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ABSTRACT: Functional nucleic acids (FNAs), such as DNAzymes and DNA aptamers, can be
engineered into circular forms for improved performance. Circular FNAs are promising candidates for
bioanalytical and biomedical applications due to their intriguing properties of enhanced biological
stability and compatibility with rolling circle amplification. They are typically made from linear single-
stranded (ss) DNA molecules via ligase-mediated ligation. However, it remains a great challenge to
synthesize circular ssDNA molecules in high yield due to inherent side reactions where two or more of
the same ssDNA molecules are ligated. Herein, we present a strategy to overcome this issue by first using
in vitro selection to search from a random-sequence DNA library a ligatable DNA aptamer that binds a
DNA ligase and then by engineering this aptamer into a general-purpose templating DNA scaffold to
guide the ligase to execute selective intramolecular circularization. We demonstrate the broad utility of this approach via the creation
of several species of circular DNA molecules, including a circular DNAzyme sensor for a bacterium and a circular DNA aptamer
sensor for a protein target with excellent detection sensitivity and specificity.

■ INTRODUCTION
Circular functional nucleic acids (cFNAs) refer to naturally
occurring or artificial FNAs (e.g., aptamers, DNA enzymes,
ribozymes, and aptazymes) with closed-loop configuration.1

They offer unique features that include FNA-enabled catalysis
and/or molecular recognition, inaccessible by exonucleases
(due to the lack of 5′ and 3′ ends), higher thermodynamic
stability, programmability for molecular device engineering,
and the ability for replication by DNA polymerases in a rolling
circle manner. These traits have made them popular choices as
building blocks to set up molecular systems for wide-ranging
applications in disease therapy, medical diagnosis, biosensing,
and DNA nanotechnology.2−8

A common approach for circular DNA synthesis is ligase-
mediated circularization of linear single-stranded (ss) DNA
oligonucleotides that can be chemically synthesized. For
example, T4 DNA ligase (T4DL) is widely used to circularize
a ssDNA with the assistance of a splint DNA strand by ligating
the juxtaposed 3′-hydroxy and 5′-phosphate termini of a
ssDNA molecule (Scheme 1a).9,10 Another enzyme, CircLi-
gase, can also be used to catalyze the end joining of a ssDNA
bearing complementary ends (Scheme 1b).11−13 However, the
circularization yield in these reactions is relatively low because
these approaches are also inherently capable of generating
linear ligated products (LLP; the ligation of two or more of the
same linear DNA molecules to create dimers, trimers, and
multimers).14,15 These side reactions occur because templated
DNA synthesis is not programmed to offer high selectivity for
intramolecular circularization over intermolecular ligation

(there is no significant entropic difference between these two
ligation reactions). Optimizing reaction conditions (e.g.,
Mg(II) concentration and temperature) and sequence design
(e.g., stem length) can improve the yield and selectivity to
some extent, but it cannot fundamentally exclude intermo-
lecular ligation.16,17 In addition, the base pairings near the end-
joining site have to be carefully designed to reduce the negative
effect of the size, structure, and topology on the circulariza-
tion.18,19

We hypothesize that a possible solution to overcome the
non-selective circularization issue is to develop a templating
scaffold with the necessary structural arrangements that
predominantly favor intramolecular circularization over inter-
molecular ligation. We further postulate that such a scaffold
can be designed using unique DNA molecules that both bind
the ligase enzyme to be employed for DNA circularization and
act as the substrate for ligation by the ligase. In other words, it
may be possible to first create a ligatable DNA aptamer for the
ligase, which can then be engineered into a generalizable
scaffold to guide the ligase to carry out selective intramolecular
ligation.
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To test this idea, we chose T4DL as the focal ligase, a DNA
ligase widely used to perform DNA ligation reaction.9,10 We
hypothesize that there are special DNA molecules within the
random sequence space that can recognize T4DL with high
affinity and get ligated by T4DL, and such molecules can be
isolated using the technique of in vitro selection (also known
as SELEX).20−22 As we will show in this report, we have
successfully selected a ligatable DNA aptamer that has high
affinity for T4DL (Scheme 1c). We have also carried out
experiments to understand its secondary structure features,
which lay the foundation for us to engineer a templating DNA
scaffold, named TDS1, to allow T4DL to carry out selective
intramolecular circularization of a ssDNA molecule of choice
(Scheme 1d). Finally, We will demonstrate that TDS1 can be
used to perform the high-yield selective synthesis of a series of
circular DNA molecules, including a circular DNAzyme and a
circular DNA aptamer that are designed to achieve specific
bacterial detection.

