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Abstract

Tiling a minimal origami seed for DNA nanotubes

by

Sarah A. Webster

Using DNA origami, a self-assembly method for building arbitrary and highly ad-

dressable structures out of DNA, we designed what we believe to be the shortest possible

seed for nucleating tiled DNA nanotubes. This minimal seed, made with a 384 nucleotide

sca↵old, is 75% the size of the smallest seed described in the literature. At this small

size, the seed can only support nucleation from one end. To enable nanotube nucleation

from both ends and to create additional sticky end positions to support seed assemblies,

we used 586 and 768 nucleotide long sca↵olds.

All of our seeds form with high yield and nucleate nanotubes equally well as a control

seed using a much larger sca↵old (3024 nt). In principle, the size of the minimal seed

makes it less costly to produce and easier to incorporate into hierarchical assemblies.

Smaller, higher concentration seeds should di↵use faster and interact more often, allowing

for faster assembly and higher yields. Additionally, the small number of required staple

strands allows for inexpensive design of new hierarchical patterns using the same sca↵old.

Here, after introducing the design and characterizing the yield of the minimal seed,

we explore strategies for building seed clusters to nucleate nanotube bundles using the

minimal seed as a monomer of the clusters. By introducing 4 or 6 sticky ends (90 or 60

degrees apart) around the outside perimeter of the seeds, we designed both square and

hexagonally packed lattices of nucleation sites. We then demonstrated the nucleation of

nanotube bundles from the hexagonally packed seed clusters.

We designed trimers, which consist of 3 seed monomers in the shape of a triangle,
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and tetramers, which consist of 4 seed monomers in the shape of a square. These were

functionalized with only 2 sticky ends 60 and 90 degrees apart respectively. Finally, we

demonstrated the formation of trimer seed clusters.
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Chapter 1

Introduction

DNA nanotechnology is an approach to making nanoscale devices from strands of DNA.

Due to DNA’s binding specificity we can design sequences such that strands bind together

in very specific shapes to create devices. Here we proposed and tested a new DNA seed

design: a device used for nucleating DNA nanotubes. This new design is significantly

smaller than previous versions and has the potential to self-assemble into clusters that

nucleate nanotube bundles of specific patterns, in addition to single nanotube nucleation.

1.1 Methods for Making DNA Nanostructures

One common method of building DNA nanostructures is known as tiling. Tiling

involves many small “DNA tiles” made from a few short hybridized strands. Each of

the tiles has single stranded sticky ends that allow them to bind to each other in a well-

defined pattern. By combining many tiles in high concentrations, one can get very large

structures to self-assemble. DNA nanotubes [1] are an example of this, where each tile

is made of 5 strands with 4 sticky ends. Each tile is ⇠ 4 nm by ⇠ 14.5 nm. When

assembled (when the sticky ends on the tiles hybridize to the sticky ends on other tiles),
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Introduction Chapter 1

they form a hollow nanotube, 12 helices in circumference. These nanotubes can grow

many microns in length, which allows us to resolve them under the microscope. The

tiling method thus creates very large, homogeneous structures.

Another common design method, known as DNA origami, involves using one long

sca↵old strand (typically around 1,000 to 7,000 nucleotides long) and hundreds of shorter

staple strands. The staple strands bind di↵erent regions of the sca↵old strand such that

they “staple” the sca↵old into a desired shape by bringing non-neighboring portions

of the sca↵old together [2]. These structures can, in principle, be almost any shape.

The origami method therefore allows for the design of very specific, non-homogeneous

structures. One example of such a structure is a nanotube seed – a cylinder with the same

radius as a tiled nanotube. The ends of the seed have the same sticky ends which bind

to the tiles, allowing them to nucleate nanotube growth[1]. While DNA nanotubes will

nucleate on their own (homogeneously), initiating their growth with seeds (heterogeneous

nucleation) is useful because it enables control over where and how long they grow.

In this research, I used a combination of tiling and origami methods. By placing

sticky ends on the cylindrical surface of seeds, my goal was to tile seeds together to create

finite (groups of 3 or 4) and extended seed assemblies. This allows for the nucleation of

nanotube bundles of di↵erent geometries.

