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ABSTRACT: Controlling where and when self-assembly happens
is crucial in both biological and synthetic systems as it optimizes
the utilization of available resources. We previously reported
strictly seed-initiated linear crisscross polymerization with alter-
nating recruitment of single-stranded DNA slats that are aligned in
a parallel versus perpendicular orientation with respect to the
double-helical axes. However, for some applications, it would be
advantageous to produce growth that is faster than what a linear
assembly can provide. Here, we implement crisscross polymer-
ization with alternating sets of six parallel slats versus six
perpendicular slats and use this framework to explore branching
behavior. We present architectures that, respectively, are designed
to exhibit primary, secondary, and hyperbranching growth. Thus, amplification via nonlinear crisscross polymerization can provide a
route for applications such as low-cost, enzyme-free, and ultrasensitive detection.

■ INTRODUCTION
Nucleation control is a fundamental principle that has been
extensively utilized in numerous biological processes, with
significant effects on various cellular functions.1,2 For instance,
two major pathways to nucleate actin filaments are the Arp2/3
complex and formin pathways, which play critical roles in
dynamic organization of the cytoskeleton and its functions.3 In
synthetic systems, controlling nucleation can be highly valuable
for regulating the location and timing of self-assemblies, thus
maximizing the efficiency of resource utilization.4−7 Moreover,
the seed for such a system can be encoded with information to
guide the trajectory of downstream self-assemblies, e.g., in
multifarious assemblies and algorithmic assemblies.8−11

Owing to its prominent programmability, DNA has garnered
tremendous interest for being used as a building material to
fabricate various user-defined structures.12−15 Most notably,
DNA origami with arbitrary 2D and 3D architectures can be
fabricated by using one long scaffold strand and multiple short
staple strands.16−18 Controlling nucleation in DNA self-
assembly holds particular promise for biomarker detection.
In this context, a single target molecule has the potential to
trigger the growth of a micro- or macroscale structure,
facilitating microscopic or optical readout and enabling
ultrasensitive detection methods. Previous studies on nuclea-
tion-controlled DNA assemblies, such as DNA bricks and
DNA nanotubes assembled from single-stranded DNA
(ssDNA) tiles and double-crossover square tiles, respectively,
have been extensively explored in terms of structural
nanotechnology.6,7,10,19,20 However, most of these were
designed to exhibit linear growth rates, and the demonstration
of exponential growth in a seeded structure has been much less

common.21,22 A key issue is that relatively high rates of
spurious nucleation in those systems hinder their further
application in diagnosis, although various strategies have been
explored for augmenting the energetic barrier for nuclea-
tion.23,24 Alternatively, hybridization chain reactions (HCRs)
have been widely used to detect nucleic acid targets, in which
the initiator strand (the target) opens the kinetically trapped
hairpin strand via toehold-mediated strand displacement.25−27

However, the HCRs are roughly a hundred to a thousand
times slower than hybridization of unimpeded DNA
strands.25,28 Furthermore, it has proven to be challenging to
minimize leakage in HCR, especially when implemented in an
exponential-amplification format.29 With proper optimization,
HCR systems usually show a limit of detection (LoD) in the
picomolar range,26,27,30,31 which is not sufficient for detection
of biomarkers present at only low abundance (e.g., early-stage
detection of infectious-disease biomarkers). Hence, there is a
growing demand for high-performance, seed-driven exponen-
tial signal amplification in enzyme-free systems, ideally with
ultralow spurious nucleation coupled to rapid growth, to
achieve fast, low-cost, and ultrasensitive biomarker detection.

We previously reported the xy-type crisscross polymerization
of ssDNA slats (i.e., alternately recruiting x and y slats)
through a strictly seeded assembly and have since extended this
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method for origami slat assembly for creating multimicron
megastructures.32,33 We believe that ssDNA crisscross
assembly offers several features advantageous for biomarker
detection, such as a strict nucleation process and fast ribbon
growth (i.e., fast signal amplification), with a second-order rate
constant of up to ∼106 M−1 s−1. Critically, one target molecule
only leads to one ribbon formation, with an ultimate ribbon
length of up to ∼10 μm, showing the potential for single-
molecule detection. By programming ribbon scission to occur
concurrently with growth, we recently expanded isothermal
crisscross polymerization from linear to exponential amplifica-
tion.34 However, the relatively slow scission limits its
application in ultrasensitive detection. An alternative strategy
for fast signal amplification would be to implement branching
growth such that more growth fronts could be generated on a
single-seeded structure, leading to nonlinear signal amplifica-
tion. Here, we refine our previous design and introduce zigzag-
type crisscross polymerization of ssDNA slats (which we
previously demonstrated for origami slats33 and which we
describe below), which can better enable branching growth off
the extensions elongated from the growth slats. As a result, we
realized efficient primary, secondary, and hyperbranching
(HypB) growths. Moreover, the growth rate of each individual
layer in the branching structures can be adjusted by the slat
concentration, providing the ability to tune the morphology of
the assembled structures. Unexpectedly, the HypB particles
exhibit some degree of splitting into smaller particles,
consistent with exponential rather than polynomial growth.

