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ABSTRACT: DNA strand displacement networks are a critical
part of dynamic DNA nanotechnology and are proven primitives
for implementing chemical reaction networks. Precise kinetic
control of these networks is important for their use in a range of
applications. Among the better understood and widely leveraged
kinetic properties of these networks are toehold sequence, length,
composition, and location. While steric hindrance has been
recognized as an important factor in such systems, a clear
understanding of its impact and role is lacking. Here, a systematic
investigation of steric hindrance within a DNA toehold-mediated
strand displacement network was performed through tracking
kinetic reactions of reporter complexes with incremental
concatenation of steric moieties near the toehold. Two subsets of
steric moieties were tested with systematic variation of structures and reaction conditions to isolate sterics from electrostatics.
Thermodynamic and coarse-grained computational modeling was performed to gain further insight into the impacts of steric
hindrance. Steric factors yielded up to 3 orders of magnitude decrease in the reaction rate constant. This pronounced effect
demonstrates that steric moieties can be a powerful tool for kinetic control in strand displacement networks while also being more
broadly informative of DNA structural assembly in both DNA-based therapeutic and diagnostic applications that possess elements of
steric hindrance through DNA functionalization with an assortment of chemistries.

■ INTRODUCTION
DNA has become a central material in a variety of applications
including diagnostics (both medical and non-medical),1−8

therapeutics,3,9,10 molecular computation,11−13 and nano-
devices.14,15 The wide-scale adoption of DNA for uses in
nanotechnology can be largely attributed to its predictable
Watson−Crick binding16,17 and comprehensive understanding
of its hybridization thermodynamics18−23 and kinetics.24−29

Such fundamental understanding, as well as thorough
characterization of DNA, has enabled engineering of
sophisticated structures30−33 and the execution of complex
dynamic systems including chemical reaction networks, which
possess immense computational power facilitated by the
specificity of dynamic DNA interactions.34−37 These inter-
actions permit Turing-universality through deterministic mass-
action kinetics and indicate that chemistry can be used to
compute anything.34 Dynamic DNA nanotechnology, specifi-
cally, relies on toehold-mediated strand displacement,38 which
uses a short single-stranded sequence, immediately adjacent to
its larger hybridized portion, to expedite exchange of its
complementary strand. Toehold-mediated strand displacement
is responsible for nanomachines,38−41 including molecular
motors,42,43 controllers,44,45 logic circuits capable of computa-
tion,46 signal restoration,46,47 and amplification.48−51 Much
work has been done to understand the intricacies of toeholds

on strand displacement including toehold length,25,27,52,53

toehold sequence and composition,24 and toehold loca-
tion.41,54−56 Despite our knowledge about the behavior of
these networks, key unexplored structural features, such as
steric hindrance, remain.
Over the past twenty years, there have been many studies

attributing a significant influence of steric hindrance on DNA
networks.17,27,57−61 However, the effect of steric hindrance on
the operation of these networks has not been studied in detail.
Steric hindrance is a term adopted from organic chemistry62

and refers to the partial blocking of a molecule’s reaction sites
caused by the physical presence of its parts. Steric hindrance
can be seen as the three-dimensional contribution of structures
to influence their reactivity. A more thorough understanding of
steric hindrance could provide an additional parameter for the
design and analysis of DNA strand displacement networks,
helping efforts to mitigate undesired reactions of metastable
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species such as in leaky amplifiers.63−71 Beyond strand
displacement networks, the knowledge of steric moieties’
roles in reaction kinetics can more broadly inform the creation
of DNA nanotechnology within structural applications,72

synthetic biology,73 surface bound chemistries,74 and biosens-
ing applications.75−78

Here, we report a simple system to investigate the effects of
steric moieties on DNA strand displacement reactions. We use
a basic DNA reporter as the test object, as shown in Figure 1A.

The simplicity of the reporter construct makes the interactions
straightforward to monitor and analyze. In addition to this
simple reporter, we modify the reporter to possess an internal
toehold rather than an external toehold, as detailed in Figure
1B. This modification involves concatenating a duplex to the
opposite side of the toehold from the dye and quencher
duplex. While “external” and “internal” descriptors have been
used by Turberfield et al. to describe the location of a toehold
in reference to a DNA loop structure,55,79 others have used it
to describe the whereabouts of a toehold in reference to strand
anatomy.80,81 We use this latter meaning: internal toeholds
describe toeholds made from medial nucleotides of the strand,
while external toeholds are constructed from terminal
nucleotides of the strand. The investigation of the internal

toehold, in addition to the external toehold, (1) helps assess
the effect of steric hindrance on the inner strand regions rather
than just the terminal regions, (2) helps confirm that the
results are not anomalous and valid only with the use of simple
external toehold reporters, (3) serves as a steppingstone to
validate steric moieties as a versatile approach to tuning
reaction kinetics, that are adaptable to a variety of complexes,
and (4) facilitates an extra location to tether steric moieties.
To systematically vary the steric hindrance, we chose multi-

