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DNA aptamers and DNAzymes have recently received
considerable attention in chemical-biology research.[1] These
two classes of synthetic DNA molecules, which can be
isolated from random-sequence DNA pools by in vitro
selection,[2] are regarded as attractive alternatives to anti-
bodies and enzymes. Particular advantages are the greater
chemical stability of DNA and its straightforward preparation
by automated synthesis. A large number of DNA aptamers
have been produced for the recognition of targets ranging
from small molecules (such as adenosine triphosphate (ATP))
to proteins (such as thrombin) and complex molecular
assemblies (such as cells).[3] Likewise, many DNAzymes
have been synthesized for the catalysis of diverse chemical
reactions, such as the cleavage and ligation of DNA and
RNA.[4] More recently, the concept of allosteric ribozymes[5]

has been adapted to the design of allosteric DNAzymes, in
which a DNA aptamer is connected to a DNAzyme in such a
way that the DNAzyme can only be activated by the ligand
that binds to the aptamer.[6] Allosteric DNAzymes are
interesting as biosensing tools, because the molecular-recog-
nition event between an aptamer and its specific ligand can be
translated into the activity of a DNAzyme for signal
generation and amplification.

Rolling circle amplification (RCA) is a simple enzymatic
process that can be used to generate very long single-stranded
DNA (ssDNA) molecules with tandem repeats.[7] This process
is carried out with a short DNA primer and a circular
template under isothermal conditions by special DNA
polymerases, such as f29 DNA polymerase, with strand-
displacement abilities. RCA has traditionally been used for
the sensitive detection of DNA.[8] In recent years, however,
RCA has been extended to the detection of other targets, such
as proteins and small molecules, through the use of DNA
aptamers and allosteric DNAzymes.[9] For example, the
research groups of Willner and Mao recently used the RCA
technique to generate repetitive units of a reporter DNAzyme
for the highly sensitive detection of DNA.[9e,f] Ellington and
co-workers created a ligand-dependent ligase DNAzyme that

can generate a circular DNA template to initiate an RCA
process as a way to detect small-molecule targets[9d] and
proteins.[9b] However, the use of RCA and functional DNA
for the sensing of non-nucleic-acid targets in a colorimetric
format has yet to be demonstrated and was the focus of the
current study. We believe such assays will expand the practical
utility of functional nucleic acids significantly.

Our strategy is illustrated in Figure 1. Three key designs
are implemented: an RNA-cleaving allosteric DNAzyme,
RCA, and a colorimetric reporting mechanism based on a
peptide nucleic acid (PNA) and an organic dye. In the
presence of the intended target, the allosteric DNAzyme

cleaves a special RNA-containing substrate and releases a
DNA molecule that can be used by f29 DNA polymerase as
the primer to initiate an RCA reaction for the generation of a
long ssDNA molecule. The RCA products are then detected
colorimetrically upon hybridization with a complementary
PNA in the presence of DiSC2(5) (3,3’-diethylthiadicarbo-
cyanine). PNA molecules are known to form highly stable
duplex structures with complementary DNA sequences.[10] It
has also been reported that DiSC2(5) changes color from blue
to purple upon binding to a DNA/PNA duplex. This

Figure 1. Schematic representation of the colorimetric detection of a
specific target by using a) an RNA-cleaving allosteric DNAzyme,
b) RCA, and c) PNA and DiSC2(5). When the target is present, the
allosteric DNAzyme cleaves its substrate and generates a DNA primer
to initiate RCA. The resulting long ssDNA forms a duplex with a
complementary PNA. DiSC2(5) binds the PNA/DNA duplex and
changes its color from blue to purple.
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phenomenon has been used for colorimetric DNA detec-
tion.[11] As we demonstrate herein, by employing RCA, PNA,
and DiSC2(5), we can translate the binding event between an
allosteric RNA-cleaving DNAzyme and its cognate target
into a colorimetric signal visible to the naked eye.

