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ABSTRACT

The ability to create stimuli-responsive DNA nanos-
tructures has played a prominent role in dynamic
DNA nanotechnology. Primary among these is
the process of toehold-based strand displacement,
where a nucleic acid molecule can act as a trigger to
cause conformational changes in custom-designed
DNA nanostructures. Here, we add another layer of
control to strand displacement reactions through a
’toehold clipping’ process. By designing DNA com-
plexes with a photocleavable linker-containing toe-
hold or an RNA toehold, we show that we can use
light (UV) or enzyme (ribonuclease) to eliminate the
toehold, thus preventing strand displacement reac-
tions. We use molecular dynamics simulations to an-
alyze the structural effects of incorporating a pho-
tocleavable linker in DNA complexes. Beyond sim-
ple DNA duplexes, we also demonstrate the toe-
hold clipping process in a model DNA nanostructure,
by designing a toehold containing double-bundle
DNA tetrahedron that disassembles when an invad-
ing strand is added, but stays intact after the toehold
clipping process even in the presence of the invad-
ing strand. This work is an example of combining
multiple physical or molecular stimuli to provide ad-
ditional remote control over DNA nanostructure re-
configuration, advances that hold potential use in
biosensing, drug delivery or molecular computation.

INTRODUCTION

The structural features and molecular recognition proper-
ties of DNA make it a versatile building block for construct-
ing nanoscale structures (1). The sequence programmabil-
ity and reversible nature of Watson–Crick base pairing fur-
ther offers dynamic control, allowing one to reconfigure
the shapes of DNA nanostructures and devices, as well as
to create nucleic acid based reactions and circuits. A well-

known tool based on such sequence programmability is
toehold-based strand displacement, a process in which two
strands with full complementarity hybridize to each other,
displacing one or more pre-hybridized strands in the pro-
cess (2). Strand displacement reactions are often initiated
at single-stranded domains (a toehold) that are complemen-
tary to part of an invading strand, and progresses through
a branch migration process (Figure 1A) (3,4). The reaction
proceeds because more base pairs are formed by remov-
ing the toehold-containing strand than were present when
bound to its original partner. Using this approach, it has
been possible to engineer a range of dynamic DNA nanos-
tructures with applications in molecular computation [neu-
ral networks (5) and logic gates (6)], information encod-
ing [visual tags (7) and short term memory (8)], biosens-
ing [detecting nucleic acids (9)], drug delivery [for trig-
gered release (10)] and materials science [controlling col-
loidal phase transitions (11) and size-changing hydrogels
(12)]. In prior work, scientists have also developed strate-
gies to control strand displacement reactions using pho-
tocrosslinkers (13), hidden toeholds in DNA bulges (14),
additional DNA locks to regulate strand displacement rates
(15) and by modulating pH to control triplex-based DNA
strand displacement (16). In this work, we add to this li-
brary of tools to control toehold-based DNA strand dis-
placement using light or enzyme to remove a toehold, a pro-
cess we term ‘toehold clipping’. We demonstrate this toe-
hold clipping mechanism in DNA duplexes using photo-
cleavable toeholds (light-activated) and RNA toeholds (en-
zyme activated). Beyond control of strand displacement in
duplexes, we show that this toehold clipping mechanism can
be incorporated into complex DNA nanostructures, by con-
trollably disassembling a double-bundle DNA tetrahedron.

MATERIALS AND METHODS

Oligonucleotide synthesis

Oligonucleotides were purchased from Integrated DNA
Technologies (IDT) with standard desalting. DNA oligonu-
cleotides with photocleavable linkers (PCL) were chemically
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Figure 1. Light-induced toehold clipping process. (A) Toehold-based DNA strand displacement process. Sequence identities are denoted by alphabets in
italics. Arrows represent 3′ ends of strands. (B) Toehold-based strand displacement in a duplex with a photocleavable linker (PCL) at the toehold. (C)
On UV exposure, the photocleavable linker is cleaved, removing the toehold and preventing strand displacement. (D) Chemical structure of the PCL
incorporated in DNA strand and cleavage products after UV exposure. (E) Cleavage of ssDNA containing a PCL analyzed by denaturing PAGE. (F) Time
series of photocleavage of PCL-containing DNA. (G) UV-induced toehold clipping in a DNA duplex. (H) Strand displacement in duplexes before and
after toehold clipping. (I) Strand displacement efficiency in control duplex, PCL-TH duplex without UV exposure, and PCL-TH duplex on UV exposure
resulting in toehold clipping.