arm junctions. Multi-arm junctions consist of a series of DNA
duplexes connected at their terminals. These DNA duplexes
serve as physical obstacles to hinder the invasion of potential
reactant molecules from their connection point, known as the
junction, which is located next to the toehold. Multi-arm
junctions are easy to position and scale while keeping the
system simple. These junctions form at the immediate
terminus of complementary domains, which makes their
position controllable and helps them straddle desired locations,
such as the toehold, closely. Scaling the number of arms in the
junction is also straight forward. Scaling requires only a
concatenated domain to the end of the last arm in the multi-
arm chain and an introduction of a complementary sequence
to the concatenated strand (illustrated in Figure S1 of the
Supporting Information). Multi-arm junctions are also simpler
than elaborate origami structures to construct and position,
making them a good starting point for steric studies. Multi-arm
junctions do not require any additional chemistries that
complicate the interactions between other molecules or the
available nucleotides in the toehold.
The reporters are paired with multi-arm junctions to form

two different sets of complexes including unconstrained and
constrained multi-arm junction complexes. Unconstrained
complexes (U.C.s) are divided into two sub-categories,
“external toehold complexes” and “internal toehold complexes”
(Figure 1C). External toehold complexes consist of a twenty-
nucleotide reporter duplex with a seven-nucleotide toehold at
the end of the quencher strand as shown in Figure 1A. To
increase the steric hindrance of this simple external toehold
reporter, a thirty-nucleotide strand is concatenated to the dye
strand opposite the toehold on the quencher strand. This
concatenated strand enables hybridization of a complementary
strand, creating an auxiliary arm that serves as a steric moiety
to obstruct invasion and nucleation of an invader strand to the
toehold. By further concatenating another thirty-nucleotide
sequence to each complementary strand, the complex can
increase its number of arms, and thus the level of steric
hindrance, incrementally. An illustration of this process can be
found in the Supporting Information (Figure S1). A maximum
of twelve auxiliary arms were added to the initial external
toehold reporter complex. Strand sequences and complex
illustrations of this complete set are found in Table S1 and
Figure S2, respectively, of the Supporting Information. Internal
toehold complexes are identical in their sequences to external
toehold complexes except that internal toehold complexes
possess a duplexed domain on the opposite side of the toehold
from the reporter, connected via concatenation to the toehold
of the quencher strand (Figure 1B). Strand sequences and
complex illustrations of all these complexes can be found in the
Supporting Information in Table S1 and Figure S3,
respectively.
Constrained complexes (CCs) are modified internal toehold

complexes where the last strand of the internal toehold
complex is concatenated to a domain complementary to the

Figure 1. Reporter and multi-arm complex representations. (A) Base
external toehold reporter complex consists of a 5′ TET fluorophore
paired with a 3′ Iowa Black fluorophore quencher, twenty base pair
duplex, and seven-nucleotide toehold. (B) Base internal toehold
reporter complex possesses identical fluorophores and sequences of
the duplex and toehold as the external toehold reporter complex and
has an additional duplex concatenated to the opposite end of the
toehold. This extra duplex is not involved in branch migration but is
used specifically to internalize the toehold. (C) Quintessential
representations of multi-arm complex structures are shown within a
highly simplified steric moiety taxonomy. Steric moieties investigated
here are divided into two categories: unconstrained and constrained.
Unconstrained steric moieties are further divided into two sub-
categories: external toehold junction complexes and internal toehold
junction complexes.
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quencher strand on the opposite side of the toehold from the
reporter. Figure 2A illustrates a detailed C.C. with one auxiliary
arm while Figure 2B illustrates the subtle difference between
an internal toehold complex and constrained junction complex
with four auxiliary arms. The connection of the extra duplex
(black) and the last auxiliary arm (gray) closes the geometry of
the complex and constrains the auxiliary arms to surround the
toehold. Only six C.C.s were tested. C.C. sequences can be
found in Tables S1 and S4 of the Supporting Information,
while illustrations of these structures can be found in Figure S4
of the Supporting Information.
To determine the effects of the incremental addition of

auxiliary arms to reporter complexes on toehold-mediated
strand displacement, an invader strand is introduced to each
complex. The invader interacts with each complex via toehold-
mediated strand displacement and produces an invader/
quencher duplex as well as a fluorescent signaling complex as
shown in Figure 3. Specific reactions are outlined for the
unconstrained external toehold reaction (Figure 3A), the
unconstrained internal toehold reaction (Figure 3B), and the
C.C. reaction (Figure 3C). Equal concentrations of both
complexes and invaders were used throughout all complex
variation experiments (with specifics found in the Methods and
Materials section of the Supporting Information). Reaction
kinetics were monitored by recording fluorescence intensity
versus time and are provided in Figures S11−S13 of the
Supporting Information. Bimolecular reaction kinetics were
assumed, and the fluorescence data were fit with the equation
presented in the Supporting Information (eq S1).

■ RESULTS AND DISCUSSION
Figure 4 shows a plot of reaction rate constant versus the
number of auxiliary arms for each type of complex tested.
Unconstrained external toehold complex data show that the
reporter complex without any auxiliary arms has the highest
reaction rate constant at approximately k = 2.5 × 106 (M−1

s−1). Addition of each auxiliary arm continuously reduced the
reaction rate constant with two exceptions, two and six
auxiliary arms, where the rate constants were shown to increase
from those with one less arm (rate constant data shown in
Tables S8−S10, Supporting Information). Internal toehold
complex data show a similar trend as the external toehold
complexes, with a decrease in reaction rate constant as the
number of auxiliary arms are increased. A pattern is observed
in Figure 4 of large decreases in the rate constant followed by

smaller decreases, or even increases, in the rate constant with
each additional auxiliary arm. To see this pattern more clearly,
Figure 5 details the difference in the rate constant of each
complex compared to the rate constant of the complex with
one less auxiliary arm. There is a considerable swing in
differential rate constant values. For example, increasing the
complex size from zero to one auxiliary arm results in a large
decrease in the reaction rate constant. Further increasing the
complex size from one arm to two arms shows a shallower
decrease than there is from zero to one arm. Adding a third
auxiliary arm results in another large decrease and adding a
fourth arm a smaller decrease (increase for internal toehold
complex). This “swinging” of the differential rate constant is
sustained, and the smaller decreases, on occasion, turn into
increases in the reaction rate constant.

