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ABSTRACT: The self-assembly of DNA-based monomers into
higher-order structures has significant potential for realizing various
biomimetic behaviors including algorithmic assembly, ultrasensitive
detection, and self-replication. For these behaviors, it is desirable to
implement high energetic barriers to undesired spurious nucleation,
where such barriers can be bypassed via seed-initiated assembly. Joint-
neighbor capture is a mechanism enabling the construction of such
barriers while allowing for algorithmic behaviors, such as bit-copying.
Cycles of polymerization with division could accordingly be used for
implementing exponential growth in self-replicating materials. Previously, we demonstrated crisscross polymerization, a strategy that
attains robust seed-dependent self-assembly of single-stranded DNA and DNA-origami monomers via joint-neighbor capture. Here,
we expand the crisscross assembly to achieve autonomous, isothermal exponential amplification of ribbons through their concurrent
growth and scission via toehold-mediated strand displacement. We demonstrate how this crisscross chain reaction, or 3CR, can be
used as a detection strategy through coupling to single- and double-stranded nucleic acid targets and introduce a rule-based
stochastic modeling approach for simulating molecular self-assembly behaviors such as crisscross-ribbon scission.

■ INTRODUCTION
DNA-based monomers can be programmed to undergo self-
assembly into higher-order complexes via DNA hybridization.
Examples of such processes include folding of DNA origami1,2

and polymerization via tile assembly3−5 or hybridization chain
reaction (HCR).6,7 For exploring behaviors such as algorithmic
assembly, ultrasensitive detection, and self-replication, desired
growth typically is initiated by a provided seed, while the
incidence of spurious nucleation can result in erroneous
assemblies or false positives. Particularly for exponential
amplification, management of spurious nucleation is of para-
mount importance, as otherwise, such events can lead to rapid
consumption of all resources. Suppression of spurious
nucleation is possible via two mechanisms that can be
implemented individually or in tandem: kinetic trapping of
monomers into inactive states (e.g., HCR) or the presence of a
kinetic barrier to nucleation through requiring the stable binding
of monomers to be dependent on the engagement with multiple
previously captured neighbors (e.g., tile assembly).8−14

An interesting feature of joint-neighbor capture is the ability
to support informationally rich behaviors such as algorithmic
assembly.3,8,12,13 One notable algorithmic behavior is bit-
copying, which can be used for self-replication. Exponential
growth in self-replicating materials can be implemented through
combining such growth with scission, for example, through the
use of mechanical agitation of crystals formed from DNA tiles14

or heating of DNA-origami rafts.15 Such architectures can be of

interest as model systems for the origins of life, as vehicles for the
directed evolution of useful materials, and as strategies for
creating adaptive behavior (e.g., B-cell and T-cell diversification
and selective amplification for marshaling the body’s limited
resources to maximize host defense).

Another use case for the growth and scission of DNA
structures is ultrasensitive detection of analytes if the system can
be programmed to have the presence of analyte trigger
nucleation of growth. Furthermore, the enzyme-free nature of
DNA self-assembly can offer potential advantages for detection,
including intrinsically lower reagent and storage costs by only
using DNA strands and buffers and no direct copying of the
analyte as occurs in methods such as PCR. Thus, with a simple
heat-denaturation step at the beginning of an amplification
protocol, any contaminating amplification (i.e., potential false
positives) from previous reaction runs can be destroyed.
However, enzyme-free systems to date have exhibited limited
performance, thereby motivating the continued investigation of
alternate approaches.
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Most natural and synthetic systems implementing joint-
neighbor capture use monomers that only bind to the nearest
neighbors, leading to seed dependence that is only possible
under slow, near-reversible growth conditions.3 Conversely,
crisscross polymerization is an architecture in which “slat”
monomers are designed as linear arrangements of binding sites,
enabling the engagement of neighbors that are not local in 2D to
attain any arbitrary coordination number.16,17 For stable binding
at the reversible temperature for growth, each slat needs to form
a series of weak yet specific bonds with a number of other slats
corresponding to the slats’ half-coordination number. Ribbon
polymerization propagates by the sequential addition of
alternating perpendicular slats as new binding sites are made
available by each monomer addition. Such interactions with

more than just nearest-neighbor slats allow for extreme levels of
cooperativity via highly coordinated joint-neighbor capture. As a
consequence, rapid growth can be attained under conditions
with exceedingly low levels of spurious nucleation as any
spuriously interacting slats do not have sufficient binding energy
to initiate stable ribbon formation. Then the addition of a seed
that preorganizes an initial set of high-coordination binding sites
allows the system to bypass this large entropic barrier and
thereby facilitate rapid ribbon assembly.

