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ABSTRACT: Herein we introduce a novel fluorescent
LNA/DNA machine, a nanocrawler, which reversibly
moves along a directionally polar complementary road
controlled by affinity-enhancing locked nucleic acid (LNA)
monomers and additional regulatory strands. Polyaromatic
hydrocarbon (PAH) dyes attached to 2′-amino-LNA
monomers are incorporated at four stations of the system,
enabling simple detection of the position of the nano-
crawler via a step-specific color signal. The sensing is
provided by highly sensitive, chemically stable, and
photostable PAH LNA interstrand communication sys-
tems, including pyrene excimer formation and pyrene−
perylene interstrand Förster resonance energy transfer. We
furthermore demonstrate that the nanocrawler selectively
and reversibly moves along the road, followed by a bright
and consistent fluorescence response for up to 10 cycles
without any loss of signal.

Monitoring the movement of biomolecular nanodevices by
a simple and effective method under native conditions is

an important goal within nucleic acid nanotechnology. Efficient,
rapid, and simple monitoring could further stimulate the design,
preparation, and applications of diverse DNA nanomachines
within, for example, molecular diagnostics1 and imaging.2

Fluorescence is a convenient sensing method for these
applications, which require the use of fluorophores that are
photostable and chemically stable and simultaneously provide
high fluorescence quantum yields. The fluorescence of such
molecules can be rapidly detected by a simple change of color
without the need for additional procedures or equipment.1a The
Cy3−Cy5 Förster resonance energy transfer (FRET) pair has
already been applied in imaging of large DNA nanostructures.1,3

Furthermore, efficient hybridization following the Watson−
Crick base-pairing rules is required for the efficient assembly of
the diverse building of a nucleic acid nanodevice. 2′-Amino-
substituted locked nucleic acid (LNA) monomers having
polyaromatic hydrocarbon (PAH) dyes attached to the 2′-
amino group meet these requirements and are therefore very
promising as constituents of nucleic acid nanodevices.4,5

Cyclic oligonucleotides are appealing structural elements for
DNA nanotechnology6 and can be prepared by either chemical7

or enzymatic8 ligation reactions. Enzymatic cyclization of
synthetic 40−200 nucleotide (nt) oligonucleotides using T4
DNA ligase, developed by Diegelman and Kool,8 is an effective
method that gives the desired cyclic DNA in sufficient yields.

Enzymatic ligation requires the incorporation of a 5′-terminal
phosphate group on the oligonucleotides and intramolecular
annealing to a 15−20 nt splint sequence to bring the terminal
groups into close proximity. Enzymatic ligation has already been
used for the preparation of various cyclic oligonucleotides,8

although the chemically modified analogues (currently gaining
increased attention in research and clinical studies)9 to the best
of our knowledge have not been cyclized in this way.
Herein we report a novel cyclic DNA machine, an LNA/DNA

nanocrawler, which was prepared by enzymatic ligation and
moves reversibly along its complementary road with high
selectivity, as monitored by specific fluorescence signals at
designed stations along the road. This strategy provides a novel
platform for an easily detectable and dynamic multistep system.
Our design is shown in Figure 1. The complementary pair

CNC1:R1 (fluorescent nanocrawler:road) includes four stations
with specific interstrand communication unitsM1−M3 at each of
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Figure 1. Design of the M1−M3-labeled nanocrawler, complementary
road, and LNA/DNA brake and speed strands (CNC1, R1, B1−B4, and
S1−S4, respectively). The expected fluorescence outputs along the road
are also indicated. L labels denote LNA monomers.
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them. For monitoring of the stepwise binding and dissociation
between CNC1 and R1, the fluorescence effects of choice were
pyrene−perylene FRET of approximately 40% and 100% with
λmax
fl = 450 nm at stations 1 and 4, respectively, quenching at
station 2, and pyrene excimer emission with λmax

fl = 500 nm at
station 3 (Figure 1). The lengths of the stations and the amounts
of additional LNA monomers increased in the 5′→ 3′ direction
of the road, providing lengths of 6, 9, 12, and 15 nt at stations 1−
4, respectively [Table S1 in the Supporting Information (SI)].
LNA monomers were incorporated for thermodynamic stability
and rigidity of the nanocrawler:road system. The overall length of
the road was 42 nt, while the complementary 46 nt nanocrawler
contained an additional T nucleotide between each station to
ensure rolling of the nanocrawler from the previous station while
moving to the next one.
LNA-containing brake strands B1−B4 were designed as fully