An alternate method for creating seed bundles involves folding multiple seeds with

a single sca↵old. This approach has been used to create multiple (three or four) seeds

at very rigid and well defined geometries [3]. It does not, however, allow for extended

assemblies. This approach also requires a longer sca↵old and a di↵erent set of staple

strands for each design. Staple sets can be expensive, especially for designs that use

a large sca↵old. Our method requires smaller staple sets, and the staple sets of each

assembly design only di↵er by a few staples. Our design also uses sca↵olds which are

short enough to be ordered as synthetic strands.
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Introduction Chapter 1

1.2 Applications of DNA Nanostructures

A tool we use often in our lab, called the DNA nunchuck [4], is composed of two

origami seeds joined by a double stranded DNA linker. We nucleate nanotubes from the

seeds and grow them into tubes that are large enough to see under the microscope. The

tubes are then connected end-wise by the double stranded linker that is too small to

resolve by light microscopy. The nunchuck structure therefore allows us to visualize and

study the bend behavior of the linker DNA by observing the relative movement of the

nanotubes.

One limitation of nunchucks as currently designed is the flexibility of the nanotubes.

The nanotubes themselves are not perfectly sti↵, adding uncertainty to our measure-

ment of the angle between them. One potential application of our seed assembly design

is to use bundles of 3 or 4 nanotubes as the arms of the nunchuck. This would cre-

ate sti↵er nunchuck arms, and thereby reduce the uncertainty in our linker bend angle

measurements.

A third potential application of seed assemblies is for nucleating nanotubes in cell-

sized water-in-oil emulsion droplets [5]. Studying nanotubes in cell-sized droplets allows

us to test ideas relating to cytoskeleton behavior. For example, it would be interesting

to know how encapsulated extended seed assemblies determine the relative position and

orientation of nanotubes inside droplets.

1.3 Designing Seed Assemblies

To create seed assemblies, we want to tile together seeds similar to how we tile together

nanotubes. We can do this by introducing sticky ends around the perimeter of the seed.

However, seeds are much larger than tiles and involve more strands, so they are typically
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annealed at much lower concentrations. As a result, the amount of time required for

seeds to di↵use, find each other, and assemble is much longer than the time required for

nanotubes to nucleate. To combat this challenge, we explored making a minimal seed.

By designing the seed to be as small as possible, we aim to create a structure which will

both di↵use faster in the solution and be more easily prepared at higher concentrations.

Each seed will therefore have a better chance of interacting with other seeds in a smaller

time interval. Since the concentration of DNA is dependent on the moles of strands in

solution, not the total mass, having shorter sca↵olds and fewer staples results in more

concentrated anneals than previously.

In this study, we first explore the functionality of a minimal seed as compared to

conventional seeds. We then explore the ability of a minimal seed with sticky ends on its

exterior to form seed assemblies.
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Chapter 2

Methods

2.1 Nanotube Design

In this study we used DAE-E tiles [6] to form nanotubes that are 12 helices in cir-

cumference. Each nanotube is made up of a single tile type. One tile type (SEs) has

two of its five DNA strands tagged with Cy3 fluorophores. The other tile type (REs) has

one strand tagged with Cy3 and one tagged with an Atto48 fluorophore. When shining

green light on a sample, nanotubes made of SEs tiles appear bright and nanotubes made

of REs tiles appear dim. When shining blue light on a sample, nanotubes made from

REs tiles appear dim and nanotubes made from SEs tiles are not visible. This allows us

to distinguish between the two kinds of nanotubes while imaging.

REs and SEs tiles are identical in function, however they have di↵erent sticky end

sequences. Therefore SEs and REs tiles can not stick together, and nanotubes will consist

of either all SEs or all REs tiles. The function of SEs and REs nanotubes are identical,

however due to the di↵erence in sticky ends, we can specify where each type of nanotube

can bind. For example, we make a two-sided seed by putting the sticky end sequences for

SEs tiles on one side and those for REs on the other. This allows us to grow two-sided

5



Methods Chapter 2

tubes, meaning an REs tube connected to an SEs tube.