By coupling linear crisscross growth with toehold-mediated
strand displacement (TMSD),18,19 we introduce an expanded
strategy that allows for autonomous enzyme-free isothermal
exponential amplification. This is achieved through concurrent
growth and scission of crisscross ribbons, a process we have

Figure 1. Scission of a finite crisscross DNA structure through toehold-mediated displacement by a set of invader (i.e., cut) strands. (A) Principle of
classical toehold-mediated strand displacement. An invader strand (green) engages a toehold domain on a substrate strand (light blue) and then
proceeds to liberate a bound incumbent strand (dark blue) through branch migration. (B) Strand displacement where the substrate strand, including
its toehold domain, is functionally replaced by a series of half-turn (5 or 6 bp) strand termini arranged on the face of a crisscross structure. (C) Fissure
of a crisscross nanostructure through toehold-mediated recruitment of a set of invader strands followed by joint branch migration. (D) Analogous
fissure of a crisscross ribbon fragment exhibiting xy growth (i.e., alternating staggered x and y slats). Light blue and gray boxes in B−D outline regions
not involved in the strand displacement. See Figure 2 for how such a scission can be coupled with growth.
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named crisscross chain reaction (3CR). Compared to linear
growth alone, 3CR has the potential to attain higher sensitivity
through generating greater amplification from a single seed. As a
proof of concept, we couple 3CR amplification to the detection
of nucleic acid biomarkers with a limit of detection of <100 fM
after overnight assembly and highlight possible future directions
to improve detection speed and sensitivity. We further show
how graph-rewrite rule-based stochastic simulations20,21 can be

used to study self-assembling systems like 3CR at a level of
abstraction above specific monomer and sequence design while
still allowing for the specification of programmable interactions
at the level of individual binding sites.

■ RESULTS
Exponential Amplification via Ribbon Growth and

Scission. Taking linear ribbons made of ssDNA slats16 as a

Figure 2. Principle of 3CR for exponential amplification of xy ribbons via isothermal growth and scission. (A) Schematic of the design for a v5 ribbon
(detailed scadnano design in Supp. Figure 1C). Each intersection between a horizontal and vertical line represents a half-turn (5−6 base pairs) of
dsDNA. Through linear growth, growth slats with single-stranded extensions are added to the ribbon in a specific order that allows cut slats to bind.
Once bound, the cut slats compete with the growth slats via toehold-mediated strand displacement (see Supp. Movie 1 for a more in-depth view of
ribbon scission via strand displacement). Once the cut slats had displaced the growth slats, the ribbon is severed into two fragments. Each of these
fragments is capable of further growth and scission. (B) TEM image after ribbon growth without scission (mean length 409 nm, standard deviation 176
nm, based on 22 measurements). (C) TEM image after combined ribbon growth and scission (mean length of 44 nm, standard deviation of 19 nm,
based on 226 measurements, corresponding to predominantly fully cut ribbons). Production of ribbons, long or short, is seed-dependent (see Figure
3). Note that linear ribbons appear twisted and irregular in width due to the use of 11 bp/turn and the presence of single-stranded extensions, which,
when unbound, tend to cause aggregation. Scale bars: 200 nm. See “Assembly Reactions” for details of the conditions used. (D) Comparison of seeded
and unseeded 3CR amplification at different slat concentrations with cy5-fluorophore 3′ labeling of the top x-slat from the repeat unit in A and Supp.
Figure 1C (present at roughly 50% of the concentration of other growth slats). The red fluorescent signal (i.e., gel image captured with a red filter) is
from this labeled x-slat, while the blue fluorescent signal (i.e., gel image captured with a blue filter) is from SYBR-Gold prestaining of the agarose gel.
The fast-migrating bright species at the bottom of all agarose gels are unincorporated slats. See “Assembly Reactions” for details of conditions used.
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starting point, we appended additional binding sites to each x-
and y- “growth” slat that, upon ribbon assembly, form a parallel
array of single-stranded extensions on the “west” and “south”
sides of the ribbon, respectively. Just as a parallel array of growth
slats of one orientation forms multistranded binding sites for
growth slats of the perpendicular orientation, the parallel
extensions can collectively form multistranded “toeholds” for
joint capture of the initial set of domains of perpendicular “cut”
slats. Cut slats captured in this way are then positioned for the
competitive displacement of several segments of an existing
growth slat. Thus, cut slats can invade the ribbon via TMSD
(Figure 1) and are collectively able to sever the ribbon in two.
This results in an additional growth front becoming available
(Figure 2A, Supp. Figure 1 and Supp. Movie 1). Since both the
growth slats and cut slats are present in a one-pot reaction, the
3CR system is, in principle, designed such that the growth/
scission cycle repeats autonomously, resulting in an exponential
amplification process that generates many short ribbon
fragments following exposure to a single seed. Assuming 100%
efficient scission, the 3CR system should result in a doubling of
amplification (i.e., the mass of ribbons generated) following
each instance of linear growth of a ribbon repeat unit. Given that
the process of scission via TMSD follows the form of a random

walk, increasing the relative binding strength of cut slats as
compared to growth slats can introduce kinetic ratchets biasing
the random walk, effectively shortening the time that it takes to
resolve. For example, the introduction of unpaired nucleotides
or guanine-thymine (G-T) wobble base pairs in growth slats can
favor the binding of cut slats that form stronger guanine-cytosine
(G-C) base pairs.