Figure 2. Constrained complex schematics. (A) C.C.s are a modified internal toehold complex where the duplex opposite the toehold from the
reporter duplex, is concatenated to the complementary strand of the last auxiliary arm in the complex. (B) A side by side schematic helps depict the
transformation of a four-auxiliary-arm internal toehold complex (left) to a constrained complex (right) through the connection of the last auxiliary
arm with the extra duplex.

Figure 3. Reaction pathways are represented for each category of
complexes. (A) External toehold complex with two auxiliary arms
reacts with an invader to yield an invader-quencher duplex and a free
TET fluorophore. (B) Internal toehold complex with one auxiliary
arm reacts with the invader strand and yields an invader-quencher
duplex and free TET fluorophore. (C) Constrained junction complex
with one auxiliary arm reacts with an extended invader strand that
yields an invader-quencher duplex and free TET fluorophore.
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Reaction rate constants for a set of constrained multi-arm
junctions are shown as gray diamonds in Figure 4. The rate
constants are seen trending downward with the same pattern as
the external toehold complexes. The reaction rate constants of
C.C.s are shown to decrease dramatically from the U.C.s. The
considerable drop in reaction rate constant values of C.C.s
compared to their unconstrained analogues is attributed to the
more comprehensive protection that the auxiliary arms impart
by being in more immediate proximity of the toehold.
Between all sets of complexes, the unconstrained internal

toeholds possess the greatest reaction rate constants
throughout a majority of the tests (auxiliary arms 3−12).

Looking at the reaction pathways in Figure 3A,B, we can see
that the product of the internal toehold invader can coaxially
base stack with the additional duplex. This additional base
stacking can assist the invader in hybridizing to the toehold,
thus speeding up the kinetics as shown in the work of Yuan et
al.82 The exceptions occur with complexes with 0−2 auxiliary
arms. These data for both external and internal complexes
show no significant difference in reaction rate constants. This
lack of difference is attributed to the steric hindrance produced
by the extra duplex that the internal toehold complex
possesses. With the addition of the third auxiliary arm, it is
suspected that the steric hindrance provided by the extra
duplex of the internal toehold is negated by the growing
presence of the auxiliary arms. At this point the faster kinetics
due to the additional base stacking component of hybridization
is observed with the internal toehold complexes and
significantly elevates their reaction rate constants over their
external toehold complex analogues.
External toehold complexes, with two and six auxiliary arms,

were the exceptions to the downward trending reaction rate
constants. These exceptions may be attributed to the auxiliary-
arm sequences at the junction. Complex junction sequences
come from the design borrowed from Wang and Seeman83

where the ultimate base pairs of each arm at the junction site
are recycled every four arms so that each fourth arm possesses
the same base pairs at the junction, as is shown in Figure 5 plot
labels. Auxiliary arms two and six possess a T−A ultimate base
pair at the junction terminal. This sensitivity to the identity of
the terminal base pairs suggests that the overall trend of
decreasing reaction rate constants could be related to the
increase of partially available nucleotides put in closer
proximity of the toehold.65 Internal toehold complex data
show the same type of behavior with arms terminating in either
T−A or A−T pairs elevating reaction rate constants in the
cases of 4, 6, 8, 10, and 12 total arms. As the number of arms
increases, the significance of terminal pair looks to dissipate. A
deeper investigation of this pattern and an alternative
explanation for its existence is given in the subsequent sections.
oxDNA Modeling of Experimental Complexes. To

help understand the experimental data, complexes were
modeled using oxDNA.84−89 Simulation details are listed in
the oxDNA Simulation Details section of the Supporting
Information including in Figures S5−S7 and Tables S4−S6.
The oxDNA model is not equipped with a divalent cation
option to mimic our experiments directly but still yields
qualitative information to compare the varying complexes
through using identical input parameters. Specifically, we
looked for increases in nucleotides surrounding the complexes’
toeholds. A simple program, presented at the end of the
oxDNA Simulation Details section, was implemented to count
the number of nucleotides within increasing radial distances
from the middle (4th) nucleotide of the toehold out to 20 nm
for each complex. The data in Tables S4 and S5 of the
Supporting Information show that outside of 1 nm, the average
number of nucleotides trends upward as auxiliary arms are
added for all three types of complexes (external/internal U.C.s
and C.C.s). A significant pattern in the U.C. simulation data
can be seen by choosing a radial distance (such as 4 nm) and
comparing the average number of nucleotides across
complexes. A bar chart is provided in Figure 6A illustrating
this suggested 4 nm example. Large jumps in nucleotide counts
are seen in complexes with one, five, seven, nine, and twelve
arms for both U.C.s. This pattern dissipates at higher radial

Figure 4. Average invasion reaction rate constants for external and
internal toehold U.C.s (left scale), as well as C.C.s (right scale).
Complexes are presented with the number of auxiliary arms, which
does not include the reporter arm and in the case of internal toehold
and C.C.s; the duplex on the opposite side of the toehold is also
omitted. Average external toehold complex rate constants are shown
as blue circles. Average internal toehold complex rate constants are
shown as orange down-pointing triangles. Reaction rate constants of
C.C.s are shown as gray diamonds and measured using the scale on
the right of the plot. Averages are taken from technical triplicates of
each complex.