2.2 Minimal Seed Design

A two-sided p3024 seed, used for other projects in the lab, served as our basis of

comparison for quantifying how well our minimal seed designs work. The p3024 seed

uses a sca↵old that, as its name implies, is 3024 nucleotides (nt) long. About half

(1344 nt) of the sca↵old is folded to form the seed using 144 staples. (The remaining

1680 nt of sca↵old loops out from the middle of the seed). The seed is based on a DNA

origami rectangle that is rolled into a cylinder. Hairpins that decorate only one side of

the rectangle end up on the outside, protruding radially from the seed because there is

not enough room on the inside of the cylinder for it to roll up with the hairpins inside.

To design a minimal seed, we first considered using a 192 nt sca↵old. Such a seed

would consist of only sca↵old and adaptor strands and no staple strands. This would

correspond to only the right side (yellow region) of the seed in Figure 2.1. Although

such a seed would be significantly smaller than the seeds we usually use, it has only one

sca↵old crossover between neighboring helices. A crossover refers to the position where a

DNA strand (be it sca↵old, staple or part of a tile) crosses between neighboring helices,

connecting one helix to the other; in a DNA origami seed, the crossovers connect helices

along the circumference of the seed, thereby constraining the rectangular weave to close

into a cylinder. We suspect that a single sca↵old crossover between neighboring helices

will not su�ciently constrain the seed to a cylindrical shape.

We therefore decided the smallest seed we would make would be based on a 384 nt

sca↵old, which is large enough to anchor one set of adaptors and is stitched together by

twelve crossovers on six staples. To make a two-sided seed (meaning a seed with adaptors

on each end) the sca↵old must be increased to 576 nt to make room for a second set of
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Figure 2.1: p3024 (conventional) seed design. (a) Side view: blue regions indicate
staple strands, yellow regions indicate adaptor strands. The adaptor strands on one
side have sticky ends that bind SEs tiles , while those on the other side bind REs tiles.
Red and purple dashed lines indicate axial position of protruding hairpins (b) Top
View: radial lines indicate positions at which hairpins protrude radially out of the
seed along each of the twelve double-helices that comprise the wall of the nanostube.
Note that alternating hairpins protrude at alternating (red and purple) axial positions
(d) Hairpin Design: hairpins have two unpaired thymines at their base on the 3’ end
to allow for flexibility in their orientation.

adaptors. Our designs for these two seeds can be seen in Figure 2.2c, where the lengths

are drawn to scale relative to the p3024 seed depicted in Figure 2.1.

2.3 Seed Assembly Design

To create sticky ends that would allow seeds to assemble together, we modified the

radially protruding hairpins, removing their four-T loop and replacing it with an 11 nt

single stranded overhang. Leaving one nucleotide to provide orientational flexibility at

the junction, we designed the remaining 10 nt to be a “sticky-end” that will bind to

a seed that presents a complementary single stranded region. The one-sided s384 and

two-sided s576 seeds (Figure 2.2c) have 6 staples and therefore 6 hairpins which can be

modified to present sticky-ends. Since these hairpins are 60°apart, assemblies of these

seeds form a hexagonal lattice.

To create extended seed assemblies, we converted all 6 hairpins to sticky-ends and

designed their sequences so that each sticky end will base-pair only with the sticky end

located on the opposite side of the seed. To make a three-seed bundle (a.k.a. a trimer),

we modified only two neighboring hairpins to present sticky ends that complement each
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other.

The rectangle origami design places hairpins on odd helices 30°apart from the hairpins

on even helices (see Appendix A for details). Therefore, if the seed is lengthened to include

one more staples on each helix (figure 2.2a) there will be 12 positions 30°apart from each

other. While this still allows us to tile seeds in hexagonal geometries, it also gives us the

ability to design seeds to tile on extended square lattices and in four-seed bundles.

2.4 Purifying Seed Monomers

Seeds were annealed in the presence of a ten-fold excess of staples so as to ensure that

each seed formed without any missing staples. Seeds were then spin-filtered using 100KD

centrifugal filters (Amicon Ultra). The filter allows staple strands to pass through, while

retaining origami. The detailed protocol for spin filtering can be found in appendix

B.2. Purified sample was retrieved by turning the filter upside down in a new tube and

spinning it in a centrifuge again.