■ RESULTS AND DISCUSSION
General Concept for Nucleation-Controlled Branch-

ing Crisscross Polymerization of ssDNA Slats. In contrast
to our previous xy-type crisscross polymerization of ssDNA
slats, where each x-slat recruitment follows a prior y-slat
recruitment and vice versa,32 here we applied zigzag-type
crisscross polymerization33 of ssDNA slats, where the growth
cycle consists of a series of six y slats that are recruited
consecutively, followed by a series of six x slats that are
recruited consecutively. A provided DNA-origami seed can
bypass the energetic barrier of nucleation via the presentation
of a prearranged parallel array of ssDNA segments from the
scaffold strand (e.g., M13 bacteriophage-derived “p8064”). Six
nuc-y slats can be sequentially recruited by the seed, followed
by cycles of addition of six x slats and six y slats for periodic
growth of a linear ribbon (Figure 1a). During the assembly,
each slat is perpendicularly captured by six binding sites
provided coordinately by six ssDNA extensions from the
growth front. Each binding site has a length of 5 or 6
nucleotides (nts) (i.e., half-duplex domain), which is defined as
one segment on the assembling slat. Each assembling slat
consists of six pairs of alternating 5- and 6-nt segments,
resulting in 11 base pairs (bp) per turn in the assembled
structure. Therefore, a monomer’s half-coordination number is
six, giving rise to the term “v6” ribbons.32 In the absence of a
seed, there is a significant energetic barrier to the prearrange-
ment of all six slats into the parallel ssDNA array required for
the capture of subsequent slats; in other words, there is a high
energetic barrier to undesired spurious nucleation. Hence, the

Figure 1. Nucleation-controlled zigzag-type crisscross polymerization of ssDNA slats. (a) Schematic illustration for seeded zigzag-type crisscross
polymerization of ssDNA slats. The 3′ ends of DNA strands are marked with an arrow. Only partial parallel ssDNA arrays from the scaffold strand
are depicted in the DNA-origami seed. (b) Same as above but with six-segment x-extensions to enable branching growths. (c−e) Schematic
illustrations for (c) primary, (d) secondary, and (e) HypB growth.
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crisscross ribbon assembly can manifest as a strictly nucleation-
controlled process.

Further elongation of the “core” x slats by six segments
allows for primary branching (PriB) growth off the extensions
via the recruitment of a set of “primary-branch” nuc-y and
periodic “primary-branch” x and y slats (Figure 1a,b). By
adding a third layer of crisscross ribbon growth off the y
extensions on the primary branches, secondary branching
(SecB) growth could be achieved (Figure 1c). Alternatively,
HypB growth could be achieved by enabling the recruitment of
adapter slats on the x extensions of the core x slats, which in

turn can capture the core y slats (Figures 1d and S1). HypB
enables greater signal amplification than PriB or SecB schemes
and produces denser particles as output.
Linear Ribbon Growth without and with x-Exten-

sions. DNA sequence variation can have a dramatic effect on
the growth of crisscross ribbons.32 Our first step in sequence
optimization was to focus on linear zigzag ribbons without x-
extensions. We first screened five sequence variants (v6.0−6.4)
for linear ribbon growths (see details of sequence design in the
Supporting Information and the sequences used in this study
in the supporting table), which resulted in three sequence