Figure 5. Difference of the rate constants with an increasing number
of auxiliary arms for both U.C. (left scale) and C.C. (right scale). Plot
labels indicate the base pair of each arm closest to the junction to
show the similarity in the trends. The rate constant change values are
relative to the complexes with one less arm. For example, the rate
constant change shown at one auxiliary arm is compared to complexes
with no auxiliary arms. Blue pentagons show the decreases of rate
constants of unconstrained external toehold complexes, while orange
hexagons show the decrease of unconstrained internal toehold
complexes, and dark gray stars depict the rate constant decreases of
C.C.s. There is a noticeable swing of big decreases and small decreases
which in some cases (two and six auxiliary arms) turn into mild
increases of the rate constant with increasing numbers of arms. This
pattern is remarkably consistent among all three sets of complexes.
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distances, where the increased number of nucleotides achieved
by adding more arms is more apparent. Figure 6B,C shows the
pattern in normalized plots for all radial distances in external
and internal U.C.s. Nucleotide ratios in Figure 6B−D are
calculated by dividing the data in Tables S4−S6 by the total
number of nucleotides in each structure. For example, the
complex ET5 (shown as light blue left-pointing triangles in B)
has an average of 125.1 nucleotides within a 5 nm radius of the
central toehold (tabulated in Table S4) over the course of the
simulation. There are 347 total nucleotides in the ET5
complex (5 auxiliary arms x 60 nucleotides each + reporter
duplex with 40 nucleotides + 7 nucleotide toehold = 347
nucleotides), and 125.1 nucleotides of 347 is approximately
0.36. Normalizing the data in this way helps give an idea of the
dispersion of nucleotides in each complex. The pattern found
in the oxDNA simulation data shows a striking resemblance to
the experimental rate constant reductions found in Figure 5.
Figure S8 of the Supporting Information shows a plot of the
experimental rate constant reduction data from Figure 5 and
the normalized nucleotide data from Figure 6B,C. Pearson
correlation coefficients of −0.85 and −0.89 were found
suggesting good agreement between oxDNA simulations and
experimental results.
C.C.s were also modeled using oxDNA and are featured in

Figure S7 of the Supporting Information. In contrast to the
U.C. data tabulated in Table S4 and S5, the C.C. simulations
did not show any intermittent spikes in nucleotides when
comparing across complexes as detailed in Figure 6A and
tabulated in Table S6. The experimental data from Figure 5,
however, show similar behavior to that of the unconstrained
toeholds suggesting that the simulations of C.C.s should
possess similar large nucleotide increases. It is not known why

these constrained data are not as well aligned with
experimental data.
To investigate the increased protection facilitated by

constraining the complexes, oxDNA models of unconstrained
internal toehold and constrained toehold complexes as shown
in Figures S9 and S10 of the Supporting Information,
respectively, were compared. Data extracted from oxDNA
simulations showed that the nucleotide density (a suspected
form of steric protection) increased for all C.C.s over their
unconstrained internal toehold analogues and increased as
much as 287% at just 6 nm away from the toehold (Supporting
Information, Table S7). Even with the large nucleotide spikes
of the internal toehold complexes discussed previously and
illustrated in Figure 6A, C.C. counterparts still possessed
higher nucleotide densities across the board. In addition to
higher densities, it is possible that C.C.s attain a more even
arrangement of nucleotides due to the extra attachment point
helping disperse the obstructing nucleotides and shielding the
toehold from a broader range of angles. The experimental data,
supported by the modeling, indicate that increasing steric
hindrance through constraining a complex can decrease the
kinetic reaction rate constant by over 3 orders of magnitude.
While the data point to the steric hindrance as the main
contributor behind the large drop, further experiments are
needed to rule out the role of toehold sequestration from the
effect of toehold conformation or topological trapping90 that
the constraint may cause. Although oxDNA simulations look
to closely depict the experimental data, simulations may need
to be run on a longer time scale or with appropriate salt to
bring the simulation and experimental results into greater
alignment.

Figure 6. Nucleotide counts and ratios surrounding complex toeholds show oxDNA simulations register similar effects as experimental results. (A)
Nucleotide counts within a four-nanometer radius from the central toehold nucleotide are displayed in a bar chart for external and internal
unconstrained complexes (E.T.U.C.s and I.T.U.C.s) in blue and orange, respectively, and C.C.s in dark gray. (B−D) Ratios of nucleotides within a
given radial distance of the central toehold to the total nucleotides in each complex are shown for E.T.U.C.s, I.T.U.C.s, and C.C.s, respectively.
Plots in B−D were color coded so curves match the color of the last added arms of the complex schematics in Figures S2−S4.
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Experimental results showed that increasing the number of
arms across all complexes decreased the reaction rate
constants. Modeling data help reinforce the idea that rate
constant decreases stem from steric hindrance. While the effect
is clear and modeling data indicate that the effect originates
from increased steric hindrance imparted by additional
auxiliary arms, other possible alternatives such as the
concomitant components of additional mass, increased
electrostatic concentration at the junction, near the toehold,
and additional nucleotides may contribute to the effect.
Further experiments were run to give a better understanding
of each of these variables.
Effects of Increasing Mass on Decreasing the