■ RESULTS AND DISCUSSION
In Vitro Selection. The SELEX strategy includes three key

enzymatic reactions (Figure 1): DNA circularization by T4DL,
rolling circle amplification (RCA) by phi29 DNA polymerase
(phi29DP), and restriction digestion by EcoRV (see Table S1
in the Supporting Information for details on all the DNA
molecules used in this study).23 The starting linear DNA
library, DL1 contains, in the 5′ to 3′ direction, a 5′-phosphate,
a 5′ 15-nt (nt: nucleotide) constant sequence element, a
central 40-nt random region (N40), and a 3′ 17-nt constant
sequence element. The last sequence element is designed to
contain a 6-base pair stem and a 5-nt loop, which positions the
3′-hydroxy terminus of the library in duplex form to facilitate
intramolecular ligation. In step i, DL1 (∼1015) was incubated
with T4DL in the selection buffer containing ATP: this step
was aimed to isolate specific sequences named CTA under-
going circularization by T4DL. CTA was collected and
subjected to RCA (RCA1; step ii) to produce complementary
copies of CTA in large tandem repeats, which was digested

with EcoRV into monomers (RP1; step iii). End-to-end ligation
of RP1 was carried out in the presence of T4DL and a ssDNA
splint, producing a new circular template named CTB (step
iv). This was followed by another round of RCA (RCA2; step
v) and restriction digestion (step vi) to regenerate the DNA
pool for the next round of selection. A total of 14 SELEX
cycles were performed. The 14th DNA pool was sequenced
using our previously described protocols.24

Characterization of DAS1. The most dominant sequence,
DAS1, accounts for ∼24%, indicating effective enrichment
(Table S2). A secondary structure for DAS1 predicted by the
mfold program (http://www.unafold.org/mfold/applications/
dna-foldingform.php) is shown in Figure 2a. DAS1 contains
one ss region (SS1), three short duplexes (P1, P2, and P3),
three hairpin loops (L1, L2, and L3), and one interhelical
unpaired element (J2/3). Figure 2b shows that DAS1 exhibited
a yield of circularization (Y%) of 90% within 10 min for the

Scheme 1. Traditional Strategiesa

a(a) T4 DNA ligase and (b) CircLigase-catalyzed intramolecular
circularization of a ssDNA, both of which are inevitably accompanied
by intermolecular ligation to produce linear ligated products. (c)
Proposed ligatable DNA aptamer for the T4 DNA ligase, which also
serves as a substrate that favors intramolecular circularization by the
ligase. (d) Engineering the DNA aptamer into a templating DNA
scaffold (red) to guide selective circularization of a second DNA
molecule (blue).

Figure 1. In vitro selection cycle employing multiple enzymatic
reactions: DNA ligation with T4DL (steps i and iv), RCA (steps ii
and iv), and restriction digestion with EcoRV (steps iii and vi).