In order to achieve 3CR amplification with appreciable rates
of growth and scission, we followed an iterative design pipeline
of experimentally optimizing the slat sequences. We found that
adding long extensions and wobbles on a set of 24 slats in a single
design step would result in significant decreases in growth rate,
even for a dozen or so variant sequence sets (data not shown).
We hypothesized that long extensions may exhibit a sequence-
dependent facility to interact with each other leading to kinetic
traps that slow growth; furthermore, the introduction of wobbles
could give rise to slow growth in a sequence-dependent fashion.
To combat this, we decided on an iterative buildup of wobbles
and slat extensions through a multistep design process.

First, we screened eight “v6” (i.e., monomer half-coordination
number n = 6 and 12 binding sites in the core growth-slat region,
as per the definitions in Minev et al.16) sequence variants each
with 8 wobbles in the following context: “A/T GNG C/G A/T”

Figure 3.Target-dependent nanoseed formation leading to the 3CR exponential growth of v5 ribbons. (A) Design of nanoseed formation from ssDNA
or ssRNA, with coupling to v5 crisscross growth and scission (cut slats omitted from the cartoon for clarity). As in Figure 2A, one intersection between
a horizontal and vertical line represents a half-turn (5−6 base pairs) of DNA. (B) Design of twinned-nanoseed formation from dsDNA. It is likely that
nanoseed formation only proceeds efficiently for targets that are kinetically trapped in single-stranded states, e.g., through denaturation followed by
incomplete renaturation, and that thereby are available for sequestration by the capture slats. (C) 3CR detection of different targets using a v5 design
(p8064 ssDNA, JM109 E. coli dsDNA, MS2 RNA). The red fluorescent signal (i.e., gel image captured with a red filter) is from the top x-slat in Supp.
Figure 1C labeled with a Cy5-fluorophore on its 3′ end, while the blue fluorescent signal (i.e., gel image captured with a blue filter) is from SYBR-Gold
prestaining of the agarose gel. The fast-migrating bright species at the bottom of all agarose gels are the unincorporated slats. See “Assembly Reactions”
for details of conditions used.
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in 6-nt binding sites, where N represents all four possible bases
across from a G on the opposing strand (Supp. Figure 2). For the
sequence variant with the fastest relative growth from this
screen, we designed three possible 6-segment extensions for
every one of the 24 growth slats (Supp. Figure 1A). We then
screened all possible combinations of three extensions at a time
to build up a set of 24 extension sequences that still maintained
relatively fast growth kinetics (Supp. Figures 3−10). From here,
we derived a v5 design (i.e., monomer half-coordination number
n = 5 and 10 binding sites in the core growth-slat region) with 6-
segment extensions by removing the two middle binding sites
from every growth-slat (Supp. Figure 1B). While, in principle, v6
assembly could provide greater robustness to spurious
nucleation by allowing growth at a higher temperature, we
used the v5 design as our default for this study, reasoning that
(a) faster scission kinetics are expected as fewer binding sites
need to be displaced for a thinner ribbon (Supp. Figure 11) and
(b) the shorter slat length enabled us to order strands from IDT
at lower-cost synthesis scales. Using this set of growth slats, we
screened cut slats that bind between 1 and 6 segments as
toeholds; we found that 4-segment binding produced the
strongest overall amplification (Supp. Figure 12). We then
truncated the extensions to remove any binding sites that were
not necessary for 4-segment cutting (Supp. Figure 1C−E). It is
worth noting that in this screening procedure, we did not
consider the rate of spurious nucleation, which we have also
found to have a strong sequence dependence (Supp. Figure 13).
Hence, a future direction to improve the limit of detection of the
3CR system would be to carry out more thorough sequence
optimization considering both the rate of amplification and
spurious nucleation simultaneously.

To aid the nucleation of cut-slat binding to the single-stranded
extensions, we introduced “filler” slats that provide a stacking
interface for cut-y-slat binding, thereby assisting the formation of
the dense half-turn crossover pattern by the cut slats (Supp.
Figure 1A,B and 14−16). The requirement for filler slats can be
mitigated by lengthening the growth slats such that these slats
themselves provide a stacking interface for the cut slats (Supp.
Figures 1C and 11). In this case, lower rates of spurious
nucleation may be expected as none of the slats engages more
than one binding site on any given other slat (Supp. Figures 17−
21). We note that implementations of 3CR with more rigid
monomers such as DNA-origami slats17 may not require filler
slats.

Based on this optimization, we settled on the following default
design for this work: “v5” ribbons with 4-segment extensions
(Figure 2 and Supp. Figure 1C), 6 G-T wobble base pairs per
repeat, gel-purified cut slats (Supp. Figure 22), and detection
using an 11 bp/turn “sparse” crossover nanoseed (Figure 3,
Supp. Figure 23, and discussion in Section “Detection of nucleic
acid targets”, based on the design first introduced in Supp.
Figure 40 from Minev et al.16) capturing the M13
bacteriophage-derived “p8064” ssDNA scaffold.

