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ABSTRACT: Strand displacement cascades are commonly used to make
dynamically assembled structures. Particularly, the concept of “toehold-mediated
DNA branch migration reactions” has attracted considerable attention in relation
to dynamic DNA nanostructures. However, it is a challenge to obtain and control
the formation of pure 1:1 ratio DNA duplexes with toehold structures. Here, for
the first time, we report a photocontrolled toehold formation method, which is
based on the photocleavage of 2-nitrobenzyl linker-embedded DNA hairpin
precursor structures. UV light irradiation (λ ≈ 365 nm) of solutions containing
these DNA hairpin structures causes the complete cleavage of the nitrobenzyl
linker, and pure 1:1 DNA duplexes with toehold structures are easily formed. Our
experimental results indicate that the amount of toehold can be controlled by
simply changing the dose of UV irradiation and that the resulting toehold
structures can be used for subsequent toehold-mediated DNA branch migration
reactions, e.g., DNA hybridization chain reactions. This newly established method will find broad application in the construction
of light-powered, controllable, and dynamic DNA nanostructures or large-scale DNA circuits.

■ INTRODUCTION

DNA branch migration was discovered in renatured circular
molecules1 and has been well-known in molecular biology.
Branch migration describes the ability of a DNA strand partially
paired with its complement in a duplex to extend its pairing by
displacing the resident strand with which it is homologous.
Extending this concept to DNA nanotechnology,2,3 Yurke et al.
constructed a type of dynamic DNA-fueled molecular
machine,4 which they termed as “toehold-mediated DNA
strand displacement”. In this machine, a single-stranded DNA
in a double-stranded complex is displaced by another single-
stranded DNA with the help of a short sequence of contiguous
bases called a “toehold”, and today this concept prevails in
dynamic DNA nanostructures5−7 worldwide. For example,
toehold-mediated branch migration has been used to trigger the
assembly of DNA species,8−10 build DNA machines,11−15 and
initiate the synchronized assembly of gold nanoparticles and
construction of logic gates.16 Most notably, it has been applied
to the construction of catalytic17,18 and logic circuits,19,20

molecular motors,21 and chemical reaction networks.22

In most dynamic DNA nanostructures and DNA circuit
systems, oligonucleotide chains act as catalysts or as inputs that

fuel the DNA-based molecular machine by a series of toehold-
mediated branch migration reactions. For DNA circuits, each
toehold-bearing DNA duplex must be purified in order to
remove extra single strands when the stoichiometry is not
perfect. This step avoids undesired reactions with other
components in the circuit.21,23 Thus, pure 1:1 ratio toehold-
bearing DNA duplexes are a prerequisite for the control of
toehold-mediated branch migration reactions and their
utilization in building large-scale circuits. Two methods,
including polyacrylamide gel electrophoresis (PAGE) purifica-
tion and digestion by DNA restriction enzymes,21 have been
used to prepare the pure 1:1 ratio DNA duplexes. However, the
PAGE purification methods are time-consuming and inefficient,
and while it is more efficient, the restriction enzyme digestion
method is limited by the use of restriction DNA enzymes and
the generation of nonspecific byproducts. Furthermore, it is
hard to totally remove extra single strands using PAGE
purification, especially in the autocatalyst DNA circuit.18 As a
result, it remains a challenge to obtain and control the
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Figure 1. Photocleavage and photocontrolled toehold formation system. (a) Chemical structure and principle of photocleavage of PC linker-
connected DNA strands (shown as unannealed). (b) Annealed linked DNA hairpin precursor, irradiated at 365 nm to form DNA duplex with
toehold T.

Figure 2. Photocontrolled toehold formation for toehold-mediated DNA branch migration reaction. (a) Principle of photocontrolled hidden-toehold
activation. (b) Fluorescence test of toehold-mediated DNA branch migration reaction with different irradiation times. In a typical experiment, PC-
linker-modified DNA hairpin precursor in buffer solution (150 μL, 200 nM) was irradiated with 365 nm light for different times. Then, 99 μL of
photoirradiated hairpin was placed in a cuvette, and the invading strand (1 μL, 20 μM) was added to initiate the branch migration reaction. (c) Plot
of photocleavage fraction versus UV irradiation time. Arrow in (b) shows the time that the invading strand was added.
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formation of pure 1:1 ratio toehold-bearing DNA duplexes for
branch migration reactions.
We have addressed these issues by extending the previously