synthesized in-house at 1.0-�mol scale by solid phase syn-
thesis using an Oligo-800 synthesizer in DMT-off mode.
Native DNA and PCL phosphoramidites were purchased
from ChemGenes and Glen Research, respectively. The con-
centration of PCL phosphoramidite was 0.1 M and all the
native DNA amidites were 0.05 M, prepared in acetoni-
trile. All the other reagents were standard oligonucleotide
synthesis solutions obtained from ChemGenes. After syn-
thesis, oligonucleotides were cleaved from the solid sup-
port and fully deprotected with AMA (ammonium hydrox-
ide:methylamine = 1:1) by heating the oligonucleotides at
65 ◦C for 50 min in screw tubes. The cleaved oligonu-
cleotides were dried in a Speed-Vac evaporator and concen-

tration was measured using a NanoDrop 2000 spectropho-
tometer. PCL-containing DNA strands were purified by
preparative denaturing polyacrylamide gel electrophoresis
(PAGE, 15%). The DNA strands were extracted using bu-
tanol after purification, desalted and the oligonucleotides
were suspended in deionized water. The quality of the puri-
fied oligonucleotides was assessed by 15% analytical PAGE.
For the 1 �mol synthesis scale described here, the cost of the
PCL phosphoramidite used was ∼$130, with only a frac-
tion of the synthesized material used in this work. This addi-
tional cost involved in the incorporation of chemical linkers
is a parameter to be considered for constructing such func-
tionalized DNA nanostructures.
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Assembly of duplexes

To form the duplex, strands S and S-complement (Supple-
mentary Table S1) were annealed in 1× TAE/Mg2+ buffer
(40 mM Tris base (pH 8.0), 20 mM acetic acid and 12.5 mM
magnesium acetate) at a final concentration of 500 nM. The
DNA samples were annealed from 90 ◦C to 20 ◦C over 30
min in a T100 Thermal Cycler (Bio-Rad). For toehold con-
taining duplexes, strand S-complement was hybridized with
S-DNA-TH, S-PCL-TH or S-RNA-TH for duplexes with
DNA toehold, PCL-containing toehold or RNA toehold,
respectively.

Assembly of three-point-star motif and tetrahedron

To form the three-point-star motif, strands L, M and S-
blunt were mixed in 1:3:3 ratio in 1× TAE/Mg2+ at a final
concentration of 250 nM (sequences in Supplementary Ta-
ble S1). The mixture was annealed from 90 ◦C to 20 ◦C over
2 h in a T100 Thermal Cycler. Strand S-blunt was used to
create a motif without sticky ends so as to prevent the for-
mation of higher order structures such as the tetrahedron.
To form the DNA tetrahedron, strands L, M and S were
mixed in 1:3:3 ratio at 30 nM in 1× TAE/Mg2+. For toe-
hold containing tetrahedra, strand S was substituted with
S-DNA-TH, S-PCL-TH or S-RNA-TH for DNA toehold,
PCL-containing toehold or RNA toehold respectively. The
DNA solution was slowly cooled down from 90 ◦C to 20 ◦C
over 48 h by placing the tubes in 2 liters of hot water in a
beaker placed in a Styrofoam box.