We were thus able to implement a system with a doubling rate
of approximately every ∼2 h, providing significantly greater
amplification than linear assembly alone (Supp. Figure 24). In
some assembly conditions, the rate of ribbon assembly was
sufficient to achieve depletion of growth slats, albeit with
detectable levels of spurious nucleation (Figure 2D). By
pregrowing ribbons in the absence of cut slats (Supp. Figure
25) and then diluting the ribbons 20-fold into reactions with
variable concentrations of cut slats, we found that significant
scission is possible in as little as 5 min, suggesting that growth is

rate-limiting for this v5 3CR implementation (Supp. Figure 26).
In contrast, for the parent v6 design, significantly slower scission
rates were observed (Supp. Figure 27). Interestingly, for the v5
design, cut-y slats alone were sufficient for scission (at
approximately half the rate of cut-y and cut-x slats together),
while cut-x slats alone did not generate any detectable scission
(Supp. Figures 26 and 28). This might be due to the asymmetry
of this design with significantly more scission occurring in the y-
direction, especially as this phenomenon was not observed in an
alternative v6 3CR design (Supp. Figure 29).
Detection of Nucleic Acid Targets. To demonstrate the

ability of 3CR to detect nucleic acid biomarkers, we designed
“capture” slats that bind to a target sequence to form a
“nanoseed” (Figure 3A, B and Supp. Figure 30). This nanoseed
can subsequently trigger exponential crisscross polymerization,
as described above. For detecting double-stranded targets, we
designed capture slats for both the forward and reverse target
strands, with a 5-nucleotide stagger in between to reduce
hybridization between the two sets of capture strands.
Simultaneous capture of both target strands away from each
other almost doubles the number of base pairs and therefore
thermodynamically favors nanoseed formation over reannealing
of the dsDNA target22 (Figure 3B).

By designing capture slats against different sequences, we
were able to detect viral ssDNA (M13 bacteriophage) (Figures
2B, C and 3C), viral RNA (MS2, Figure 3C and Supp. Figure
31), sonicated bacterial genomic dsDNA (JM109 E. coli, Figure
3C and Supp. Figure 32), and viral dsDNA (lambda, Supp.
Figure 33). Under the experimental conditions used in Figure
3C, the efficiency of JM109 dsDNA detection relative to that of
p8064 ssDNA was ∼1% and of MS2 ssRNA was ∼0.01% (using
UV-absorbance as quantification of starting target concen-
trations and ignoring potential sample degradation). In the case
of JM109, the lower efficiency of detection could be due to the
additional complexity of nanoseed formation from longer
dsDNA and the potential interference of the sample with
crisscross ribbon assembly. Further optimization of experimen-
tal conditions (e.g., via temperature ramps) and design changes
could help boost dsDNA detection efficiency. For MS2 RNA,
the low efficiency could be a byproduct of RNA degradation and
inefficient capture, especially given that the nanoseed design and
experimental conditions were set to work for DNA detection.
Capture efficiency could potentially be improved through the
design of adapter regions between RNA−DNA duplexes and the
higher crossover density crisscross regions and experimental
optimization at alternative buffer conditions favoring RNA
stability. We note that with linear growth with a different
nanoseed design capturing a longer target (408 nt c.f. 188 nt)
and under different buffer conditions, we were able to detect
MS2 ssRNA with ∼40% efficiency relative to that of p8064
ssDNA, including simultaneous detection of MS2 with p8064 to
produce an additive signal (Supp. Figure 34), implying that
there is potential for improvement of RNA detection with 3CR
with further optimization. Furthermore, we note that due to the
presence of detectable albeit low levels of spurious nucleation
(“no target” lane in Figure 3C), any future detection applications
should be calibrated against a no-target control to ensure
detection above background system noise.

To simplify the gel-based analysis of the effect of design
parameters on nanoseed formation and not growth, we used the
linear v6.1 growth-slat sequences investigated previously,16

instead of exponential growth and scission. With the detection of
linear lambda dsDNA in this scheme, we attained more robust
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detection of target sequences near the termini versus the middle
of the genome (Supp. Figure 33). Interestingly, we also found
that detection is possible even without denaturing the dsDNA
target and by capturing only either the forward or reverse strand.
We hypothesized that some fraction of the nominally dsDNA
target actually is in a kinetically trapped ssDNA state, enabling
capture-slat invasion without any prior denaturation. To explore
further this hypothesis, we designed a synthetic sequence (Supp.
Figure 35) and generated ssDNA, circular dsDNA plasmid, and
linearized dsDNA plasmid versions. As expected, the detection
efficiency of the dsDNA targets was nonzero but significantly
lower than the ssDNA version. In order to induce kinetically
trapped ssDNA states in the dsDNA target, we heat-denatured
the linearized target at 85 °C and then rapidly quenched the
reaction in ice, finding that this treatment rescues amplification.