reported strategy to generate sticky ends using a caging group
flanked by DNA,25 which was advanced from the concept of
“hidden toehold”. In contrast to the well-established over-
hanging-toehold systems, the “hidden toehold” concept (e.g.,
the ATP-activated displacement reaction developed by Liu et
al.)24 allows regulation of a DNA branch migration reaction by
environmental stimuli. However, Liu’s model requires the
addition of ATP and subsequent removal of waste DNA
molecules. In comparison, light is a clean energy source with
controllable intensity, and it can activate a “hidden toehold”
without the addition of any chemicals or generation of waste
DNA molecules. We report here, for the first time, a new light-
triggered, controllable toehold formation method capable of
initiating and controlling the formation of pure 1:1 ratio DNA
duplexes with overhanging-toehold structures. Compared to
the well-established overhanging-toehold DNA duplexes
prepared from two separate DNA strands, and different from
the light-activated caged DNA base,26 we use a commercially
available photocleavable nitrobenzyl linker27−31 (PC linker) to
connect two complementary DNA strands, as shown in Figure
1a. This engineering design results in the formation of one long
single-stranded DNA with two complementary parts (a and a*)
and toehold (T) connected by the PC linker. After annealing,
the linked DNA strand can form a hairpin precursor (Figure 1
b), leading to a pure 1:1 ratio toehold-bearing DNA duplex
upon UV light-induced photocleavage of the nitrobenzyl linker.
The hairpin precursor prevents incorrect binding, and the
stoichiometry is perfect because the two complementary parts
are on the same initial strand.

■ RESULTS AND DISCUSSION

Validation of the Photocontrolled Toehold Formation
and Evaluation of the Photocleavage Fraction of the PC
Linker. To study photocontrolled toehold formation and
evaluate the photocleavage fraction of the PC linker,
fluorescence spectroscopy experiments were performed using
a quencher/fluorophore-labeled hairpin precursor. As shown in
Figure 2, a 6-FAM-labeled DNA strand a and a Dabcyl-labeled
DNA strand a* were connected using the PC linker. After
annealing in the reaction buffer (20 mM Tris-HCl, 5 mM
MgCl2, 300 mM NaCl, pH = 7.5), the DNA strand formed a
hairpin precursor that resulted in quenching the FAM
fluorescence. The toehold was hidden in this OFF state,
thereby preventing the branch migration reaction. However,
UV irradiation caused complete cleavage of the PC linker and
subsequent release of the “hidden toehold”. The invading DNA
strand then interacted with the toehold and displaced the FAM-
labeled DNA strand, resulting in a significant increase in
fluorescence intensity (ON state with recovered FAM
fluorescence, as shown in Figure 2a).
Both time-dependent and static fluorescence spectra were

measured (λex = 494 nm, λem = 519 nm). As expected, the
fluorescence intensities increased with increasing UV irradiation
time because more hidden toeholds were opened and available
to the invading DNA. Even without UV irradiation, a slight
fluorescence increase could also be observed. This may have
occurred because a part of the “hidden toehold” could still
interact with an invading DNA strand, causing partial opening
of the hairpin precursor (9.5%, as shown in Figure 2c).

To determine the exact amount of released “hidden toehold”,
the photocleavage fractions were compared by using a
calibration curve. For calibration, different concentrations (20,
40, 100, and 200 nM) of quencher/fluorophore-labeled DNA
duplexes with exposed toehold structure (the same situation as
shown in Figure 2a after irradiation) were incubated with the
invading DNA strand (200 nM) at room temperature for 30
min in reaction buffer. The fluorescence intensities at 519 nm
were then recorded (λex = 494 nm). To obtain the standard
curve, the fluorescence intensities were plotted versus the initial
concentration of duplex with exposed toehold, and as shown in
Figure 3, the linear model fits the experimental data very well.

For the photocleavage experiments, PC-linker-modified hairpin
precursors or normal hairpin without PC linkers (200 nM)
were irradiated at 365 nm for different times. After irradiation,
the invading DNA strand (200 nM) was added, and the
mixtures were incubated at room temperature for 30 min,
followed by fluorescence measurement. Based on the
fluorescence standard curve and the measured fluorescence
intensity, the concentration of released toehold was determined
and was divided by the initial hairpin concentration (200 nM)
to obtain the fraction of cleaved PC linker for different
irradiation times. As shown in Figure 2c, after 20 min of UV
irradiation, the normal hairpin structure remained intact, and
92% of the hidden toehold was released. For subsequent
studies, we choose to use 20 min as an optimized time, since
this short irradiation time of irradiation provides sufficient
toehold.