Average Reaction Rate Constants. To test the relationship
of additional mass and the reduction of the reaction rate
constant, arm lengths of the original U.C.s were reduced from
30 to 20 bp as the inset example complexes show in Figure
7A,B. Truncating the arms of these structures reduces their
mass by approximately one-third but keeps the junction the
same so the mass is the only considerable change. Figure 7A,B
compares the original 30 bp auxiliary-arm complex data with
the truncated 20 bp auxiliary-arm complex data of external and
internal toehold complexes, respectively. Data from each set of
complexes match each other closely and are numerically listed

in Tables S11 and S12 of the Supporting Information. There is
one exception with the zero-arm internal toehold featured in
Figure 7B; the complex with a 20 bp duplex is shown to have a
slower rate constant than with a 30 bp duplex, which is
opposite of the expected result and thus does not support mass
as a considerable factor in the decrease of reaction rate
constants with the addition of more auxiliary arms.
Long-Range Electrostatic Effects with Increasing

Steric Moieties. To examine long-range electrostatic effects
of the complexes, buffer salt concentrations were increased and
decreased by an order of magnitude from the default 12.5 mM
concentration. Figure 8A shows data of external toehold
complex reaction rate constants at 1.25 mM magnesium listed
in Table S13 of the Supporting Information. Reaction rate
constants collected at this lower salt concentration were two to
three orders of magnitude slower than those run in our default
12.5 mM magnesium buffer. These data show decreases in
reaction rate constants with increasing numbers of arms up
until six arms. With the addition of the seventh arm, the
reaction rate constants begin to subtly increase and drastically
spike with the addition of the eighth arm before leveling off
with the addition of the ninth, tenth, and eleventh arms.
Strand invasion experiments for external toehold complexes

were also run in buffer with 125 mM magnesium

Figure 7. Illustration and data of complexes with decreased mass. (A) Data from the original unconstrained external toehold complex with 30 base
pair arms are shown in blue circles and compared to the truncated 20 base pair arms of each of their analogue complexes, shown as black squares.
The inset depicts an external toehold complex with two auxiliary arms and dotted lines that demark the truncation of auxiliary arms from 30 to 20
bp. (B) Data of the original unconstrained internal toehold complexes with 30 base pair arms are shown as orange downward-pointing triangles and
compared to the truncated 20 base pair arms of each of their analogue complexes, black upward-pointing triangles. The inset depicts an internal
toehold complex with two auxiliary arms with dotted lines that demark truncation of auxiliary arms from 30 to 20 bp.

Figure 8. Unconstrained external toehold complex data of three different salt concentrations. Data sets in A and B are kept separate to help
communicate the similarities between data in the default salt concentration between data in the low and high concentrations. (A) Original external
toehold data under default salt concentration of 12.5 mM magnesium chloride (shown in blue circles and rate constant scale on the left of the plot
in blue) and external toehold data at an order of magnitude lower salt concentration of 1.25 mM magnesium chloride (shown in left pointing gray
triangles with the rate constant scale in gray on the right of the plot). (B) Original external toehold data under default salt concentrations is again
shown in blue as it is in (A), and external toehold data at an order of magnitude elevated concentration of 125 mM magnesium chloride is depicted
in gray right pointing triangles with a gray scale on the right.
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concentration, and the reaction rate constant data are shown in
Figure 8B and tabulated in Table S15 of the Supporting
Information. These data (depicted as gray right pointing
triangles) show a trend of decreasing reaction rate constants
with an increase in the number of arms added to the
complexes. This trend is nearly identical to that seen with the
complexes at the default 12.5 mM magnesium salt concen-
trations, which are shown as blue circles in Figure 8B. While
the data depict a similar trend at high salt concentrations, the
reaction rate constants themselves are four-fold higher in the
higher salt concentration (125 mM Mg2+) than the default salt
concentration (12.5 mM Mg2+).
The results from experiments run at varied salt concen-

trations reveal a few things. First, decreased reaction rate
constants for lower salt concentrations, and increased reaction
rate constants for higher salt concentrations, are expected, and
the data unsurprisingly confirm this behavior. Salt helps buffer
the electrostatic repulsion of each of the negatively charged
DNA backbones allowing for more efficient hybridization to
occur.91 Second, they show that the decrease in reaction rate
constants with increasing number of auxiliary arms is not just a
product of niche ideal conditions but is demonstratable over a
span of conditions. Third, lower salt concentrations helped
steady the rate of decrease in the reaction rate constants with
the addition of arms one through six. This suggests that the
oscillations in rate constants, previously illustrated in Figure 5,
stem from a phenomenon that can be masked with decreased
salt. The lower salt concentrations also revealed, by the spike in
reaction rate at the addition of the eighth auxiliary arm that the
trend of decreased reaction rate is likely due to structural
contributions.
Reactions of internal toehold complexes that were run at low

salt concentrations (1.25 mM Mg2+) are shown as gray left-
pointing triangles in Figure 9A and listed in Table S14 of the
Supporting Information. Reaction rate constants showed a
similar trend to those of the external toehold complexes at low
salt concentrations. Initially, there was a steady decrease in
reaction rate constants from zero to five arms. With the
addition of the sixth arm, there was an increase of over an
order of magnitude from the previous arm and to nearly five
times the rate constant of the internal toehold complex control
without any additional auxiliary arms (zero auxiliary arms).
The addition of the seventh, eighth, ninth, and tenth arms yield
decreases in the reaction rate constants from the eighth but still