By altering the density of crossovers in the nanoseed (Supp.
Figure 30) and experimental conditions, we were able to adjust
the tolerance of nanoseed formation to the presence of

mismatches in the target sequence (Supp. Figure 36). Such
tunable specificity could potentially be useful for the detection of
rapidly evolving pathogens, overcoming a limitation of PCR
where mutations in primer or probe binding sites result in
significant decreases in sensitivity.23,24 For example, below the
reversible temperature, we found that nanoseeds with “sparse”
1.5-turn crossovers can recognize a sequence with as low as
∼90% identity if the mismatches are evenly spread out across
multiple slats, with a “dense” 0.5-turn crossover nanoseed
recognizing sequences with as low as ∼95% identity. Closer to
the reversible temperature, specificity increased up to ∼97% for
sparse nanoseeds and ∼98.5% for dense nanoseeds (see Figure 3
from Minev et al.16 for characterization of spurious nucleation of
the v6.1 linear-growth design used for these experiments).

For detection applications, some other desirable character-
istics include the ability to detect shorter sequences, the ability
to detect sequences from viral particles in complex biofluids, and
the ability to increase signal strength by simultaneous detection

Figure 4. Kappa simulations of scission of a two-repeat ribbon, in the absence of growth, for core slat length 10 (i.e., v5), extension length 5 (i.e., five-
segment toeholds), and no wobbles. (A) Plot of 100 simulation trajectories tracking the number of slats in the ribbon. Scission breaks the ribbon into
two complexes of comparable size. The four example graphs, depicted in pop-out squares, demonstrate a sequential maturation from the initial ribbon
with two repeat-units and no cut-slats bound, followed by increases in complex size until all cut-slats are captured by the extensions, followed by
scission. In the graphs, colored circles each represent a single slat, and edges are the bonds between them. (B) Simulations showing mean time to
scission versus slat length, corresponding to the ribbon width, with 5-segment toeholds and no wobbles (trajectories for the core slat length 10 shown in
(A)). Every data point (white circle) is a mean of 100 simulations, with individual simulations represented as transparent gray rectangles. Time to
scission was determined as the sharp decrease in complex size shown in (A) Data-points are annotated with the mean time to scission normalized to
that for the core slat length of 10. (C) Kappa simulations with prebound cut-slats (core slat length 10, extension length 5, wobble strength 2/3)
showing effect of arrangement of 5 wobble-sites as represented by the different colors. Every data-point is a mean of 300 simulations.
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of multiple regions. Along these lines, we report the following
findings from three separate lines of experimentation: (1) we
were able to truncate the capture slats by two binding sites each
for the dense nanoseeds to detect a 126 nt ssDNA target
sequence (c.f. the full-length 188 nt sequence; Supp. Figure 37);
(2) we found that nanoseeds can form and nucleate ribbon
assembly from intact M13 phage particles25 in biological media
such as 10% fetal bovine serum or 2xYT microbial growth media
(Supp. Figure 38), and (3) we found that detecting multiple
regions on the E. coli genome at the same time produced an
additive signal (Supp. Figure 39).
Stochastic Simulations of Ribbon Scission. As exempli-

fied in Method “Sequence design”, computational support is
beneficial for designing complex self-assembly processes like
3CR. Computational strategies can likewise be helpful for
illustrating the effects of higher-level design choices on the
dynamical behavior of 3CR, for example, monomer coordina-
tion, toehold length, wobble strength, and wobble arrangement.
However, the need to encode binding-site identities of many
unique monomers and the stochastic nature of scission render
approaches such as molecular dynamics impractical. We thus
developed stochastic models at a higher level of abstraction to
simulate crisscrossed ribbon scission. In this case, we do not aim
for quantitative prediction of ssDNA assembly but rather to
provide a framework for qualitatively exploring the parameters at
play, especially as the 3CR strategy could in principle be
implemented with other monomer types as well.

To this end, we used the Kappa platform for rule-based
stochastic simulations21 (see discussion in Method “Kappa
simulation design” and Supp. Figure 40 for details on how
monomer geometry was accounted for in this purely graph-
based framework). We designed a model consisting of a single
ribbon with two repeat units of growth slats, with variable
monomer coordination number (“core slat length”), extension
length, and strength/arrangement of “wobble” binding sites (i.e.,
binding sites where growth-slat binding is made weaker than cut-
slat binding), and a 100-fold excess of each cut-slat. Running 100
simulations per tested condition, we detected ribbon scission as
a sharp decrease in the maximum complex size within the
simulation (Figure 4A). We found that increasing the slat length
decreases the scission rate due to the larger amount of
simultaneous TMSD that needs to take place (Figure 4B). We
also explored the changes in scission rate for different extension
lengths (Supp. Figure 41A), wobble counts and strengths (Supp.
Figure 41B,C), and the different designs with either more cut-x
or else more cut-y slats (Supp. Figure 41D). By initializing the
model with cut slats prebound to the ribbon and running 300
simulations per condition, we furthermore tested the effect of
wobble positions on the scission rate (Figure 4C and Supp.
Figure 42).