Figure 2. (a) Proposed secondary structure of DAS1. (b) Time-
dependent intramolecular circularization of DAS1 by T4DL. Lane M:
DAS1; LLP: linear ligated products; CDAS1: circular DAS1; Y%:
circularization yield; S%: circularization selectivity. (c) Determination
of Kd for DAS1 (or DAS1M) against T4DL using fluorescence
anisotropy. (d) Comparison of Kd for DAS1 and DAS1M by four
different DNA ligases: T4DL, TaqDL, T3DL, and T7DL.
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formation of its monomeric ring, CDAS1. No CDAS1 was
observed in the absence of T4DL (Figure S1). We also used
the term “circularization selectivity” (S%) to describe the
selectivity of DAS1 for intramolecular circularization over
intermolecular ligation. Remarkably, S% of DAS1 was
determined to be 97%, indicating that DAS1 nearly exclusively
favors circularization. Furthermore, DAS1 exhibited the
highest Y% and S% compared with the other top four
sequences (Figure S2), and therefore, we chose DAS1 as the
focal molecule in this study.
To further evaluate the performance in terms of Y% and S%,

we carried out three additional experiments. First, DAS1 was
used as a substrate for T4DL in a standard ligation reaction
where a DNA splint (DS1) was used to template the 5′ and 3′
ends of DAS1 for circularization. It was observed that S% is
highly dependent on the stoichiometric ratio between the
splint and the substrate (Figure S3): S% were found to be 75,
66, and 59% when the ratios of DS1:DAS1 were set to be 1:1,
1.5:1, and 3:1, respectively. However, Y% was observed to be
37−40%, regardless of the ratio. Second, for circularization of
DAS1 by CircLigase, we observed a Y% of only 19% and an S%
of 72% in a reaction time of 10 min (Figure S4). In the third
experiment, a different DNA ligase, Taq DNA ligase (TaqDL),
was used to replace T4DL, which produced a Y% of only 7%
and an S% of 70% (Figure S5). Note that both CircLigase and
TaqDL are active at elevated temperatures (45 and 60 °C for
CircLigase and TaqDL, respectively), which appears to reduce
the formation of polymeric byproducts and favor circulariza-
tion. Taken together, these results demonstrate that DAS1 is a
highly specific substrate for T4DL and also suggest that DAS1
adopts a structural arrangement that favors intramolecular
circularization by T4DL.
The specific binding between DAS1 and T4DL was

examined by measuring the dissociation constant (Kd) using
fluorescence anisotropy (Figure 2c). T4DL has been shown to
have micromolar affinity for nonspecific DNA binding.25

However, T4DL showed significantly better binding affinity for

DAS1 with a Kd of 300 ± 21 nM while exhibiting an over 4-
fold affinity reduction for mutant DAS1 (DAS1M in which the
nucleotides in L2 and J2/3 were mutated into adenosine
residues), with a Kd of 1268 ± 300 nM. The binding affinity for
DAS1 and DAS1M was also measured for three other DNA
ligases: TaqDL (Figure S6a), T3 DNA ligase (T3DL; Figure
S6b), and T7 DNA ligase (T7DL; Figure S6c). TaqDL showed
good affinity for (Kd = 550 ± 38 nM) but poor selectivity for
DAS1 over DAS1M (only 1.1-fold difference in Kd. The affinity
for DAS1 by T3DL (Kd = 1936 ± 347 nM) and T7DL (Kd =
2415 ± 163 nM) was much poorer; the selectivity for DAS1
over DAS1M by both T3DL and T7DL was also significantly
reduced (1.7- and 1.3-fold, respectively, Figure 2d and Figure
S6). Taken together, these results suggest that DAS1 has been
successfully selected both as an aptamer for T4DL and as an
optimal substrate for T4DL-mediated circularization (i.e.,
intramolecular ligation).
To assess the essentiality of each nucleotide within DAS1,

61 mutant constructs of DAS1 were examined (Figure 3 and
Figure S7). Within SS1, A1, C3, and T4 are important for high
Y% as mutation to each of them significantly reduced Y% (M1,
M3, and M4). In contrast, the remaining two nucleotides (T2
and C5) can be mutated (M2 and M5). Within the J2/3
element, T55, G53, A52, C50, and T49 are important
nucleotides and mutation to any one of them drastically
reduced Y% (M10, M12, and M13) or both Y% and S% (M6
and M9). However, G54, T51, A48, and C47 can tolerate
mutations. For P1, mutating the G6-C17 pair into the C-G pair
(M16), T-A pair (M17), or C-C mismatch (M18) significantly
reduced the Y%. Substituting the A7-T16 pair with a T-A pair
(M19) or even an A-A mismatch (M21) did not considerably
impact either Y% and S%; however, Y% was decreased by half
with C-G pair substitution (M20). Mutations of the C8-G15
pair into the G-C pair (M22), T-A pair (M23), or even C-C
mismatch (M24) were well tolerated. Similarly, altering the
T9-A14 pair to an A-T pair (M25), a G-C pair (M26), or A-A
mismatch (M27) did not cause notable reductions in Y% and S