Figure 2. Linear zigzag-type crisscross polymerization of ssDNA slats without versus with six-segment x-extensions. (a) TEM image of the
assembled ribbons without x-extensions after growth for 2 h. (b) Lengths of the ribbons without x-extensions as a function of time at varied slat
concentrations. Error bars correspond to the standard deviation of at least 50 random measurements from multiple fields of view from duplicate
experiments. (c) TEM image of the assembled ribbons with x-extensions after growth for 2 h. (d) Lengths of the ribbons without versus with x-
extensions as a function of time, using 0.5 μM each assembling slat. Error bars correspond to the standard deviation of at least 50 random
measurements from multiple fields of view from duplicate experiments. (e) AGE analyses of the crisscross ribbons as a function of growth time for
the systems without versus with x-extensions. (f) Second-order rate constants from fitted lines in (b) and (d) for growths without (circles) versus
with (square) x-extensions at different slat concentrations. Scale bars: 500 nm.
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variants performing well (v6.0, v6.3, and v6.4), as observed
through agarose gel electrophoresis (AGE) analyses of the final
products (Figure S2). Detailed characterization for the growth
of linear ribbon was further performed using version 6.0
sequences�which we used exclusively as the “core” for
subsequent branching designs�to gain more insights into its
assembly kinetics. The experiments were conducted using 1
nM DNA-origami seed and 0.5 μM each nuc-y slat while
varying the concentration of the periodic x and y slats, and the
growth temperature and MgCl2 concentration were optimized
at 48 °C and 16 mM, respectively (Figure S3). The reaction
volume for all experiments was standardized to 10 μL, unless
otherwise mentioned. Transmission electron microscopy
(TEM) (Figure 2a) confirmed the zigzag structure of the
ribbon with jagged edges, and the presence of an attached
DNA-origami seed on each ribbon was consistent with a
nucleation-controlled growth mechanism. For 0.5 μM each
periodic assembling slat, the ribbons grow to an average length
of 644 ± 304.4 nm after 2 h (Figures 2b and S4), which
increases to 4.5 ± 2.36 μm after 16 h (Figure S5). Additionally,
the growth rate exhibits linearity with slat concentration when
increasing the slat concentration from 0.5 to 2 μM (Figures
2b−f, and S6), manifesting a second-order rate constant of 1.2
± 0.6 × 105 M−1 s−1.

To enable branching growth, the x slats were elongated by
six segments to the left side of the ribbon (Figure 1b). With

experimentally optimized sequences for the extensions (Figure
S7), the growth rate for the linear ribbon with x-extensions
could be maintained, with a second-order rate constant of 1.74
± 0.98 × 105 M−1 s−1 (Figures 2d−f and S8). The ribbons with
six-segment extensions on the x slats are highly twisting, as
observed by TEM (Figures 2c and S8). Both TEM results and
AGE analyses indicate that ribbons with x-extensions grow
slightly faster than ribbons without x-extensions (Figure 2e).
We speculate that this may be due to undesigned attractive
interactions between the x-extensions, which in principle could
lead to increased spurious nucleation, but was not observed to
be a significant factor for the designs in this present study.
Primary and Secondary Branching Growths. Next, we

explored PriB growth off the x-extensions (Figure 3a). After
systematic optimizations, the primary branch was designed to
grow in the southwest direction, given that the core ribbon
grows in the northeast direction, and the output domains of
the branching nuc-y slats were designed to point in the south
direction (Figures S9 and S10). Those criteria also allow for
designs that directly use the periodic x- and y-slats from v6.3
and v6.4 sequences for branching growth (versus v6.0
sequences for the core), connected by accordingly modified
branching nuc-y slats. The experiments were conducted using
0.1 nM seed and 0.5 μM each core and branching growth slat.
TEM images in Figure 3b-i reveal distinct primary branches
using v6.4 sequences after growth for 1 h, with a very high

Figure 3. PriB and SecB growths. (a) Schematic illustration of PriB growth. (b) TEM images of PriB growth using (i) 100 and (ii) 10 pM seed
after 1 and 16 h, respectively. (c) Schematic illustration of SecB growth. (d) TEM images of SecB growth after (i) 4 and (ii) 12 h, using 10 pM
seed, 0.2 μM each core slat, 0.25 μM each PriB growth slat, and 0.5 μM each SecB growth slat. (e) TEM images of SecB growth after (i) 4 and (ii)
12 h, using 0.5 μM each slat. Scale bars: 500 nm.
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branching efficiency. As expected, PriB growth occurs in the
opposite direction of core ribbon growth. Due to the highly
twisting nature of core ribbons, the primary branches are
evenly distributed on both sides of the core ribbon. However,
overnight growth does not lead to long primary branches due
to a relatively low ratio of branching growth slats per growth
front (Figure S10f). Hence, by further decreasing the seed
concentration to 10 pM, longer primary branches can be
achieved (Figure 3b-ii), and further increasing the concen-
tration of each branching growth slat from 0.5 to 1 μM results
in faster branching growth (Figure S11).