In addition, to validate our mechanistic understanding of how
crisscross ribbon growth and scission occur and aid the
interpretation of agarose-gel data, we designed a simple
stochastic model that considers linear growth as a continuous
process and cutting as single stochastic events occurring at fixed
ribbon intervals (Supp. Figure 43). These simulation results are
in general alignment with the morphology of the cut-ribbon
bands seen in gels throughout this work and can help rationalize
to what degree growth and scission respectively are limiting in
each case.

■ CONCLUSIONS
Through the elongation of DNA slats to contain toehold
domains, we expanded linear crisscross ribbon assembly to an
exponential regime by implementing simultaneous growth and
scission and showed how such an approach can be used for the
detection of different nucleic acid targets. We also presented a
general strategy using rule-based modeling to simulate
molecular self-assembly behaviors such as crisscross ribbon
scission. This modeling approach can likely be expanded to
simulate complex information-bearing interactions such as
crosstalk and algorithmic assembly for a broad range of
monomer designs. While the implementation in this work acts
as a proof of concept of the 3CR strategy, future directions to
enable the use of 3CR as a low-cost ultrasensitive diagnostic
could involve the improvement of the amplification rate and
limit of detection via further sequence optimization to
incorporate more wobbles while maintaining fast growth and
undetectable spurious nucleation. Furthermore, fluorescence/
colorimetric readouts in solution based on the conversion of
single-stranded DNA to double-stranded DNA can expand the
utility of 3CR as a detection method. The DNA-only cycling-
free nature of crisscross ribbon growth and scission could also
serve as a basis for designing more complex self-replication
behaviors, potentially spawning diverse ribbon morphologies
from different seeds and incorporating directed evolution (Supp.
Figure 44).

■ MATERIALS AND METHODS
Sequence Design. Ribbon architectures were designed using

scadnano,26 and corresponding slat sequences were generated using
custom Python scripts. All sequences used in this work are provided in
Supp. Table 1. Sequences were generally designed to contain relatively
isoenergetic binding sites and minimal self-structure of each slat as
assessed using NUPACK.27,28 For linear growth, growth-slat sequences
for v6.1 from Minev et al.16 were used, while for scission growth,
growth-slat sequences were optimized as described below. Sequences in
the region coupling nuc-x to nuc-y slats were designed to minimize the
slat self-structure, have relative isoenergetic binding sites, and keep GC-
content within 45−50% and avoid 6-nt repeats. Target sequences were
screened in 188-nt windows for self-structure using the NUPACK mfe
function, and windows with the lowest self-structure were used to
design the corresponding nuc-x slats. For dsDNA targets like lambda
and JM109 E. coli, the reverse-complement of the window 5-nt
upstream of the initial sequence was used to enable the capture of both
the “forward” and “reverse” strands.
Denaturing Polyacrylamide Gel Electrophoresis (PAGE)

Purification. DNA oligonucleotides were purchased from Integrated
DNA Technologies (IDT) and resuspended in water. Slats of the same
type (e.g., x, y, nuc-x) and of the same length were pooled for combined
purification. Cut slats and nucleic slats of different lengths were
individually purified. Pools were mixed with at least the same volume of
95% formamide, 0.025% (w/v) bromophenol blue, and 5 mM EDTA
loading buffer. The SequaGel UreaGel System (National Diagnostics)
was used to prepare 15% denaturing PAGE gels in empty plastic 1.5 mm
minigel cassettes (Invitrogen Novex). Empty gels were prerun for 1 h at
300 V in 0.5× TBE buffer (45 mM Tris, 45 mM boric acid, 0.78 mM
EDTA), and then samples were loaded and run at 300 V for at least 35
min. Bands of the correct molecular weight were excised using UV
shadowing, crushed with a pestle, and shaken at 1500 rpm in 500 μL of
1× TE buffer (5 mM Tris 1 mM EDTA) overnight. Extracts were
separated by centrifugation in Freeze N’ Squeeze tubes (Bio-Rad, 732-
6166); 2.5−3 volumes of 100% ice-cold ethanol and 0.1 volume of 3 M
sodium acetate were added to the samples, followed by mixing by
inversion and incubation for 15 min at −80 °C. Samples were
precipitated in a refrigerated centrifuge, washed twice with 70% ice-cold
ethanol, dried in air, and resuspended in water. The final yield was
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determined by using a Nanodrop 2000c spectrophotometer (Thermo
Scientific).
Assembly Reactions.Assembly reactions were typically performed

in 10 μL volumes containing 0.1−1 μM each of purified slats, 12−20
mM MgCl2, Tris-EDTA buffer (5 mM Tris 1 mM EDTA, pH 8), 0.01%
Tween, and up to 1 nM of the target, and incubated overnight using a
PTC-225 Peltier Thermal Cycler (MJ Research) or a Tetrad 2 Peltier
thermal cycler (Bio-Rad). Reactions containing DNA targets were first
denatured at 85 °C for 5 min followed by a suitable isothermal growth
temperature. 65 °C was used instead of 85 °C for RNA targets.
Overnight incubations were used as shorter incubations (e.g., 1.5 h as in
Supp. Figure 17) did not generate a strong signal in the 3CR system,
motivating future directions exploring ways of increasing the
amplification rate.