Toehold clipping

For UV-induced toehold clipping, single stranded DNA or
annealed DNA complexes in 0.5 ml microtubes were placed
in an ice bucket with the tubes submerged in ice. Tube lids
were removed and tubes were placed ∼1 inch from the UV
light source (handheld UV light Spectroline EF 240C with
an output of 4 W). Samples were exposed to UV (� = 254
nm) typically for 1 h (except for the time series experiment).
For ribonuclease-induced toehold clipping, 10 �l of single
stranded DNA or annealed DNA complexes were mixed
with 1 �l of RNase A (20 mg/ml) and incubated at room
temperature for 1 h.

Tetrahedron disassembly

For tetrahedron disassembly, the invading strand was added
to DNA tetrahedra solution (typically 20 �l) in 30-fold ex-
cess and incubated at 20 ◦C for 1–2 h.

Electrophoretic mobility shift assay (EMSA)

Assembly of DNA structures and toehold clipping was ex-
amined by subjecting the complexes to an EMSA. Com-
plexes were run on non-denaturing gels containing 4–18%
polyacrylamide (19:1 acrylamide/bisacrylamide) at 4 ◦C
(100 or 120 V, constant voltage) in 1× TAE/Mg2+ running
buffer (duplexes were run on 18% gels and DNA tetrahedra
were run on 4% gels). Samples were mixed with gel load-
ing dye containing 50% glycerol, bromophenol blue and
1× TAE/Mg2+ before loading on gels. Gels were stained

in deionized water containing 0.5× GelRed (Biotium) and
destained in deionized water before imaging. Denaturing
gels (15% polyacrylamide and 8.3 M urea) were run at 20 ◦C
(500 V, constant voltage) in 1× TBE running buffer (pH
8.4) containing of 8.9 mM Tris, 8.9 mM boric acid and 0.2
mM EDTA. Denaturing gels were stained in deionized wa-
ter containing ethidium bromide (Sigma-Aldrich). Imaging
was done on a Bio-Rad Gel Doc XR+ imager using the de-
fault settings for GelRed or ethidium bromide with UV il-
lumination. Gel images were exported as 12-bit images and
quantified using ImageJ. Quantification was done using the
highest exposure image that did not contain saturated pixels
in the band of interest.

Circular dichroism (CD) experiments

CD spectra were collected on 5 �M annealed complexes.
Experiments were performed on a Jasco-815 CD spectrom-
eter at room temperature in a quartz cell with a 1 mm path
length. CD spectra were collected from 350 to 200 nm with
a scanning speed of 100 nm/min and with three accumula-
tions. The bandwidth was 1.0 nm, and the digital integra-
tion time was 1.0 s. CD spectra were baseline-corrected for
signal contributions due to the buffer.

Molecular dynamics simulations

Structural effects of PCL accommodation during strand
displacement were studied by molecular dynamics (MD)
simulations. AMBER (17) type force-field parameters were
developed for the PCL, which was treated as a DNA mod-
ification for parameterization purposes. Geometry of the
molecule was optimized using Hartree-Fock level theory
and 6–31G* basis-set. Partial charges on the atoms were
then obtained using the online RESP charge-fitting server
R.E.D (18). AMBER99 force-field parameters with bsc1
modification (19) were used to generate bonded and non-
bonded interaction parameters for the PCL. Initial struc-
ture of the DNA duplex (toehold-containing strand paired
with the invading strand) was built in MOE using the same
sequence as in the experiments but a shorter length (a 15-
mer duplex such that the PCL insertion site was in the mid-
dle). For MD simulations, we used this duplex as control
and used MOE (20) to model the PCL into the DNA du-
plex.