Figure 3. DAS1 with permutated SS1, J2/3, P1, P3, L1, and P2 elements. Nucleotides shown in black circles are the actual altered nucleotides in
each construct in comparison to DAS1. WT: wild-type sequence. Y% is shown beneath each construct, with the S% in parentheses.
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%. For P3, changing the T72-A56 and A71-T57 pairs to the A-
T and T-A pairs (M30) caused the reduction of Y% by half;
however, when they were changed to the G-C and C-G pairs
(M28), or two A-A mismatch pairs (M29), no activity was
observed. G70-C58 and G69-C59 pairs can be substituted with
T-A and A-T pairs without any change in Y% and S% (M31);
however, ligation activity was completely lost when these two
base pairs were substituted with two A-A mismatch pairs
(M32). The C68-G60 pairs could be changed to a G-C pair
(M34) or a T-A pair (M35) but not a C-C mismatch (M36).
For the T67-A61 pair, the substitution with an A-T pair (M37)
or a G-C pair (M38) can be tolerated; however, the
substitution with an A-A mismatch (M39) reduced Y% by
half. For L1, the identities of the 10 nucleotides from G29 to
G38 are important to the optimal function of DAS1 because
mutating any of these nucleotides (M40-M44) caused a
noticeable reduction on Y%. However, the remaining two
nucleotides, T32 and T33, can tolerate mutations (M45). For
P2, when the first four C-G pairs were flipped to G-C pairs
(M46), a significant decrease in Y% was obtained (Y% = 26%).
Changing the top two G-C pairs to two A-T pairs (M49) or
changing the next two G-C pairs to two A-T pairs (M50) or
two C-C mismatch pairs (M48) also caused noticeable Y%
reduction. Interestingly, substituting the two G-C pair with two
C-C mismatch pairs (M47) was well tolerated. The A17-T42
pair could also tolerate, to a large extent, the change to a T-A
(M52) or G-C pair (M53) or even A-A mismatch (M51).
When the G16·T41 wobble pair was mutated into a G-C pair
(M54), no reduction in Y% was observed; however, if the
wobble pair was altered to the A-T pair (M55), then Y%
dropped by half. The C15-G40 pair is also important for the
optimal function of DAS1 as substituting it with a G-C pair
(M57), a T-A pair (M58), or a C-C mismatch (M56) dropped
Y% to ∼60%. Finally, while replacing the T14-A39 pair with an
A-T pair (M59) or a G-C pair (M61) reduced Y% to 50−60%,
it can tolerate an A-A mismatch (M60). Taken together, these
results support the following conclusions: (i) several
nucleotides located within the SS1 and J2/3 elements are
critically involved in the function of DAS1 and cannot tolerate
base mutations; (ii) a few putative base pairs within P1 and P3
are highly important to the function of DAS1 and their
identities cannot be altered while other putative base pairs can
either be substituted with other base pairs or tolerate
mismatches; and (iii) none of the nucleotides within L1 or
the base pairs within P2 (both elements are distal to the
ligation junction) is not essential to the function of DAS1 but
many contribute to the optimal function of DAS1.
Based on the mutational analysis, we also speculate that

weak intramolecular interactions occur between J2/3 and SS1
that position T4DL for binding and ligation. This was
confirmed experimentally: when DAS1 was mutated to
DAS1-I, which was designed to create a very strong
Watson−Crick duplex between SS1, J2/3, and part of P1 in
DAS1 (Figure 4a), the Y% and S% were decreased to 45 and
81%, respectively (Figure 4b). This observation strongly
suggests that the SS1-J2/3 weak interactions play significant
roles in the selective intramolecular ligation.