were nearly three times the control complex of zero auxiliary
arms.
The drastic increase of the reaction rate constants with the

addition of the sixth arm of the internal toehold complex, and
the eighth arm of the external toehold complex, might suggest
that these are critical points where the complexes break apart
due to weaker charge screening effect at low salt concen-
trations and have at least a portion of the complex dissociated,
causing a reduction in the steric hindrance and thus an increase
in reaction rate constant. However, the reaction rate constant
should then become similar to the previous complexes with
fewer arms. Instead, the reaction rate constant far exceeds any
of these previous complexes for internal toehold complexes. If
the complexes were to break apart, the rates would then no
further be affected by the addition of more arms because
additional arms would be added to the dissociated portion of
the complex, not to the portion possessing the dye and
quencher. Thus, it is more likely that an increase in the number
of arms reaches a critical point in which the complex junction
adjusts to allow more space for electrostatic repulsion among
arm duplexes and dissociates one or more base pairs of the dye
quencher arm, increasing the size of the toehold while
simultaneously creating more space between the toehold and
the protection of the arms, producing a more conducive path
for the invader to reach the toehold. This would explain the
large increase in the reaction rate with the addition of the sixth
arm, above the control, due to the larger toehold, and explain
the subsequent decrease in reaction rates with increases in
further auxiliary arms that would be impactful because they
have not been completely severed from the complex.
Reaction rate constants were collected for internal toehold

complexes at high salt concentrations (125 mM Mg2+) shown
as gray right-pointing triangles in Figure 9B and tabulated in
Table S16 in the Supporting Information. These data depict a
very similar trend to the data collected for these complexes at
the default 12.5 mM magnesium salt concentration shown as
orange triangles, possessing a similar rate of decrease in the
reaction rate constant with increasing arms and mimicking the
swing of rate constants.
Nucleotide Availability Near the Toehold. The

presence of more nucleotides near the toehold, resulting
from increasing the number of arms, could increase toehold
interactions and thus could decrease the availability of
nucleotides in the toehold to react with invader strands and

Figure 9. Unconstrained internal toehold complex data of three different salt concentrations. Data sets in A and B are kept separate to help
communicate the similarities between data in the common salt concentration between data in the low and high concentrations. (A) Original
internal toehold data under common salt concentration of 12.5 mM magnesium chloride (shown in orange downward pointing triangles and rate
constant scale on the left of the plot in orange) and internal toehold data at an order of magnitude lower salt concentration of 1.25 mM magnesium
chloride (shown in left pointing gray triangles with the rate constant scale in gray on the right of the plot). (B) Original internal toehold data under
common salt concentrations is again shown in orange as it is in (A), and internal toehold data at an order of magnitude elevated concentration of
125 mM magnesium chloride is depicted in gray right pointing triangles with a gray scale on the right.
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decrease the overall reaction rate constant. The initial data
suggest that the nucleotides made partially available through
fraying of auxiliary arms at the terminal may have at least
minor effects on the reaction rate constants as shown in Figure
5. The trend for both external and internal toeholds shows that
having an A−T pair terminating an auxiliary arm at the
junction increased reaction rate constant for an A−T versus a
G−C pair. This is seen in the swing of the reaction rate
constant values between arms that end at the junction in A−T
versus G−C base pairs (Figure 5). The differences seen in the
reaction rate constants seem to coincide with the identity of
the base pairs.
The oscillating rate constant changes in Figure 5 suggests

that the identity of the terminating base pairs may impact the
reaction rate. To assess whether this effect may result from
corresponding changes in availability of toehold nucleotides,
we analyzed minimum free-energy (MFE) structures using
NUPACK22,92−95 (see Figures S22−S24 in the Supporting
Information). Overall, the MFE structures did not reveal any
significant impacts on toehold availability; however, there may
be limitations in NUPACK’s ability to accurately model the
nucleotide interactions in these multi-arm structures.
A more fitting explanation for the noticeable reaction rate

constant difference between arms terminating at the junction
with different base pairs is coaxial base stacking. Coaxial base
stacking, or coaxial stacking, occurs when duplexes align with
one another to allow base stacking between duplexes and a
possible reduction in free energy. Two studies have shown that
the favorability of coaxial stacking is sequence dependent.96,97

The multi-arm junction design employed in our research cycles
through four unique terminal sequences. According to these
two studies, the most conducive of our used sequences for
coaxial stacking is introduced with the addition of the second,
sixth, and tenth arms, with ∼2−10 times the favorability of the
other sequence combinations (Figure 10A). The jump in
reaction rate constants, especially with the addition of the
second and sixth auxiliary arms, as shown in Figure 4, suggests
that the last arm added to the complex can dictate the structure
of these molecules through base stacking with the previous
arm. This base stacking behavior propagates in a way to
maximize stacking interactions between all duplexes. Because
the last arm preferentially stacks with the next available arm
and the next two available arms coaxially stack with one
another, the reporter duplex is last in line to stack and thus has
a more or less frequent stacking partner based on the number
of arms in the complex. Complexes with an odd number of
auxiliary arms result in the reporter duplex base stacking with
the first auxiliary arm and those with an even number of
auxiliary arms result in the reporter duplex not stacking
because the first auxiliary arm is instead preferentially stacking
with the second auxiliary arm. For example, in a one arm
complex, it is likely that the reporter duplex coaxially stacks
with the first auxiliary arm, causing large disruptions to toehold
access and branch migration. This point is illustrated by an
oxDNA84−89 simulation of an external toehold complex
featured in Figure 10B but is also present in internal and
C.C.s, as shown in Supporting Information, Figures S6 and S7.
When the second arm is introduced, the first arm then