Photocontrolled Toehold Formation and Subsequent
Toehold-Mediated Branch Migration Reaction. To
further verify whether the toehold-mediated branch migration
reaction proceeded as designed, a PAGE experiment was
carried out (Figure 4). In order to distinguish the DNA bands,

Figure 3. Standard calibration curve. Plot of fluorescence intensity of
released strand a versus initial concentration of duplex with exposed
toehold T [slope = (2.40 ± 0.05) × 104; y-intercept = (1.29 ± 0.47) ×
105; r2 = 0.99843]. Reaction buffer contains 20 mM Tris-HCl, 5 mM
MgCl2, and 300 mM NaCl, pH = 7.5. This experiment was repeated
three times. Small black circle on the standard curve corresponds to
92% release of hidden toehold after 20 min irradiation.
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Figure 4. Native PAGE (20%) analysis of the branch migration reaction after UV irradiation for different times. In a typical experiment,
photoirradiated PC-linker-modified DNA hairpin precursor (10 μM) was mixed with the invading strand (10 μM) and incubated at room
temperature for 30 min. Lane 1: photoirradiated (20 min) PC-linker-modified DNA hairpin; lane 2: invading strand; lane 3: PC-linker-modified
DNA hairpin precursor (no irradiation); lane 4−8: PC-linker-modified DNA hairpin precursor irradiated for different times and incubation afterward
with the invading strand.

Figure 5. Photocontrolled toehold formation for DNA hybridization chain reaction. (a,b) Principle of photocontrolled toehold formation for DNA
hybridization chain reaction (HCR). (c) Native PAGE (10%) analysis of the photocontrolled HCR. In a typical experiment, after different
photoirradiation times, H3 (6 μM) was mixed with H1 (12 μM) and H2 (12 μM) and incubated at room temperature overnight. Lane 1: H3; lane 2:
H3 mixed with H1 and H2 (no irradiation); lanes 3−8: H3 photoirradiated for different times and mixed with H1 and H2.
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a 10 T segment was added to the invading DNA to increase the
molecular weight of the newly formed DNA duplex. First, the
snap-cooled hairpin precursor (10 μM, heated to 95 °C for 5
min, incubated on ice for 1 min and left at room temperature
for 30 min) was UV-irradiated for different times. After
irradiation, the T10-tailed invading DNA (10 μM) was added
and incubated at room temperature for 30 min. As indicated in
Figure 4, the band with the smallest migration in lanes 4−7
corresponds to the newly formed DNA duplex with T10 tail,
while the band with the largest migration in lanes 4−7
corresponds to the displaced small DNA fragment. By
increasing UV irradiation time, the bands for the hairpin
precursor and T10-invading DNA became less intense, but the
bands for the newly formed DNA duplex with T10 tail and the
displaced small DNA fragment became more intense. These
results further proved that the amount of released hidden
toehold could, indeed, be controlled by regulating irradiation
dosage. Moreover, in lane 1 of the Figure 4, we can see the PC-
linker-modified DNA hairpin precursor without invading strand
after 20 min photoirradiation; in lane 3, we see the PC-linker-
modified DNA hairpin precursor without irradiation. The
bands in lanes 1 and 3 have the same migration, indicating that
the method can indeed produce pure 1:1 ratio toehold-bearing
DNA duplex without the formation of free single strands and
without damage to the DNA structures.
Photocontrolled DNA Hybridization Chain Reaction.