Converting DAS1 into a Templating DNA Scaffold for
the Selective Synthesis of Circular DNA Molecules. The
proposed secondary structure of DAS1 and finding that its SS1
and J2/3 elements are important for the high Y% and S%
immediately imply that it can be converted into a templating
DNA scaffold to allow T4DL to circularize a second DNA

molecule (Scheme 1d). Specifically, we postulate that keeping
SS1, J2/3, P2, and L2 unchanged and rearranging P1-L1 and
P3-L3 elements to deliver bimolecular interactions involving
the trans-acting DAS1 and the second DNA molecule will
produce a DAS1-derived templating scaffold (which we name
TDS1) to circularize an external DNA molecule.
We first demonstrate this possibility through the synthesis of

a circular version of EC1, a previously described RNA-cleaving
DNAzyme whose activity can be activated by Escherichia
coli.26,27 Two modifications were made to the sequence of
EC1: (i) its 5′ end was expanded to contain the needed SS1
element; (ii) two binding arms were created to allow the
formation of P1 and P3 with a trans-acting version of DAS1
named TDS1.T1 (Figure 5a). Figure 5b shows that circular
EC1 (CEC1) was obtained with a Y% of 94% and an S% of
92% within 10 min. For comparison, the traditional DNA
splint strategy was less effective (Figure S8, Y% = 82%; S% =

Figure 4. (a) Proposed secondary structure of DAS1-I. Nucleotides
shown in two black circles highlight two nucleotides in DAS1-I
mutated from DAS1. (b) Time-dependent circularization of DAS1-I
by T4DL. Lane M: DAS1-I; LLP: linear ligated products; CDAS1-I:
circular DAS1-I.

Figure 5. (a) Schematics of trans-acting TDS1.T1-directed
circularization of LEC1 by T4DL. (b) Time-dependent synthesis of
CEC1. The suspected CEC1 is marked as CEC1-N (N = i or ii,
representing sister CEC1 from the same EC1). Lane M, markers made
of TDS1.T1 and LEC1. (c) Biostability of LEC1 and CEC1 in CIM.
(d) 10% dPAGE analysis of the cleavage of RDS by CEC1-i and E.
coli. F = fluorescein-dT, Q = dabcyl-dT, R = adenosine
ribonucleotide, unclv = uncleaved, clv = cleaved.
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81%). Note that two forms of CEC1 were observed, a slower-
moving species CEC1-i (major product) and a faster-moving
species CEC1-ii (minor product). To confirm that CEC-i and
CEC-ii were two topological isomers, we performed RCA
reactions with gel-purified CEC1-i and CEC1-ii. It was observed
that RCA products (RP) were produced with both CEC1-i and
CEC1-ii (Figure S9). Furthermore, each RP was expected to
contain a recognition sequence (GATATC) for the restriction
enzyme EcoRV. Upon digestion with EcoRV, each RP indeed
produced an identical DNA banding pattern indicative of a
monomer, dimer, and other higher-ordered DNA repeats
(Figure S10).
The crude intracellular mixture (CIM) prepared from E. coli

is often used as the target for the EC1 DNAzyme,28−31 and
therefore, we tested the molecular integrity of linear EC1
(LEC1) and CEC1 in such samples (Figure 5c). As much as
90% of the LEC1 was digested in 1 h, only 13% of CEC1 was
lost. This result indicated that CEC1 was more desirable than
its linear form for bacterial detection. We then examined RNA
cleavage reactions with CEC1 (Figure 5d). In the presence of
E. coli, CEC1-i was indeed able to cleave an RNA-containing
DNA sequence (RDS) in which a ribonucleotide (R) is flanked
immediately by two deoxyribonucleotides, one containing a
fluorophore (F) and the other a quencher (Q).
The cleavage reactions, in response to varying concen-