MD simulations were performed using GROMACS 2020
(21) in a solution of 100 mM excess KCl in a cubic box with
an edge length of ∼13 nm containing 183 K+, 125 Cl− ions
and ∼20 000 water molecules. All simulations utilized the
leap-frog algorithm with a 2 fs time step to integrate the
equations of motion. The system was maintained at 300
K using the velocity rescaling thermostat (22) and pres-
sure was maintained at 1 atm using the Berendsen barostat
for equilibration (23). Long-range electrostatic interactions
were calculated using the particle mesh Ewald (PME) algo-
rithm with a real space cut-off of 1.0 nm (24) and Lennard-
Jones and short-range electrostatic interactions were calcu-
lated at a 1 nm cut-off. The TIP3P model was used to repre-
sent the water molecules, and the LINCS algorithm (25) was
used to constrain the motion of hydrogen atoms bonded to
heavy atoms. The system was subjected to energy minimiza-
tion to prevent any overlap of atoms, followed by a short
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equilibration (0.5 ns) and 50-ns production run. Starting
with the equilibrated structure, three independent trajecto-
ries with randomized starting velocities were performed, a
cumulative total of 150 ns of simulation for each construct.
To prevent fraying, all heavy atom pairs involved in hydro-
gen bonding in the terminal base pairs were constrained to
a distance of 3–4 Å with a force of 1000 kJ mol−1 nm−2 us-
ing harmonic distance restraints. Coordinates of the DNA
complexes were stored every 2 ps for further analysis. Sim-
ulations were visualized using Visual Molecular Dynamics
(VMD) software (26) and analyzed using gmx distance util-
ity included with GROMACS (21).

RESULTS AND DISCUSSION

We first designed the toehold clipping strategy in a DNA
duplex containing an 8-nt toehold. By incorporating a pho-
tocleavable linker (PCL) at the junction of the duplex and
the toehold, UV light can be used to cleave the toehold, thus
preventing strand displacement (Figure 1B, C). To demon-
strate this, we synthesized a PCL-containing DNA strand
in-house (Figure 1D) and first validated that exposure to
UV light can cleave the linker and thus remove the toe-
hold portion of the ssDNA. We used 21-mer and 29-mer
DNA strands as controls, corresponding to the lengths of
the PCL-DNA strand without and with the toehold (Fig-
ure 1E: lanes 1 and 2, full gel in Supplementary Figure S1).
We exposed the PCL-containing ssDNA to UV light (� =
254 nm) and tested the samples before and after UV ex-
posure using denaturing polyacrylamide gel electrophoresis
(PAGE). Gel results showed that on UV exposure, the 29-
mer PCL-DNA strand is cleaved to a 21-mer and an 8-mer
(Figure 1E). Next, we performed a time series of UV ex-
posure to obtain kinetics of the photocleavage of the PCL-
DNA strand (Figure 1F, full gel in Supplementary Figure
S2). We exposed the PCL-DNA to UV light for different
time points up to 64 min, and ran the UV-exposed samples
on a denaturing PAGE. We quantified the reduction in in-
tensity of the band corresponding to the 29-mer PCL-DNA,
showing 90% cleavage in ∼32 min.

After validating UV-induced cleavage of the PCL-DNA
strand, we next tested toehold clipping in a duplex. We an-
nealed a 21-mer DNA and the 29-mer PCL-DNA to form
a DNA duplex containing an 8-nt toehold and character-
ized it using non-denaturing PAGE and circular dichroism
(CD) (Figure 1G and Supplementary Figure S3). First, we
confirmed that a control duplex with a DNA toehold (ab-
breviated DNA-TH) is not affected by UV exposure (Figure
1G: lanes 1 and 2). Next, we validated UV-induced cleavage
of the toehold in the duplex with a PCL toehold (PCL-TH).
On UV exposure, the toehold is cleaved from the PCL-TH
duplex (25 bp complex), resulting in a smaller complex with-
out a toehold (21 bp) (Figure 1G: lanes 3 and 4).