First, we examined the colorimetric characteristics of the
DiSC2(5)–PNA probe in the presence of the RCA product.
We synthesized a circular ssDNA template, named “RCA-T”
(Figure 2a), by using a previously reported protocol.[12] RCA-
T and the matching primer, “RCA-P”, were used to perform

the RCA reaction as described previously.[13] The details of
this reaction and subsequent color-development procedures
are provided in the Supporting Information. We found that
DiSC2(5) retained the blue color in the hybridization buffer
(50 mm Tris-HCl (Tris = 2-amino-2-hydroxymethylpropane-
1,3-diol), pH 7.5, and 100 mm NaCl; Figure 2 b, tube 1). When
DiSC2(5) was mixed with the RCA product, no significant
color change was observed (tube 2). However, when treated
with the RCA product in the presence of the complementary
PNA (named “PNA1”; its sequence is given in Figure 2a), the
dye turned purple (tube 3). The dye slowly aggregated in the
hybridization buffer with and without the RCA product; in
contrast, no aggregation occurred in the presence of both the
RCA product and the PNA. The dye gradually turned purple
in the solution of the PNA alone, as in the solution of the
PNA–DNA duplex. However, as previously reported,[11] upon
heating and cooling, the purple color appeared faster (in less
than 1 min) with the PNA–DNA duplex than with the PNA
alone (at least 5 min was required).

We also analyzed the absorption spectra of solutions 1–3
(Figure 2b). The maximal absorbance of the dye in the
hybridization buffer occurred at 646 nm. With the RCA

product and PNA, the maximal absorbance was shifted to
537 nm. In comparison, the mixture of the dye and RCA
product produced a broadened peak between 500 and 680 nm.
These spectra are similar to those observed by others for PNA
molecules hybridized to short DNA oligonucleotides.[11] In
short, these results demonstrate that DiSC2(5)–PNA can
indeed be used as colorimetric probe to visualize long ssDNA
produced by RCA.

We next examined RCA carried out with “pH6-ET4”
(Figure 3a), an ATP-sensing allosteric DNAzyme that we had
designed previously[6d] by combining an RNA-cleaving and

fluorescence-signaling DNAzyme named “pH6DZ1”[14] with
an ATP-binding DNA aptamer.[15] The DNAzyme pH6-ET4
can adopt two different conformations: In the absence of
ATP, it adopts an inactive structure in which several catalyti-
cally important nucleotides form a short duplex with part of
the aptamer sequence. In the presence of ATP, however, it
switches to the active conformation, because the aptamer
domain folds into its binding structure and frees the catalytic
core of the DNAzyme, which then cleaves the RNA linkage
(“rA”, adenine ribonucleotide) embedded in a substrate (S1)
otherwise composed of DNA. The cleavage event generates
two separate DNA molecules, one of which (i.e. the cleaved
fragment 5’ to the cleavage side, denoted “P1”) is designated
as the primer to initiate RCA. Key to this design is the
placement of a masked primer that can only be retrieved for
RCA upon the target-induced cleavage of S1 by the DNA-
zyme. Thus, the recognition of the target by the aptamer is
translated into an RCA process.

Figure 2. a) DNA sequences used for the test RCA reaction. b) Color
and absorption spectra of DiSC2(5) in the hybridization buffer alone
(1), with the RCA product (2), and in a mixture of the RCA product
and the PNA probe (3).

Figure 3. a) Conformations of “pH6-ET4”, an ATP-dependent allosteric
DNAzyme, and a PAGE gel showing the cleavage reaction in the
reaction buffer alone (lane 2) and in the presence of GTP (lane 3) or
ATP (lane 4). NR: no reaction. b) Agarose gel with RCA products: RCA
with authentic P1 (lane 1); DNAzyme/S1 incubated in the cleavage
buffer alone (lane 2) and in the presence GTP (lane 3) or ATP (lane 4).
Lane L: DNA ladder. c) Color observed when samples 1–4 were mixed
with PNA/DiSC2(5). P1 bears a 2’,3’-cyclic phosphate, which needs to
be removed prior to RCA. T4 polynucleotide kinase (PNK) cleaves the
2’,3’-cyclic phosphate.[16]
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Because of the fluorophore and quencher attached to the
two Tresidues flanking the cleavage site in pH6-ET4 (F and Q
in Figure 3a), the DNAzyme could also report target binding
through the generation of a fluorescence signal. The activity
of pH6-ET4 was confirmed to be dependent on the presence
of ATP, as revealed by PAGE (polyacrylamide gel electro-
phoresis; Figure 3a): A much larger quantity of P1 (which is
fluorescent and can be detected by fluorimaging) was
produced in the mixture containing 1 mm ATP than in the
mixture containing no ATP or 1 mm guanosine triphosphate
(GTP, which has no affinity for the DNA aptamer).