The same reactions were used for Figures 2B, C, and 3C using the
design from Supp. Figure 1C. These were performed at 20 mM Mg2+, 5
mM Tris, 1 mM EDTA, pH 8.0, 0.01% Tween-20, 65 °C for 5 min and
then 48 °C overnight for ∼22 h using 0.1 μM/nuc-slat, 0.15 μM per
growth slat, 1 μM/cut slat, and variable target concentrations. Growth
only (i.e., linear amplification) versus growth plus scission (i.e.,
exponential amplification) ribbons at 1 nM p8064 were used for Figure
2. MS2 RNA was purchased from Sigma-Aldrich and diluted in water.
JM109 gDNA was prepared as described below, and nuc-x slats for
target capture against both forward and reverse strands of “gene 2” from
Supp. Figure 39 were used. For Figure 2D, reactions were likewise
performed at 20 mM Mg2+, 5 mM Tris, 1 mM EDTA, pH 8.0, 0.01%
Tween-20, 65 °C for 5 min and then 48 °C overnight for ∼21 h using
0.15−0.25 μM per growth slat (the cy5-labeled growth-x slat being at
roughly 50% of the concentration of the other growth slats), 0.05 μM/
nuc-slat, 0.15−1 μM per cut-slat, and 100 pM p8064 target.
Agarose Gel Electrophoresis. Ribbon assembly reactions were

characterized by agarose gel electrophoresis. Ultrapure agarose (Life
Technologies) was melted in 0.5× TBE buffer (45 mM Tris, 45 mM
boric acid, 0.78 mM EDTA, ∼ 0.4× SYBR Gold, 12 mM MgCl2) at a
concentration of 0.5% (w/v) for linear reaction characterization or
1.5% (w/v) for scission reaction characterization. Gels were covered
with aluminum foil during solidification and running to lessen exposure
to ambient light; 1−4 μL of samples was combined with 5−10 μL
agarose loading buffer (5 mM Tris, 1 mM EDTA, 30% (w/v) glycerol,
0.025% (w/v) xylene cyanol). For reactions containing Cy5-labeled x
slats, a loading buffer without xylene cyanol was used to avoid
background fluorescence. Electrophoresis was performed at 55−60 V
for 2−3.5 h using the Thermo Scientific Owl EasyCast B2 or D3-14
system. Gel images were captured with a GE Typhoon FLA 9500
fluorescent imager set at SYBR-Gold parameters and 300 V and
adjusted using FIJI ImageJ29 with the “Minimum” and “Maximum”
sliders under “Brightness/Contrast” and “Despeckle”.
Transmission Electron Microscopy. Samples were diluted 1:40

for reactions in Figure 2 and 1:20 for reactions in Supp. Figures 14 and
25 in 12 mM MgCl2 0.7x TE buffer. FCF400-CU-50 grids (Fisher
Scientific) were negatively glow-discharged at 15 mA for 25 s in a
PELCO easiGlow; 4 μL of the sample was applied to a grid, incubated
for 2 min, and wicked off using Whatman paper (Fisher Scientific). 4 μL
of 2% aqueous filtered uranyl formate was immediately added and
wicked off. Imaging was performed at 80−120 kV on a JEOL JEM 1400
plus microscope. Ribbon lengths were measured by using the
“segmented line” tool in FIJI ImageJ.
JM109 E. coli gDNA Preparation. 2xYT medium (Fisher

Scientific) was inoculated using JM109 stock and cultured on a shaker
overnight at 200 rpm and 37 °C. The QIAprep Spin Miniprep kit
(Qiagen) was used to lyse the cells and pellet the genomic DNA. Prior
to the addition of neutralizing buffer N3 and subsequent steps, the
lysate was sonicated using the 1000 bp protocol in an M220 focused
ultrasonicator (Covaris). With the current designs, we found that
miniprep with sonication (shortening the dsDNA fragment length to
enable easier invasion by capture slats, as well as allowing gDNA
fragments to pass through the column filter) was necessary for JM109
detection (Supp. Figure 45). The final sample was resuspended in
water, and the yield was quantified using a Nanodrop 2000c
spectrophotometer (Thermo Scientific).