To achieve a higher level of structural complexity, a third-
layer ribbon growth was appended to the primary branches,
resulting in SecB growth (Figure 3c). This process necessitated
further sequence optimization in the y-extensions of the
primary branches using v6.4 sequences (Figure S12), and the
growth follows the same design principles as for PriB growth.
The periodic x and y slats from v6.3 sequences were used for
the secondary branches. The experiments were initially
performed using 1 pM seed, 0.2 μM each core slat, 0.25 μM
each PriB growth slat, and 0.5 μM each SecB growth slat. The
relatively higher concentration of the SecB growth slats
promotes the relative growth rate of the secondary branches,
resulting in the formation of hairball-like structures (Figure
3d). When this difference in slat concentration is eliminated
and 0.5 μM for each slat is used, growth results in more
elongated final structures (Figures 3e and S13). The variation
in slat concentration provides a method to tune the assembly
kinetics of individual layers, and consequently, the morphology
of the structures.
Hyperbranching Growth and Ultrasensitive Detec-

tion of Nucleic Acid Targets. To further enable even greater

signal amplification of the nucleated structure, for example, to
enable ultrasensitive biomarker detection, we explored HypB
growth. Figure 4a depicts such a design, in which the seed (red
square) nucleates the growth of the core ribbon (blue), and the
x-extensions on the core ribbon can recruit six branching nuc-y
slats pointing to the south direction, which subsequently can
capture six adapter x slats (yellow). The growth front
generated by the adapter slats can recapture the input domains
of the y-slats for the core ribbon, leading to HypB growth. The
growth was first tested using the same origami seed as above.
The experiments were performed using 10 fM seed, 0.2 μM
each nuc-y slat, 0.5 μM each core ribbon growth slat, and 0.25
μM each branching adapter slat. The reversible temperature for
HypB growth under the above conditions was tested to be
around 54 °C (Figure S14d). To minimize any possible
spurious nucleation, the growth temperature was increased to
50 °C. Time-dependent TEM images provide insights into the
kinetics of HypB growth (Figure 4b). After growth for 1, 2, and
4 h, the HypB particles exhibit an average diameter of ca. 0.5,
1.5, and 3.5 μm, respectively (Figures 4b,c and S15), resulting
in significantly faster signal amplification than the other types
of growths (Figure S14e). A consistent observation throughout
our study revealed broken or wrinkled carbon coating in the
areas where the particles are situated on the TEM grids. This
has led us to speculate that the HypB particles possess a
notable rigidity, likely attributed to their dense and
alternatingly opposite branching junctions. We propose that
the force exerted during the sample preparation, particularly
the drying process, exerts a significant impact, causing
deformation in the carbon coating surrounding the particles.

We previously demonstrated that crisscross growth could be
seeded by a <200 nt target sequence folded into a “nanoseed”

Figure 4. HypB growth. (a) Schematic illustration of seeded HypB growth. (b) TEM images for HypB particles after growth for (i) 1, (ii) 2, and
(iii) 4 h. (c) Time-dependent diameters of the HypB particles. (d) Designed nanoseed for initiating HypB growth. Two short pre-y slats (green)
are included in this design. (e,f) AGE analyses for the seeded HypB growth using varied target concentrations. Scale bars: 500 nm.
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mini-origami.32,34 Here, we adapted HypB growth to be seeded
by a nanoseed (Figures 4d and S16), in which nuc-x slats are
used to capture a target strand [either a 198-nt section of M13
p8064 or an ultramer oligonucleotide (IDT)] by five segments
from their input domains. The output domains of the nuc-x
slats share the same sequences as the output domains of the
core x-slats so that the core y-slats can be captured by nuc-x
slats to initiate HypB growth. To investigate ultrasensitive
detection, we first tested HypB growths with target
concentrations varying from 1 pM to 100 aM. The experiments
were conducted using 0.1 μM each nuc-x slat, 0.25 μM each
short pre-y slat (green), 0.5 μM each core slat, and 0.25 μM
each branching nuc-y and adapter slat, with a final reaction
volume of 10 μL and a reaction time of 4 h. AGE analyses of
the growths indicate that concentrations as low as 100 aM
could be detected (Figures 4e, supplementary S14a−c), as seen
by strong stained gel signals for all those HypB growths
compared to the negative control, in which no target was
added. As the HypB particles quickly grow to a very large size,
they cannot migrate into the gel matrix, and the signals in gel
pockets are used as the readout to determine positive results,
which only provide qualitative, not quantitative, information.
Additionally, there is a significant depletion of slat during
HypB growth, and a singular particle can persist in its growth
even when only one active growth front is present. This
underscores a resilient strategy for signal amplification. The
ultimate structure is contingent upon the overall quantity of
DNA slats employed.