P1 was designed to be complementary to part of the
circular template RCA-T (underlined nucleotides in Fig-
ure 2a). Four separate RCA reactions were performed, and
the RCA product was analyzed by agarose gel electrophoresis
(Figure 3b). When RCA-T was incubated with precleaved P1
(a positive control), a significant amount of the RCA product
(which was bigger than the 12 000 base-pair marker in the
DNA ladder in lane L) was observed (Figure 3b, lane 1). As
expected, a similar amount of the RCA product was observed
when RCA-T was incubated with the reaction mixture pH6-
ET4/S1/ATP (Figure 3 b, lane 4). In contrast, only a small
amount of the RCA product was produced when ATP was
omitted (Figure 3b, lane 2) or replaced with GTP (lane 3).

Each reaction mixture described above was combined
with PNA1 (5 mm) and the DiSC2(5) dye (50 mm). The
resulting solutions were heated at 90 8C for 2 min and then
cooled to room temperature to facilitate hybridization
between the PNA and the RCA product and thus color
development (Figure 3c). Both sample 2 (2PNA) and
sample 3 (3PNA) retained the blue color of the dye; in
contrast, sample 1 (1PNA) and sample 4 (4PNA) produced
the expected purple color.

We also performed RCA reactions with the pH6-ET4/S1
cleavage products incubated with ATP (0, 50, 100, 250, 500,
and 1000 mm). These reactions were conducted in the
presence of a trace amount of [a-32P]dGTP so that we could
correlate the amount of the RCA product, measured on the
basis of radioactivity (Figure 4 a), with the development of the
purple color (Figure 4b). As expected, more of the RCA
product and a more intense purple color were observed when
more ATP was used. For comparison, a fluorescent gel image
of the cleavage reaction at varying concentrations of ATP is
also provided in the Supporting Information as Figure S1: The
cleavage product was observed when 100 mm ATP was used,
in agreement with the colorimetric results in Figure 4.

Finally, we quantified the color response (CR) of the
colorimetric samples (Figure 4c) by comparing absorbance
according to a reported protocol[17] (see the Supporting
Information for details). As mentioned earlier, a long
incubation of DiSC2 with PNA alone can produce a purple
color. To alleviate this problem, we measured the absorbance
of the dye with the RCA product/PNA duplex in the presence
of succinyl-b-cyclodextrin (Succ-b-CyD).[18] This reagent has
been shown to interrupt the binding of the dye to PNA alone
without interfering with its ability to bind to the RCA
product/PNA duplex.[18] Therefore, the ratio of the absorb-
ance of the dye at 535 nm to that at 647 nm can be related
directly to the amount of RCA product produced at different

concentrations of ATP. Indeed, the CR profile of the RCA
reaction mixtures at tested concentrations of ATP (Figure 4c)
reflects the increasing intensity of the purple color of relevant
solutions (Figure 4 b).

In summary, we have demonstrated that the action of an
allosteric RNA-cleaving DNAzyme can be linked to RCA for
the production of long ssDNA molecules to enable colori-
metric sensing through the hybridization of a complementary
PNA sequence in the presence of a duplex-binding dye, such
as DiSC2(5). We believe that this approach is suitable as a
general strategy for the discovery of colorimetric biosensors
for the detection of a target analyte for which an allosteric
RNA-cleaving DNAzyme can be designed or created.
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