complementary sequences to stations 1−4 of the road with 6 nt
overhangs at the 5′ ends, and the theoretical thermal
denaturation temperature (Tm) of each brake:road duplex was
at least 9 °C higher than that for the corresponding crawler:road
complex calculated for each station fragment (Figure S3 and
Table S2). Preaddition of the brake strands prevented binding of
the nanocrawler to the corresponding region of the road until the
corresponding speed strand was added. The speed strands S1−
S4 were fully complementary to B1−B4, respectively, with extra
LNAs incorporated in the 6 nt overhang region (Table S2). The
additional four LNA units in S1−S4 relative to B1−B4 resulted
in Tm values for the brake:speed duplexes that were at least 12 °C
higher than those for the corresponding road:brake duplexes,
which ensured removal of the brake from the road for effective
and also reversible movement of the nanocrawler along the road.
Oligonucleotides containing LNA and monomers M1−M3

were prepared by automated solid-phase phosphoramidite
synthesis, purified, and analyzed by matrix-assisted laser
desorption ionization mass spectrometry (MALDI MS) and
ion-exchange (IE) HPLC according to published procedures
(see the SI).4 The 46 nt nanocrawler was synthesized as a linear
precursor PNC1 containing a 5′-phosphate group to prepare for
concomitant enzymatic cyclization (Scheme 1). The 5′-
phosphate group was incorporated using the commercially
available CPR II phosphorylation reagent, which was applied
during the last step of the automated oligonucleotide synthesis
(see the SI). After subsequent dimethoxytrityl (DMT)-on
purification, removal of the DMT group, and base-mediated
hydrolysis of the 5′-terminal CPR II group, the product PNC1
was obtained with high purity in sufficient yield (22% after
purification starting on a 1 μmol synthesis scale). Additionally,
the nonfluorescent LNA/DNA reference sequences PNC2 and
R2 were synthesized, purified, and further used in the spectral
studies described below.
Cyclization of the PNC1 and PNC2 strands was performed

using T4 DNA ligase and an additional 20 nt splint sequence
obtained from a commercial supplier (Scheme 1; also see the SI).
Importantly, the starting oligonucleotide concentration was kept
low (1 μM), which helped prevent intermolecular polymer-
ization, a side reaction.8 The cyclic products were purified by
denaturing 13% polyacrylamide gel electrophoresis and charac-
terized by MALDI MS and IE HPLC (see the SI). The overall
yields of the cyclized products were 37% (CNC1) and 42%
(CNC2). Interestingly, a shorter design of the fluorescent
nanocrawler containing PAH LNA monomers M1 located 5
and 4 nt from the 3′- and 5′-termini, respectively, did not yield
any cyclic product even at an increased concentration of T4DNA

ligase and a longer reaction time (data not shown). We therefore
concluded that a longer distance between the terminal reaction
sites and the large hydrophobic modification M1 is essential for
efficient recognition of the oligonucleotide substrate by T4 DNA
ligase. Interestingly, cyclization of the short nonfluorescent
LNA/DNA reference strands was very rapid and successful,
underscoring the fact that the smaller LNA modification TL can
be recognized much more easily than theM1modification by the
DNA ligase (data not shown).
All of the fluorescence experiments were performed in a

medium-salt phosphate buffer ([Na+] = 110 mM) at 19 °C using
a single excitation wavelength of 340 nm, and the emission was
monitored at λfl = 450, 390, and 500 nm (Figure 2). The initial
spectral studies included measurements of the fluorescence
response at each step by adding the nanocrawler to the
preannealed road:brake strand complexes, thereby limiting the
binding of the nanocrawler exclusively to free regions 1−4 of the
road. The resulting reference fluorescence values and represen-
tative fluorescence spectra for these reference experiments are
reported in the SI.
Next, we performed stepwise reversible movement of the