The power of this method was further demonstrated in a
photocontrolled DNA hybridization chain reaction (HCR)
system, i.e., using a toehold-bearing DNA duplex to initiate an
autonomous polymerization of two different hairpins (H1 and
H2; see Table S1 for sequences).9 HCR, based on a chain
reaction of recognition and hybridization events between two
sets of DNA hairpin molecules, is a new signal amplification
technique, which can be used to sensitively detect DNA and
other molecules,32,33 probe spatial organization of DNA
strands,34 in situ map mRNA expression,35 and mediate cell
death.36 In our design, the PC linker was employed to form a
hairpin precursor (H3) with two hidden toeholds (Figure 5a).
The toeholds (a* and x) are released after UV irradiation,
forming the activated H3, with the amount of activated H3
regulated by changing the UV irradiation time. This activated
H3 first interacts with H1 through hybridization between the
released toeholds (a* and x) and the toeholds on the H1
hairpin (a and x*). The H1 hairpin is opened via branch
migration, releasing hidden toehold (c) on H1 (Figure 5b). As
shown in Figure S1, the formation of a band with small
migration in the gel electrophoresis (lanes 3−8 in Figure S1)
indicates that the H3−H1 complex was formed after UV
irradiation; as the irradiation time increased, more and more
complex formed, as demonstrated by the increasing intensity of
the slow-moving band. As a control, in the absence of UV
irradiation, no H3−H1 complex band was observed (lane 2 in
Figure S1). The H3−H1 complex could further interact with
another hairpin, H2, triggering a hybridization chain reaction
(Figure 5a). As expected, the hairpins do not polymerize in the
absence of UV irradiation, and different irradiation times can
generate various amounts of activated H3 to fine-tune the HCR
process in a UV irradiation dose-dependent manner (Figure
5c). As a control, HCR was performed using a DNA duplex as
initiator (the same structure with activated H3), and the PAGE
experiment was carried out (Figure S2). As indicated in Figure
S2 the gel bands for addition of 4 and 6 μM DNA duplex were
similar with those for 10 and 20 min UV irradiation of 6 μM

H3. In other words, the reaction efficiency for DNA branch
migration with light activation is comparable to that for pure
DNA duplexes.

Kinetics of the Photocontrolled DNA Branch Migra-
tion Reaction. Finally, to better understand the kinetics of the
photocontrolled DNA branch migration, fluorescence measure-
ments were further employed using pyrene-modified H1 and
H2 strands. Pyrene acts as a spatially sensitive fluorescent dye,
which can form an excimer structure when an excited-state
molecule is brought into close proximity to a ground-state
pyrene. Excimer formation results in a fluorescence emission
shift to longer wavelength (380−400 nm for the monomer, 475
nm for the excimer).37 The fluorescence emission spectra (λex =
340 nm) of the stabilized HCR system, containing Pyrene-H1,
Pyrene-H2 and H3 (see Table S2 for sequences), were
measured after a series of UV irradiation times. With increasing
irradiation time, the results (Figure S3) show that the excimer
fluorescence intensity at 475 nm increased, while the monomer
fluorescence intensity at 380 and 400 nm decreased. Pyrene-H1
and Pyrene-H2 could spatially separate the pyrene moieties and
prevent them from forming the excimer structure. However,
addition of activated H3 to the solution initiated DNA polymer
formation, thereby forcing the pyrene moieties much closer to
each other (Figure 6 a) to generate the excimer signal. These
kinetics results indicate that the HCR rate increases with
increasing UV irradiation time, further proving that the branch

Figure 6. Kinetics of photocontrolled DNA hybridization chain
reaction system. (a) Experimental design. In a typical experiment, a
mixture of Pyrene-H1 (45 μL, 3 μM) and Pyrene-H2 (45 μL, 3 μM)
were placed in a cuvette, and then photoirradiated H3 (15 μL, 3 μM)
was added to initiate the reaction. (b) Plot of excimer emission
intensity versus polymerization reaction time for different H3
irradiation times. Fluorescence intensities at 475 nm were recorded
at different times (λex = 340 nm).
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migration reaction-based HCR process can be controlled by
fine-tuning the UV irradiation dose. For the HCR kinetics, a
single point module was used to record the pyrene excimer
fluorescence intensity at 475 nm with excitation at 340 nm at
different times. Although the irradiation time is very short,
some of the PC linker could still be photocleaved, which
resulted in the continuous increase of fluorescence intensity
corresponding to “0 min” in Figure 6b from 5 to 45 min.

■ CONCLUSION

We have presented here a new photocontrolled toehold
formation method to generate 1:1 ratio DNA duplexes for
toehold-mediated branch migration reactions. Different from
previously reported overhanging-toehold systems, light is
employed to activate the hidden toehold without addition of
any chemicals or formation of waste DNA molecules. More
importantly, the amount of released toehold can be easily
controlled by fine-tuning the irradiation dose, allowing the rate
of the toehold-mediated branch migration reaction to be
regulated by changing the initial UV irradiation time. Our
system shows potential for the construction of light-responsive
dynamic DNA nanostructures and DNA circuits.38−40 More-
over, with the development of DNA microarray technology,41,42

parallel synthesis of a large amount of hairpin precursors on
one microchip is possible. Thus, this toehold formation method
is potentially crucial for making large-scale circuits on a single
DNA microchip.