Figure 10. Coaxial stacking in multi-arm junction complexes. (A) Table of values interpreted from Vaskiliskov et al.96 shows that the second and
sixth arms have a higher free-energy decrease than other arms, thereby more strongly influencing the complex structure. (B) Unconstrained external
toehold complex modeled in OxDNA84−89 shows an instance of coaxial stacking of the reporter arm with the first auxiliary arm. (C) External
toehold complex with two auxiliary arms modeled in OxDNA shows coaxial stacking between the last added arm (second) and the second to last
added arm (first), while the reporter does not coaxially stack. (D) External toehold complex with three auxiliary arms modeled in OxDNA returns
to a conformation in which the reporter arm coaxially stacks with the first auxiliary arm while the second auxiliary arm coaxially stacks with the third
auxiliary arm.
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preferably stacks with the second arm instead of the reporter
arm as shown in Figure 10C, and thus has a more accessible
toehold and elevated reaction rate constant. Once the third
auxiliary arm is introduced, the favorability of the sequence of
the second arm is interrupted by the concatenation of the third
arm (Figure 10D) and thus, the second arm no longer has the
favorability it had as the last arm to continue stacking with the
first arm. This change allows the first arm to more frequently
base stack with the reporter arm causing another large
reduction in the reaction rate constant. The reaction rate
constant does not return to the former rate constant despite
the same coaxial stacking behavior because there are now more
auxiliary arms increasing the steric hindrance from that of the
last complex. Furthermore, the oxDNA simulation data
discussed previously suggest that the base stacking mechanism
orients the structures in a way that increases the nucleotide
density, and thus protection, around the toehold. Low salt
concentration data in previous Figures 8A and 9A showed
much steadier decreases in reaction rate constants (before the
spike) compared to the common salt concentrations,
suggesting that the complex configuration caused by stacking
interactions subsided with a decrease in charge screening while
the steric effects remained.
Sterically Programmable Kinetics. The previous sec-

tions have presented and discussed data to elucidate the extent
of impact that steric hindrance has on DNA strand
displacement and attempted to determine a primary

mechanism for this impact. In this section, steric hindrance
is explored for increasing kinetic control over strand displace-
ment networks. Unlike other methods for controlling displace-
ment kinetics, steric moieties do not necessitate nucleotide
manipulation like mismatches, do not require competitive
reactions such as thresholding, and do not need to possess
network specific sequences to be integrated as if a network
component. Due to their separate mechanism of implementa-
tion, steric moieties can be used in concert with other kinetic
control methods. In some instances, steric moieties may even
be preferable over other kinetic control mechanisms. For
example, changing toehold length achieves large discrete
changes in the rate constant,24 while steric moieties can
achieve arbitrarily small changes on a continuous spectrum, as
will be demonstrated in this section. Additionally, changing the
toehold length affects all strand displacement reactions where a
toehold length may be beneficial for one reaction in a cascade
but not another. In contrast, steric moieties can be added,
eliminated, or their sizes can be changed without affecting the
rates of strand displacement reactions in the whole network.
While steric moieties possess high compatibility with other
kinetic control mechanisms, they also offer preferable
advantages such as dynamic control and fine kinetic control.
Dynamic control is one advantage that steric moieties

possess compared to other methods of kinetic control and is
reached through their programmability. Steric moieties can be
stripped away or added over the course of a reaction. This

Figure 11. Programming an increase in steric presence. (A) Schematic shows a one-auxiliary-arm external toehold complex interacting with a steric
moiety to become a five-auxiliary-arm complex in step 1, and in step 2 the five-auxiliary-arm complex underwent a subsequent reaction with an
invasion strand to dissociate the quencher strand and creating a signal. (B) Plot depicts the kinetics traces of an invasion reaction of the
programmable external toehold complex with one auxiliary arm (P1) in black and an invasion reaction involving one-auxiliary-arm complex after
the introduction of the steric moiety (ET5) in orange.

Figure 12. Programming an increase in steric presence. (A) Schematic shows a five-auxiliary-arm external toehold complex (P5) interacting with a
steric displacer strand to yield a one-auxiliary-arm complex (ET1) and a steric moiety. ET1 had a subsequent interaction with an invasion strand to
dissociate the quencher strand and create a signal. (B) Plot depicts the kinetics traces of an invasion reaction of the P5 black and the sterically
stripped ET1 complex in blue.
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allows for kinetic control beyond a dynamic effective rate
constant. To demonstrate this capability of steric moieties, an
unconstrained external toehold complex possessing one
auxiliary arm was made programmable by using a shorter cap
strand to create a 10 nt toehold on the auxiliary arm. Steric
hindrance of this complex, which we call “P1” (programmable
complex with one auxiliary arm), was increased through a
toehold-mediated exchange of P1’s 20 nt cap strand with a four
and a half arm steric moiety shown in step 1 of Figure 11A via
the residual 10 nt single strand from the auxiliary arm of P1.
After 24 h, the resulting five arm external toehold complex, or
“ET5”, illustrated in step 2 of Figure 11B was then introduced
to an invasion strand to complete toehold-mediated strand
displacement. Figure 11B shows a plot with kinetic traces of
both P1 and ET5. The kinetic rate constants of both P1 and
ET5 complexes match the rate constants of one and five arm
external toehold complexes presented in Figure 4, indicating
complete reaction of steric moiety with the one arm complex.
In addition to increasing the steric presence, decreasing the