nanocrawler along the road. This was done using the brake and
speed strands, and the fluorescence fingerprint signals at every
step for monitoring the nanocrawler’s position on the road were
verified (Figure 2; for the annealing method, see the SI). As can
be seen, the nanocrawler interacted with the road:brake strand
complexes, giving bright fluorescence responses characteristic of
the individual stations and, importantly, consistent with
movement in both directions. Since the volume of the sample
slightly increased because of the addition of the control strands
B1−B4 and S1−S4, the fluorescence analysis was performed
using a volume correction, as described in the SI. Using this
alignment, we were able to monitor the nanocrawler’s movement
along the road in both directions without loss of signal for up to
10 cycles (see below and Table S3).
As expected, remarkable fluorescence quenching occurred

upon movement of CNC1 from station 1 to 2, which could be
easily seen by the naked eye using a laboratory UV lamp (Figure

Scheme 1. Enzymatic Ligation of the Nanocrawler Linear
Precursors Using Splint Sequence and DNA T4 Ligase
(Monomer M1 Is Indicated as a Yellow Star)
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3). Interestingly, the FRET interaction between monomers M1

andM3 was effective already at station 3, as confirmed by a light-

up effect at 450 nm and also the excitation spectrum of the
system (see the SI). The efficient FRET at station 3 was most
likely caused by the close proximity of the multiple pyrene
donors and the perylene acceptor already at station 3 (Figure 2).
Finally, the excimer signal at λfl = 500 nm was observed
exclusively at station 3, giving a specific bright cyan fluorescence
at this step. Remarkably, an alternative control strategy using the
unbound road and a series of brake strands annealed to the
nanocrawler resulted in rapid exchange of the longest brake
strand and hybridization of the nanocrawler to the road at station
4 (Figure S3b). Therefore, the road:brake strategy shown in
Figures 1 and 2 was optimal for this multistep system, resulting in
fully controlled, precise positioning andmovements (“crawling”)
of the cyclic nanodevice (“nanocrawler”) along the road.
Finally, the binding selectivity of the nanocrawler:road

complex during the movement between stations 1 and 4 was
investigated (Figure 4). After the preannealed complexes
CNC1:R1:B2−B4 and CNC2:R2:B2−B4 were mixed in a 1:1
molar ratio, the two cycles of movement from stations 1 to 4 were
performed. Exchange of the fluorescent nanocrawler sequence
CNC1 between the fluorescent and nonfluorescent roads R1 and

R2 would lead to loss of the specific fluorescence signal provided
by interstrand interactions between PAH LNAsM1−M3. On the
basis of our results, road exchange was not observed at any step of
the performed study, confirming the high binding affinity and
selectivity of the nanocrawler to its complementary road, which
can be attributed to stabilization by multiply inserted affinity-
enhancing PAH LNA monomers (Figure S7).4 The rolling
mechanism was furthermore confirmed by the fact that complete
movement of the nanocrawler between nonadjacent stations 1→
3, leading to a 2.6-fold increase in the fluorescence at 500 nm, was
achieved only by reannealing the entire system and not under the
conditions for stepwise movement (Figure S8).
In summary, we have built a cyclic LNA/DNA machine that

can reversibly move along a complementary road, and its motion
can be followed by a specific bright fluorescence response at each
station. Current progress in structural DNA nanotechnology and
imaging techniques has enabled the preparation and study of
more complex DNA nanodevices performing actions in three

Figure 2. Annealing scheme for the reversible movement of the nanocrawler along the road (left); Fluorescent fingerprint of the movement of the
nanocrawler from station 1 to station 4 at 390 nm, 450 and 500 nm (blue, green and yellow bars, respectively) (right).

Figure 3. Following the nanocrawler by color changes. Shown left to
right are the medium-salt buffer (blank solution) and stations 1−4. The
picture was recorded in a medium-salt phosphate buffer using a
concentration of 2.0 μM for each strand and an excitation wavelength of
365 nm (regular laboratory UV lamp).

Figure 4. Study of the nanocrawler:road binding selectivity.
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dimensions,10 such as interactions with other biomolecules.11

Supported by rapidly developing DNA modification methods,
moieties such as small molecules, polymers,12 peptides,13 and
nanoparticles can be attached to such systems.14 In this context,
we believe that the LNA/DNA nanocrawler disclosed herein
with its movement-responsive behavior offers appealing
opportunities for developing efficient nanomachines as tools
for biosensing, pharmacological, and nanoproduction purpo-
ses.15,16
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