■ EXPERIMENTAL SECTION
Materials. The materials for DNA synthesis were purchased from

Glen Research (Sterling, VA), including 6-(3′,6′-dipivaloylfluorescein-
yl-6-carboxamido)-hexyl-phosphoramidite(6-FAM), 3-(4,4′-dimethox-
ytrityl)-1-(2-nitrophenyl)-propan-1-yl-[(2-cyanoethyl)-(N,N-diiso-
propyl)]-phosphoramidite (PC-linker phosphoramidite), and 1-
dimethoxytrityloxy-3-[O-(N-4′-sulfonyl-4(dimethylamino)-azoben-
zene)-3-aminopropyl]-propyl-2-O succinoyl-long chain alkylamino-
CPG (3′-Dabcyl CPG). Other chemicals were purchased from
Sigma-Aldrich. All reagents for buffer preparation and HPLC
purification came from Fisher Scientific. Unless otherwise stated, all
chemicals were used without further purification.
DNA synthesis. All oligonucleotides were synthesized using an

ABI 3400 DNA synthesizer (Applied Biosystems, Inc., Foster City,
CA) at the 1.0 μM scale. DNA oligomers were deprotected in 2.5 mL
AMA (ammonium hydroxide/40% aqueous methylamine 1:1) solution
at 65 °C for 20−30 min. The deprotected oligomers were then mixed
with 250 μL 3.0 M NaCl and 6.0 mL ethanol and placed in a −20 °C
freezer for precipitation. After centrifugation at 4000 rpm at 4 °C for
15−30 min, the precipitated DNA products were dissolved in 400 μL
100 mM triethylamine acetate buffer (TEAA, pH = 7.5) and purified
on a ProStar HPLC system (Varian, Palo Alto, CA) with a C-18
reversed-phase column (Alltech, 5 μm, 250 mm ×4.6 mm) using
acetonitrile (0−40 min, 10−100%) and TEAA buffer (100 mM, pH
7.5) as eluent. The collected DNA products were dried and
detritylated by dissolving in 200 μL 80% acetic acid for 20 min at
room temperature, precipitated with 20 μL 3.0 M NaCl and 500 μL
ethanol at −20 °C, and dried by a vacuum dryer. All DNA
concentrations were characterized with a Cary Bio-300UV spectrom-
eter (Varian) using the absorbance of DNA at 260 nm.
UV Irradiation. To photoregulate PC linker cleavage, all samples

were irradiated in reaction buffer (20 mM Tris-HCl, 5 mM MgCl2, 300
mM NaCl, pH = 7.5) at 365 nm with a UV−B lamp (SANKYO
DENKI, Japan) with a 365 nm photochemical optical filter (Oriel
Instruments (a Newport Corp. brand), Stratford, CT). The power of
the UV light source was measured by power meter (Newport Corp.,
Irvine, CA) with 1.33 ± 0.1 mW cm−2 at the irradiated sample
position.

Native PAGE Analysis. Toehold-mediated branch migration
reaction and HCR were observed using native PAGE gel. For the
branch migration reaction, the gel was run in 20% acrylamide
(containing 19/1 acrylamide/bisacrylamide) solution with 1 × TBE/
15 mM Mg2+ buffer, at 100 V constant voltage for 4 h. For the HCR,
the gel was run in 10% acrylamide solution at 80 V constant voltage for
4−5 h or 100 V constant voltage for 1 h (for H3−H1 interaction). All
the gels were run at 4 °C and were stained 30 min using Stains-All
(Sigma-Aldrich) to image the position of DNA. Photographic images
were obtained under visible light with a digital camera.

Fluorescence Measurements. A FluoroMax-4 spectro-fluorom-
eter (Jobin Yvon) was used for all steady-state or time-dependent
fluorescence measurements. For the branch migration reaction, the
kinetics module was used to measure time-dependent fluorescence
intensity at 519 nm using excitation at 494 nm. For the HCR kinetics,
the single point module was used to record the pyrene excimer
fluorescence intensity at 475 nm using excitation at 340 nm at different
times.
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