Fluorophore Conjugation. In order to aid gel readout of ribbons
formed when detecting targets of similar migration (e.g., JM109 E. coli
gDNA or lambda DNA), we used fluorophore-conjugated x slats. For
the 3CR design from Supp. Figure 1C, we purchased one x slat (the top
one from the scadnano diagram) with a 1T linker and Cy5 fluorophore
on its 3′ end from IDT with HPLC purification. For linear crisscross
analysis, we conjugated Atto647 NHS esters (Sigma-Aldrich) to all 12
amino-modified v6.1 y slats (purchased from IDT). 1:50 ratio of PAGE-
purified oligonucleotide to dye in 1 M NaHCO3 buffer was shaken at
2000 rpm for 2 h at 22 °C in the dark, purified using NAP-5 columns,
and concentrated using a Speedvac. The yield was quantified using a
Nanodrop 2000c spectrophotometer (Thermo Scientific).
Kappa Simulation Design. In the rule-based stochastic simulation

approach used by the Kappa platform, monomers are conceptualized as
agents with a number of sites that represent distinct interaction
capabilities such as binding to other agents, allowing for the connection
of agents into site graphs. In the graph, the nodes are the agents and the
edges are the bonds between agents. A rule can be viewed as a graph-
rewrite directive, acting as a mapping of one site graph to another. The
specification of rules is related to the specification of the actual
molecular associations simply by defining the reaction rates of
interactions between specified pairs of binding sites. These rules are
then implemented by the simulator as a continuous-time Monte Carlo
Gillespie simulation.

A major difference between a site-graph representation and a
physical monomer assembly is the lack of information about monomer
geometry within the graph. While this allows for intrinsically faster
simulation time scales than is possible with approaches such as
molecular dynamics30−33 and does not require building a purpose-built
simulator for new assembly architectures (c.f. xgrow34 for square-tile
assembly, and SlatTAS35 for nonscission crisscross), as far as the graph
is concerned, the same binding site on a slat at any location within a
crisscross ribbon is equivalent as they are part of the same complex.
However, due to the physical dimensions of a given monomer, it is far
more likely for two binding sites in close proximity to interact than it is
for ones separated by several repeat units of slats. To overcome this
constraint, we programmatically generated rules that include a three-
point constraint checking for the local environment of any possible
intracomplex interaction (Supp. Figure 40). This context ensures that
bonds between slats that are already in the ribbon complex can only
form if the two slats are in physical proximity to each other by checking
that they are connected to each other within two slats.

We note that specific estimates of the kinetics of toehold-mediated
cut-slat recruitment are confounded by the choice of the relative intra-
and intercomplex on-rates (see discussion in Method “Kappa
Simulation Implementation”). Furthermore, for the ssDNA-slat
implementation experimentally demonstrated in this work, cut-slat
recruitment (in particular cut-y) is likely to be cooperative due to some
spatial fixation of extensions by the binding of any one cut-slat and also
the creation of a stacking interface that would aid binding. These
constraints are specific to the choice of monomer: for example, cut-slat
recruitment for scission with origami slats17 is less likely to be
cooperative due to the higher rigidity of monomers and greater
independence of the binding sites.
Kappa Simulation Implementation. Custom Python scripts

were used to systematically generate ribbon descriptions and rules for
Kappa simulation input files (available at https://github.com/aersh/
3cr). Representations of crisscross ribbons of different widths with
different extension lengths were programmatically generated by using
matrix operations. All possible combinations of the three-point
constraint for intracomplex rules were generated through a series of
conditional statements going through all possible traversals for binding
of both growth-slats to each other and of cut-slats to growth-slats. For
simulations without cut slats prebound (as in Figure 4A, B) off-rates
were set at 1, intercomplex on-rate at 0.04, and intracomplex on-rate at
40. The ratio α of intra- to intercomplex (1 M free strand
concentration) on-rate corresponds to the loss of positional entropy
upon capture of free monomers from solution. Typically, for DNA helix
initiation, an α of 20 would be expected; however, a low value of α
yielded simulations with multiple cut slats bound simultaneously to the
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same extension, which would be unrealistic in a physical system, while
with significantly higher values of α, the scission rate was dependent
solely on the toehold length. Thus, we settled on an α of 1000 as it
yielded the qualitatively closest results to experimental reality. The need
for these assumptions about an α value is mitigated by designing a
model with prebound cut-slats where only intracomplex interactions
are possible. Furthermore, the specific α value for an experimental
system would depend greatly on the specific choice of monomer (e.g.,
up to a limit of 108 for succinic acid ring closure to succinic
anhydride36). As a result, our choice of α of 1000 is taken as a
representative of a generic monomer type and is not meant to strictly
correspond to the ssDNA slats used experimentally in this work. The
ratio between the on-rate and off-rate was determined empirically by
simulations such that the ribbon complex itself was relatively stable
throughout the duration of the simulations. For simulations with cut
slats prebound (as in Figure 4C), the intercomplex on-rate was set at
0.05 and the off-rate at 0.8 to ensure that cut slats remain bound
throughout. On-rates for wobble binding sites were scaled by a factor of
2/3 and off-rates by a factor of 1.5. KaSim v4.1 was used to run
simulations locally on a 2019 iMac.
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