We then demonstrated that UV-induced toehold clipping
affects strand displacement in DNA duplexes. First, we
tested strand displacement in a toehold-containing control
duplex. We added an invading strand to the control duplex
(25 bp complex), incubated the mixture at room tempera-
ture, and tested the samples using non-denaturing PAGE.
Occurrence of strand displacement was confirmed by the
formation of a longer (29 bp) duplex (Figure 1H, lanes 1–2,

full gel in Supplementary Figure S4). Next, we confirmed
that the presence of the PCL does not interfere with the
strand displacement process by adding the invading strand
to the PCL-TH duplex. Formation of the longer duplex in-
dicated that strand displacement proceeded even in the pres-
ence of the PCL (Figure 1H, lanes 3 and 4). To analyze
toehold clipping and its effect on strand displacement, we
shined UV on the PCL-TH duplex and incubated it with the
invading strand, and ran the samples on a non-denaturing
gel (Figure 1H, lanes 5 and 6). We quantified the bands
corresponding to the strand displacement product in each
case to obtain the displacement efficiency. When the duplex
was not exposed to UV, strand displacement occurred, with
a displacement yield of ∼93% (Figure 1H, lanes 3 and 4
and Figure 1I). However, on exposure to UV, the strand
displacement yield was only ∼44%, indicating that toehold
clipping by photocleavage can be used to control strand dis-
placement reactions (Figure 1H, lanes 5 and 6 and Figure
1I). We attribute the occurrence of strand displacement af-
ter toehold to the remnant toehold post-UV as seen in Fig-
ure 1G.

While experimental results show that the presence of the
PCL does not affect strand displacement, we performed
MD simulations to understand PCL accommodation and
its structural effects on the duplex. We modeled and sim-
ulated a duplex of the toehold-containing strand and the
invading strand with and without the PCL (Figure 2A). We
found that the nucleotides adjacent to the PCL (5′ T and
3′ C) maintain canonical base pairing configurations with
their partners on the invading strand (A and G respectively)
throughout the simulation (Figure 2B-C). The distance be-
tween the C1′ atoms of the T:A and C:G base pairs 5′ and 3′
adjacent to the PCL is effectively the same in the constructs
with and without the PCL (Figure 2D and E). The stack-
ing distance, measured as the distance between the center
of mass of the heavy atoms in the nucleobases, shows that
stacking of the nucleotides (T and C) next to the PCL in
the toehold-containing strand is disrupted (Figure 2F). The
stacking between the corresponding paired bases on the in-
vading strand (A and G) remained intact, as indicated by
the overlapping stacking distance distribution of the con-
structs with and without the PCL (Figure 2G). These re-
sults suggest minimal local structural stress on the invad-
ing strand in the presence of the linker after strand dis-
placement. In our simulations, the PCL acts as a bulge in
the DNA duplex and can be accommodated with minor re-
structuring of the duplex, thus minimally affect the strand
displacement process.

We also designed a system to demonstrate toehold clip-
ping using enzymes (Figure 3A). We demonstrated this con-
cept using a duplex containing an RNA toehold, and used
a ribonuclease (RNase A) for toehold clipping. We first
designed a chimera strand that contains a DNA sequence
(forms part of the duplex) and an RNA sequence (forms the
toehold). On addition of RNase A, only the RNA part is
degraded, thus removing the toehold and preventing strand
displacement (Figure 3B). We first tested toehold clipping
using the single stranded DNA/RNA chimera strand, in-
cubating it with RNase A and analyzing the samples on a
denaturing gel (Figure 3C, full gel in Supplementary Fig-
ure S5). On addition of RNase A, the RNA portion of the
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Figure 2. Molecular dynamics simulation of a PCL-containing duplex. (A) Representative structures from MD simulation of the DNA duplex with (yellow)
and without PCL (gray). PCL is shown in red. (B) Sequence identity of the DNA construct. The nucleotides adjacent to the PCL are highlighted by the
dashed box. (C) Structural details of the nucleotides adjacent to the PCL. The C1′ atoms are shown as spheres. (D) Distribution of the C1′-C1′ distance
for the base pair 5′ adjacent to the PCL (yellow) and the same base pair in the construct without PCL (gray). (E) Distribution of the C1′-C1′ distance
for the base pair 3′ adjacent to the PCL (yellow) and the same base pair in the construct without PCL (gray). (F) Stacking distance distribution for the
nucleotides 5′ and 3′ adjacent to PCL on the toehold-containing strand. (G) Stacking distance distribution for the nucleotides 5′ and 3′ adjacent to PCL on
the invading strand. All distance distributions are averages from three independent simulations (50 ns each). Error bars in panels D-G represent standard
deviations from these triplicates.