trations of E. coli, were also monitored by real-time
fluorescence measurement (Figure 6a). This sensor can

achieve a limit of detection (LOD) of 103 cells/mL without
cell culture. This represents a 10-fold improvement in LOD
over the traditional LEC1 sensor.26,27 The increased detection
sensitivity was likely due to the enhanced biological stability of
CEC1 vs LEC1. We also investigated the sensitivity using urine
samples spiked with different concentrations of E. coli. It was
able to detect E. coli at a concentration of 103 cells/mL (Figure
S11). Besides the high sensitivity, this sensor also exhibited
excellent selectivity for its cognate target (Figure 6b). None of
the several arbitrarily chosen bacteria (including Bacillus
subtilis, Burkholderia gladioli, Staphylococcus aureus, Bacillus
cereus, Klebsiella pneumoniae, and Pseudomonas aeruginosa) can
activate CEC1.

To investigate the potential clinical applicability of this
sensor in diagnosis of urinary tract infections (UTIs), we
analyzed 20 clinical urine samples. As shown in Figure 6c, the
DNAzyme assay was able to detect ≥103 CFU/mL E. coli in
seven urine samples (namely, ID 1, 4, 6, 7, 9, 14, and 19) and
≥104 CFU/mL E. coli in three samples (namely, ID 2, 12, and
16). A clinical threshold of 103 CFU/mL was commonly used
by clinicians to decide on UTI treatment.32 Therefore, our
sensor is promising for UTI diagnosis. As a control, we also
carried out E. coli detection for the same biological sample set
using the traditional bacterial culture method (Figure S12).
The result provided in Figure 6d shows that both the bacterial
culture and the DNAzyme method produced comparable E.
coli concentrations in these clinical samples. However, the
sample-to-result time was less than 2.5 h for our sensor,
compared with 15 h needed for the currently used culture-
based methods.
The utility of TDS1 for circularizing external DNA

molecules was further demonstrated by the synthesis of
additional circular DNA molecules. First, TDS1 was used for
circularization of a set of random-sequence DNA pools.
Specifically, the trans-acting TDS1.T1 was used to direct
circularization of five linear DNA pools named DP-10, DP-20,
DP-40, DP-60, and DP-80, which contain random regions of
10, 20, 40, 60, and 80 nucleotides, respectively (Figure S13).
As shown in Figure 7a, the circularization selectivity remained

at high levels (S% > 94%; 10 min reaction), regardless of the
DNA size. The circularization yields slightly decreased with the
increase in DNA length: 96, 93, 90, 83, and 70% for DP-10,
DP-20, DP-40, DP-60, and DP-80, respectively (Figure 7b and
Figure S13; 10 min reaction). In contrast, the conventional
DNA splint-based strategy was much less effective, with S%
varying between 33 and 67% and Y% fluctuating between 32
and 60% (Figure 7b and Figure S14; 10 min reaction). Circular
DNA libraries have been used as the starting pools to select
circular DNA aptamers and DNAzymes that are highly
functional in biological samples,12,33,34 and therefore, TDS1
should be useful for circular random DNA library synthesis for
future SELEX experiments.
In the second experiment, TDS1.T1 was employed for

circularizing a linear 8-17 DNAzyme, named L8-17Dz, a widely
studied RNA-cleaving DNAzyme.35 The TDS1.T1-based
strategy produced a Y% of 94% and an S% of 98% (Figure
S16a; 10 min reaction). For comparison, a Y% of 72% and an S
% of 75% were obtained for the conventional DNA splint-
based strategy (Figure S16b). Taken together, these results
highlight the enticing advantage of TDS1-based circularization
in terms of both reaction yield and circularization selectivity.

Figure 6. (a) Real-time fluorescence monitoring of CEC1-i/RDS at
various E. coli concentrations (cells/mL). (b) 10% dPAGE analysis of
the responses of CEC1-i/RDS to various microbes. Quantification of
E. coli in 20 clinical urine samples using (c) CEC1-i/RDS and (d)
culture-based methods.

