensor, even when it has been deployed in blood serum (Figure 3,
right). Moreover, the supersandwich assay couples these potential benefits with detection
limits comparable to those of other, much more complex amplification assays, including
HRP-based amplification (femtomolar detection limits)®:8:14:15,29.31,32 o1 gold nanoparticle-
based amplification (femtomolar detection limits).1:9:26:27
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Supersandwich Assay

Figure 1.

In a traditional DNA sandwich assay, a single target molecule hybridizes with a single signal
probe (inset). Here we have modified this approach by using signal probes that hybridize to
two regions of the target DNA, thus creating long concatamers containing multiple target
molecules and signal probes and leading to improved signaling and detection limits. In the
sensor design, the capture probe DNA and the signal probe (supersandwich) DNA are
actually of the same sequence except for the modifications on the two ends. Of note, the
affinity of the signal probe for the target is slightly higher than the affinity of the target for
the capture probe (due to steric interactions with the electrode), and thus every time a
capture probe is occupied, it is occupied by a sandwich and not simply by a target probe
lacking a signaling probe.

J Am Chem Soc. Author manuscript; available in PMC 2011 April 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xiaetal.

Current / nA
3 S 8

o

Figure 2.

Supersandwich
Capture

Signal
_-Probe
.- Prol

~ Target

Capture

Signal
_Probe

Capture
SBlobe

Traditional sandwich

Capture
Signal
/ Pidbe
S
/ Target
Capture
0

Signal
.- Probe

" Gapt
. aniee

01 02 -03 -04
Voltage / V

01 0.2 03 -04
Voltage / V

Page 6

In the absence of targets, we observe small reduction peaks at the —0.24 V (versus Ag/AgCl)
potential expected for methylene blue. The background peak presumably arises due to the
interaction between the capture probes and signal probes. The supersandwich structure with
multiple methylene blue moieties forms after the addition of the targets, which leads to a

large increase of the faradic current (left). This contrasts sharply with the traditional

sandwich assay, which has a relatively small signal increase due to only one methylene blue

(right).
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Figure 3.

(Left) We readily achieved statistically significant detection of target at a concentration as
low as 100 fM (100 pM detection limit for traditional sandwich assay). Above this
concentration we observed a monotonically increasing current with increasing target
concentration until a signal gain of 300% is achieved at 100 nM. (Right) The supersandwich
assay is likewise selective and reusable. For example, it performs well when challenged
directly in 50% serum (here at 1 xM target) and can, via washing, be reused several times
before significant degradation is observed.
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