Figure 3. Ribonuclease-induced toehold clipping process. (A) Toehold-based strand displacement in a duplex with an RNA toehold. Sequence identities
are denoted by alphabets in italics. (B) On RNase A addition, the RNA toehold is degraded, preventing strand displacement. (C) Degradation of the
RNA portion of a chimera strand containing DNA and RNA analyzed by denaturing PAGE. (D) RNase-induced toehold clipping in DNA duplex. (E)
Strand displacement in duplexes before and after toehold clipping. (F) Strand displacement efficiency in control duplex, RNA-TH duplex without RNase
A addition, and RNA-TH duplex on RNase A addition resulting in toehold clipping.
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29-mer chimera strand is cleaved, resulting in a 21-nt DNA
strand. Next, we created a duplex with a 21-nt DNA strand
and a 29-nt RNA-toehold containing chimera strand (25 bp
complex) and characterized it using non-denaturing PAGE
and CD (Figure 3D and Supplementary Figure S3). RNase
A addition has no effect on an all-DNA duplex (Figure 3D:
lanes 1 and 2, full gel in Supplementary Figure S6), and
only the duplex containing the RNA toehold is affected by
RNase, as seen by the faster moving 21 bp complex (Fig-
ure 3D: lanes 3–4). Similar to the study with the PCL, we
confirmed that the RNA toehold does not interfere with
the strand displacement process (Figure 3E: lanes 3 and 4,
full gel in Supplementary Figure S7). Next, we incubated
the duplex containing the RNA toehold (RNA-TH) with
RNase, followed by addition of the invading strand to the
RNase-treated sample (Figure 3E: lanes 5 and 6). We ana-
lyzed the samples on a non-denaturing gel and quantified
the strand displacement yields. The control duplex without
RNase showed ∼93% displacement yield while the RNase-
treated duplex only showed ∼17% displacement, indicating
that toehold clipping affects the displacement reaction (Fig-
ure 3F).

To demonstrate the broader adaptability of the toe-
hold clipping process in DNA nanotechnology, we chose
a double-bundle DNA tetrahedron as a model system. We
designed a toehold-containing DNA tetrahedron that can
be disassembled by the addition of an invading strand,
and show that using the toehold clipping process, tetra-
hedron disassembly can be prevented. We assembled the
DNA tetrahedron from the three-point-star motif (27), a
branched DNA structure containing seven strands: a long
strand (L), three medium strands (M) and three short
strands (S) (Figure 4A and Supplementary Figure S8). The
motif we use is three-fold symmetric, thus the three medium
strands have identical sequences, so do the short strands
(identical sequences are indicated by colors of the strands
in Figure 4A). The sequence of the long strand is three-fold
repeated within the motif, and contains 5T loops at the cen-
ter of the motif that provide flexibility for the arms to asso-
ciate into higher order structures. Each arm of the three-
point-star motif contains two helices connected by a single
crossover. Both helices are tailed with 7-nt sticky ends (one
extending from S and one extending from M) which allow
the motifs assemble into higher order structures through
double sticky end cohesion (Figure 4B). At specific DNA
concentrations (30–75 nM), a DNA tetrahedron is the pre-
dominant product, containing four units of the three-point-
star motifs. The edges of the assembled tetrahedron contain
four helical turns of DNA (∼14 nm).