Furthermore, lower ultramer target concentrations were
used to check the potential of HypB growth for detecting an
ultralow target concentration. The experiments were con-
ducted using 0.1 μM each nuc-x slat, 0.125 μM each short pre-
y slat, 0.25 μM each core slat, 0.125 μM each branching nuc-y
and adapter slat, and varied analyte concentrations ranging
from 1 fM to a nominal 100 zM with an order of magnitude
decrease per reaction, with a final reaction volume of 20 μL,
corresponding to an average of 1.2 copies for the lowest
concentration. AGE analyses of the growth showed that
attomolar concentrations of targets could be detected after
growth for 16 h (Figures 4f, S17−S18). This demonstrates the
nucleation-controlled growth mechanism for the HypB growth
and its specificity to the target analyte.

We note that our initial expectation was for HypB growth, as
with any HypB scheme more generally, to display a brief initial
exponential phase, followed by a transition to cubic growth due
to steric crowding. In practice, however, we observed HypB
growth to produce a faster depletion of slats than could be
explained by cubic growth, which we attribute to an
unexpected self-splitting process (Supplementary Note 1).
Additionally, it is worth noting that branching growth can also
be achieved via our previous xy-type crisscross growth (Figure
S19). However, the xy-type branching growth requires longer
extensions and therefore longer strands (i.e., up to 127mers,
versus only 99mer longest strands for zigzag growth).
Consequently, we ceased exploration of branching growth
using xy-type growth. Overall, our results demonstrate that
HypB growth is a robust method for rapid signal amplification
in an enzyme-free and nucleation-controlled manner.

■ CONCLUSIONS
Here, we have introduced nucleation-controlled, branching,
zigzag-type crisscross polymerization of ssDNA slats. By
implementing PriB, SecB, and HypB growths, we demon-

strated higher levels of structural complexities in ssDNA
crisscross assemblies. By varying the concentrations of the core
slats and branching slats and, therefore, the relative growth
rates of the core and branches, we can tune the morphologies
of the branching growth structures. Most strikingly, we have
demonstrated rapid structure growth and signal amplification
using an architecture designed for HypB, with particles
reaching a diameter of several micrometers after 4 h of
growth. Our system has the potential for application in
ultrasensitive biomarker detection, as demonstrated by our
proof-of-concept assay, showing that target concentrations in
the attomolar range could be detected after growth for 16 h. In
comparison to other single molecule detection technologies,
such as droplet digital polymerase chain reaction (PCR),35,36

quantitative immuno-PCR,37 single molecule arrays
(Simoa),38,39 digital enzyme-linked immunosorbent assay
(ELISA),40 and fluorescence resonance energy transfer
(FRET)-based sensors,41 our method stands out by eliminat-
ing the need for complex instruments like microfluidic devices,
qPCR machines, and thermal cyclers. Furthermore, our
approach does not rely on enzymes for signal amplification
yet achieves comparable detection thresholds (i.e., attomolar),
even when employing agarose gel as the readout. This
advantage stems from strict nucleation control and rapid
crisscross assembly for signal amplification. A current downside
of our method is that the rate of amplification remains slow
compared to methods such as PCR. The potential for further
reduction in detection time exists through DNA sequence
optimization or integration with catalytic cascades from other
materials. Furthermore, we suggest that multiplexing could be
realized through microfluidic chips, chamber devices, or
droplet assays. The simplicity and versatility of our method
position it favorably for applications demanding efficient and
accessible single-molecule detection without the intricacies
associated with certain instrumentation and enzymatic
processes. We envision that this method, after further
development to increase the speed and higher-throughput
readout, could be leveraged for low-cost, rapid, and multi-
plexed biomarker detection from biological samples.
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branching growth; and self-splitting in HypB growth-
(PDF)

Scadnano file for strand rooting diagram of HypB
growth off a DNA-origami seed is available at NanoBase
(https://nanobase.org/structure/bd8745db). Python
scripts used to design the sequences for this study are
available from the authors upon request.
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