steric presence can be accomplished by changing a five-
auxiliary arm to a one-auxiliary arm external toehold complex.
Figure 12A shows a schematic of a five-auxiliary-arm complex,
called “P5”, interacting with a disassembler strand to produce a
one-auxiliary-arm external toehold complex (ET1) in step 1.
An invasion strand was then introduced to the resulting ET1
complex in step 2 of Figure 12A. Figure 12B shows the kinetic
traces of P5 (black) and ET1 (blue). A lower-than-expected
reaction rate constant was found after stripping the steric
moiety. Gel analysis in Figure S25 confirmed that steric
moieties were being stripped successfully. Upon further
investigation, it was found that while the toehold was not
shown to be affected by the freshly unhybridized region of the
steric moiety, the invader strand did show considerable
interaction. A NUPACK MFE structure depicting this
interaction is given in Supporting Information, Figure S26.
The strands used in these experiments were borrowed from
our previous experiments and thus were not designed to avoid
the interference realized here but can easily be optimized to
achieve better performance. Additionally, for proof of principle,
we waited 24 h and used 1.3× of the displacing species to
ensure full conversion of reactants. It is suspected that much
shorter wait times are sufficient to fully convert the

programmable steric moieties and can be shortened with
even higher concentrations of the displacing species.
Another advantage that steric moieties offer is the capability

of finer kinetic control. The data from Figure 4 show that by
holding the component concentrations constant, discrete
reaction rate constants can be attained. While this discrete
level of control may be sufficient for some applications, finer
control of the ensemble kinetic rate is possible by using
different combinations of steric moiety sizes. A simple
demonstration of this is shown in Figure 11, where half of
the complexes employ a small (one auxiliary arm) steric
moiety, and the other half of the complexes employ a large
(twelve auxiliary arm) steric moiety. A schematic representa-
tion of this reaction is shown inside the dark gray box in Figure
13A. Schematics of reactions with only the one-auxiliary-arm
complex and only the twelve-auxiliary-arm complex are
depicted in the orange and blue boxes, respectively. Figure
13B shows a plot with color-coded kinetics traces for each
reaction depicted in Figure 13A. The dark gray trace of the
mixed steric complexes helps illustrate the fine control of
kinetics that steric moieties allow. The mixture results in a
kinetic rate proportional to the steric ratio. As a result, a
continuous rather than discrete spectrum of kinetic control is
attainable.
In addition to these broader implications of kinetic control

imparted by steric moieties, the multi-arm junction steric
moieties employed in this study showed potential as an assay.
The auxiliary arms that were incrementally added to grow the
steric presence in these structures introduced distinct sequence
patterns at the junction. As it was discussed in the last section,
these distinct sequences showed substantial rate constant
changes attributed to different coaxial base stacking favor-
ability. This sensitivity indicates that these structures are a
feasible approach for measuring sequence-dependent coaxial
base stacking stabilities.

■ CONCLUSIONS
We have investigated the effects of steric moieties on toehold-
mediated strand displacement reactions. Specifically, two
categories�unconstrained and constrained�of multi-arm
junction complexes were studied. Unconstrained external
toehold complexes were found to be capable of decreasing
the reaction rate constant by nearly 2 orders of magnitude,

Figure 13. Schematically represented reactions and kinetics traces for individual and combinatorial steric complexes. (A) Orange box contains the
reactants for a one auxiliary arm only steric complex invasion reaction. The blue box contains the reactants for a twelve auxiliary arm only steric
complex invasion reaction. The dark gray box contains the reactants of a half 1 auxiliary arm and half twelve auxiliary arm invasion reaction. (B)
Kinetics traces are color coded with the boxes in A showing the one auxiliary arm only reaction as the fastest orange trace, twelve auxiliary arm only
reaction as the slowest blue trace and the combination reaction of half the one arm and half the twelve arm complexes shown as the middle dark
gray trace.
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while C.C.s were found to be capable of decreasing the
reaction rate constant by over 3 orders of magnitude from the
control reporter complex. For both categories of U.C.s and
C.C.s, a clear trend of decreasing reaction rate constants shows
that the more obstructions are added, the smaller the reaction
rate constant becomes. Furthermore, the coinciding coaxial
stacking favorability and reaction rate constant jumps indicate
that the conformation of the structures help shape their
reactivity. It is not clear if this steric contribution is decreasing
the reaction rate constant through inhibiting the nucleation of
the invader on the toehold or if the moieties surrounding the
branch migration domain make branch migration more
challenging. Both possibilities are supported by the data.
Additional experimental and computational studies are
required to establish which of these mechanisms underlies
the steric hindrance behavior observed. The discovery of exact
mechanisms would help to predictively model reaction kinetics
based on reactant structures, allowing for the leverage of steric
moieties to slow undesired leaky reactions and increase
usability of DNA in a wide array of nanotechnological
applications. Additionally, we have demonstrated the use of
steric hindrance as a new way to dynamically control individual
and ensemble reaction kinetics in DNA strand displacement
networks.
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