To control DNA tetrahedron disassembly by strand dis-
placement, we included single stranded overhangs beyond
the sticky end region on strand S (Figure 4A and Supple-
mentary Figure S8). This 8-nt overhang acts as the toe-
hold to initiate strand displacement based disassembly of
the DNA tetrahedron on the addition of an invading strand.
Our earlier work with DNA tetrahedron assembly and dis-
assembly showed that an 8-nt toehold is optimal for DNA
strand displacement process with minimal excess of the in-
vading strand (28). We designed the invading strand to be
complementary to the entire sequence of strand S, including
the toehold region. Addition of the invading strand results

in complete displacement of strand S from the tetrahedron,
thus eliminating the sticky end interactions that hold the
tetrahedron together, leading to disassembly of the DNA
tetrahedron into its component motifs (Figure 4C). To con-
trol strand displacement by toehold clipping, we designed a
DNA tetrahedron with strand S containing a PCL toehold
(for toehold clipping using UV light) and a tetrahedron con-
taining strand S with an RNA toehold (for toehold clipping
using RNase A) (Figure 4D). The incorporation of a PCL-
containing toehold and RNA toehold allows the removal
of the toeholds by UV exposure or RNase addition respec-
tively, thereby preventing the disassembly of the DNA tetra-
hedron by strand displacement.

We assembled the DNA tetrahedron by mixing strands
L, M, and S in a ratio of 1:3:3 in 1× TAE/Mg2+ buffer
and slowly annealing the solution from 90 ◦C to 20 ◦C over
48 h. This one-step annealing forms the individual three-
point-star motifs which further self-assemble to form the
DNA tetrahedron. We validated proper self-assembly of the
DNA tetrahedra on non-denaturing gels, a technique well-
established for characterizing this particular DNA nanos-
tructure in prior work by us as well as others in the field
(Figure 4E). We assembled four versions of the DNA tetra-
hedron: a structure without any toeholds (Figure 4E: lane
5), with regular toeholds (DNA-TH, lane 6), with a PCL-
containing toehold (PCL-TH, lane 7) and a tetrahedron
with an RNA toehold (RNA-TH, lane 8). PAGE results
showed that incorporation of toeholds did not affect the
self-assembly of the DNA tetrahedron. Further, results also
showed that the incorporation of a PCL in the strand or the
RNA toehold did not adversely affect tetrahedron assem-
bly. Since the toehold clipping process requires the DNA
tetrahedron to be exposed to UV and RNase, we first con-
firmed that these conditions do not affect the assembled
DNA tetrahedron (Figure 4F). We exposed the DNA tetra-
hedron to UV for 1 h and show that the tetrahedron was
intact without any visible effect. Similarly, we incubated the
DNA tetrahedron with RNase A and validated the intact-
ness of the structure using nondenaturing PAGE.

We then demonstrated disassembly of the DNA tetrahe-
dron using an invading strand that is complementary to the
toehold and remaining part of the short strand (Figure 4G).
We observed that the DNA tetrahedra containing the reg-
ular toehold was completely disassembled on the addition
of the invading strand, as seen by the disappearance of the
band corresponding to the tetrahedron (Figure 4G, lanes 1
and 2). In the DNA tetrahedra with the PCL-toehold and
the RNA toehold, the structures were 90% disassembled on
the addition of the invading strand (Figure 4G, lanes 3–4
and 5–6, respectively). This difference in the disassembly
efficiency could be due to the differences in displacement
yields in modified toeholds as seen in the duplexes. Addition
of the invading strand did not have any effect on a tetrahe-
dron without a toehold, confirming that disassembly pro-
ceeds by toehold-mediated strand displacement (Figure 4G,
lanes 7 and 8). Reconfiguration of the structure is also se-
quence specific, with our prior work showing that even a
single nucleotide mismatch in the toehold region can pre-
vent structural reconfiguration (28).