Figure 7. Comparison of TDS1.T1 and DS2-mediated circularization
of different-sized DNA pools by T4DL. (a) Circularization selectivity
(S%) and (b) circularization yield (Y%).
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We also performed the DNA splint-mediated circularization
in polyethylene glycol (PEG)-containing conditions to see if
PEG can improve the intramolecular ligation.36 PEG with
three different molecular weights (PEG 200, PEG 1000, and
PEG 8000) was tested for circularizing the DNA library DP-20
(Figure S15). PEG was found to improve both Y% and S% to
some extent; for example, Y% and S% in the PEG1000-
containing buffer were found to be 47 and 50% (Figure S15c)
respectively, compared to 32 and 33% in the PEG-free buffer,
respectively (Figure S14). However, these values are still much
smaller than the Y% (93%) and S% (96%) values observed
with TDS1.T1 mediated reaction (Figure 7).

Rational Design of the Circular DNA Aptamer
Reporter. The multiple examples provided above illustrate
the utility of TDS1 in the preparation of circular DNA
molecules with high yield and high selection for intramolecular
ligation vs intermolecular ligation. We further postulate that
TDS1 can also be combined with a functional nucleic acid to
achieve direct biosensing as we will demonstrate hereafter with
the design of a circular DNA aptamer reporter for the
detection of toxin B, an established biomarker for diagnosing
Clostridium difficile infections.24 As illustrated in Figure 8a, the

reporter is made of an anti-toxin B DNA aptamer (Dapt1) and
a TDS1 that are conjoined by a short duplex bridge composed
of 12 nucleotides (represented by the 12 N residues in Figure
8a). The idea is that in the absence of toxin B, the bridge is not
strong enough to permit circularization. However, the presence
of toxin B will stabilize the bridge, triggering circularization.
The resultant circular products can then serve as the template
for RCA.
The key component of the system is the ligand-responsive

bridge element. Four different bridges, designated as bridge 1−
4, were examined (Figure S17). The sensor carrying bridge 4
produced negligible circularization in the absence of toxin B
but was able to produce significant amounts of circular DNA in
the presence of toxin B. The amount of circular DNA was
found to increase with rising concentrations of toxin B (Figure
S18). In contrast, only small amounts of circular DNA were
observed when the reporter was tested with unintended targets
(Figure 8b), including immunoglobin G (IgG), glutamate
dehydrogenase (GDH, a general antigen of C. difficile), and
platelet-derived growth factor (PDGF). We also examined the
feasibility of performing quantitative analysis of toxin B using
RCA. As shown in Figure 8c, a limit of detection (LOD,

defined as 3σ, σ = standard deviation of the blank samples) of
0.1 nM was achieved within 30 min, including an activation
time of 15 min, a cyclization time of 5 min, and an RCA time
of 10 min.

■ CONCLUSIONS
In summary, we derived a DNA aptamer that binds T4DL and
acts as the substrate for ligation by the DNA ligase. This DNA
aptamer was found to adopt an intricate secondary structure
that favors intramolecular circularization over intermolecular
ligation by T4DL. Based on the structural information, we
engineered this aptamer into a general-purpose templating
DNA scaffold, named TDS1, to guide the ligase to execute
selective intramolecular circularization of a second single-
stranded DNA molecule. TDS1 was employed to synthesize a
series of circular ssDNA molecules at high yield and excellent
circularization selectivity. For example, TDS1 was used to
synthesize a circular RNA-cleaving DNAzyme that can be
activated by E. coli, and the resultant circular DNAzyme
showed improved resistance to degradation by nucleases in
biological samples and achieved the sensitive detection of E.
coli in urine samples. TDS1 was also used to construct a
circular DNA aptamer that binds toxin B of C. difficile in a
biosensing assay that can specifically transduce toxin B
presence into DNA amplicons for detection. We envision
that the strategy presented in this study will open new
opportunities for future exploitation of circular functional
nucleic acids in chemical biology, medical diagnostics,
computing, and biosensing.
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