Before we tested toehold clipping in the DNA tetrahe-
dron, we first verified that an incorrect stimulus (UV expo-
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Figure 4. Toehold clipping to control reconfiguration of a DNA tetrahedron. (A) Design and assembly of the 3-point-star motif into a DNA tetrahedron.
The motif is constructed from three strands, a short (S), medium (M) and a long (L) strand (strand identities are indicated by different colors). An invading
strand can bind to the toeholds on the DNA tetrahedron causing disassembly of the structure. (B) The 3-point-star motifs connect to each other via double
cohesion. Beyond the sticky end region, the motif also contains a toehold. (C) An invading strand can bind to the toehold on strand S and remove it from the
motif, this eliminating the sticky end cohesion and causing the tetrahedron to disassemble. (D) Schematic showing toehold clipping in the DNA tetrahedron
using light or enzyme. (E) Non-denaturing gel showing stepwise assembly of the DNA tetrahedra. (F) Gel image showing DNA tetrahedra are unaffected
on exposure to UV or on RNase A addition. (G) Tetrahedron disassembly by addition of invading strand. (H) Demonstration of stimuli specificity in DNA
tetrahedron disassembly. (I) Toehold clipping by UV on PCL-TH tetrahedron and RNase A on RNA-TH tetrahedron prevents tetrahedron disassembly.
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sure to an RNA toehold structure or RNase A addition to
a PCL toehold structure) does not cause toehold clipping
and prevent disassembly of the DNA tetrahedron. As a con-
trol, we exposed a DNA tetrahedron with regular toehold
to UV light or incubated it with RNase A, followed by incu-
bation with the invading strand. The tetrahedron was disas-
sembled in all three cases: (i) the control tetrahedron with-
out any stimulus (Figure 4H, lanes 1 and 2), (ii) tetrahedron
exposed to UV (lanes 3 and 4) and (iii) the tetrahedron in-
cubated with RNase A (lanes 5 and 6). The PCL-toehold
containing DNA tetrahedron incubated with RNase A was
disassembled on the addition of the invading strand (Fig-
ure 4H, lanes 7 and 8), showing that RNase A did not cause
toehold clipping in the PCL system. Similarly, the RNA toe-
hold containing tetrahedron was not affected by the UV ex-
posure, and was disassembled on the addition of the invad-
ing strand (Figure 4H, lanes 9 and 10).

Finally, we tested the toehold clipping strategy in the
DNA tetrahedron model system. We exposed the PCL-TH
tetrahedron to UV, followed by the addition of the invading
strand. Non-denaturing gel results showed that the DNA
tetrahedron was intact after the addition of the invading
strand, indicating that toehold clipping was successful (Fig-
ure 4I, lanes 3 and 4). In contrast, the DNA tetrahedron
without UV exposure showed ∼88% disassembly on addi-
tion of the invading strand (lanes 1–2). Similarly, we tested
two samples of the RNA-TH tetrahedron, one incubated
with RNase A and one without. On addition of the in-
vading strand, the DNA tetrahedron without the RNase A
showed ∼84% disassembly (Figure 4I, lanes 5 and 6) while
the sample incubated with RNase A showed intact DNA
tetrahedron (lanes 7 and 8), indicating that toehold clipping
worked.

CONCLUSION

In this work, we show that toehold-based strand displace-
ment reactions can be controlled by physical (UV light) or
molecular (RNase) cues, adding another layer of control
for creating programmable, stimuli-responsive DNA nanos-
tructures. Our demonstration of the toehold clipping pro-
cess in the DNA tetrahedron shows that the strategy is scal-
able for multiple toeholds in a system (the DNA tetrahe-
dron contains 12 toeholds). It is possible that such a strat-
egy can be incorporated into a biological system, where bi-
ological RNAs (microRNAs, for example) could cause the
strand displacement reaction, and externally applied light
could be used for toehold clipping. For biological appli-
cations, the light-based toehold clipping strategy might re-
quire wavelengths that are less harmful than UV, and can
be accomplished by the synthesis and integration of near in-
frared (NIR)-responsive linkers into DNA nanostructures.
Our strategy is agnostic to the toehold sequence in this
work, but one could tailor the sequences of the toehold
to be responsive to specific enzymes or incorporate modi-
fied nucleotides at specific locations on the toehold to re-
duce strand displacement rates by truncating the toehold
instead of fully eliminating it. Overall, our work adds to
the library of molecular tools that allow control of pro-
grammable DNA nanostructures with potential use in a va-
riety of applications.
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