2.5 Quantifying Seed Monomer Quality

To determine how well a minimal seed nucleates tiled DNA nanotubes relative to a

conventional seed, we sought to quantify both seed yield and nanotube yield. We assume

that all the DNA that remains after spin filtration is incorporated into well-formed seeds.

We then define seed yield as the percent of sca↵old that folded into seeds and nanotube

yield as the percent of seeds that nucleated nanotubes.

We quantified the final seed concentration using a single-stranded Qubit assay (Qubit

3.0, Thermofisher). Qubit measures the amount of DNA present in solution based on

fluorimetry of a proprietary dye. It provides a mass concentration of DNA, which we

8
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Figure 2.2: Minimal seed designs. (a) Side views of a two-sided s768 seed and a
one-sided s576 seed. Because these seeds have 12 staples, there are 12 locations along
their perimeter, 30 degrees apart, that can support sticky-ends. This allows these
seeds to be tiled on either hex or square lattices. (b) Top views of two-sided s768
seeds and one-sided s576 seeds. The non-sticky seed has all 12 original hairpins, while
the bundles, trimers and tetrameters have only some of their hairpins modified to
sticky ends, as indicated by the circles. For the hexagonal assemblies, sticky ends
located on helices zero and six are complementary, as are sticky ends on helices two
and eight, and four and ten. (c) Side views of a two-sided s576 seed and a one-sided
s384 seed. Since there only six staples, there are only six hairpins located 60 degrees
apart from each other. (d) Top views of a two-sided s768 seed and a one-sided s384
seed. Since there are no hairpins located 90 degrees apart, these seeds can only be
tiled on a hexagonal lattice. (e) Hairpin Design. Hairpins come radially out of the
seed and contain two unpaired bases at the junction, an eight base stem, and a four-T
loop-out. (f) Sticky end design. We remove the four-T loop and replace it with an
unpaired nucleotide (to allow flexibility at the base of the stem, where it connects to
the nanotube) followed by a 10 nt sticky end.

convert to moles of seed in the sample based on the calculated molecular weight of the

seed. The ratio of moles of seed to moles of sca↵old (the limiting ingredient) in the anneal

determines the percent yield of the seeds.

To determine the nanotube yield, we count the number of seeded nanotubes in flo-

rescence microscopy images of a known volume of solution and compare it to the final

9
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concentration of seeds we added to a super-cooled tile solution (the tiles have formed

from their base strands).

All single-sided seeds have adaptors for SEs tiles. Two-sided seeds have adaptors for

SEs tiles on one side and REs tiles on the other. SEs tiles are bright when imaged under

green light and dark otherwise. REs tiles are bright when imaged under blue light, and

dim when imaged under green. This allows us to distinguish between nanotubes which

grew from a one-sided seed (or nucleated spontaneously) and nanotubes which grew from

a two-sided seed.

We image nine non-overlapping regions on a slide to determine the average number

of seeded nanotubes per field of view. Given the volume of a field of view, we estimate

the concentration of nanotubes in the sample and divide it by the concentration of seeds

to estimate the proportion of functional seeds (or the yield proportion of seeds).

2.6 Nanotube Image Analysis

To extract nanotube counts and length distributions, we wrote a python script, which

can be found at this link, that identify and classify pixel clusters as nanotubes. First,

the script takes two florescence microscopy images of the same field of view, one imaged

under green light and the other under blue, and aligns them to create a composite set of

data for that field of view.

Next, because the image brightness is not necessarily the same across all data sets,

the script determines cuto↵ pixel values for REs and SEs tubes in the composite image

using a chi-squared minimization routine. Basically, for a given cuto↵ in each color

channel, it extracts the width of every cluster and compares it to the known width of a

single nanotube in under the same imaging conditions (about 8 pixels) by computing the

following chi-squared statistic:

10
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�2 =
1

nRE clusters

nRE clustersX

i

(widthRE,i � 8)2

�2
width, RE

+
1

nSE clusters

nSE clustersX

j

(widthSE,j � 8)2

�2
width, SE

where nRE clusters and nRE clusters are the number of clusters made up of REs and SEs

identified points, and �2
width, RE and �2

width, SE are the standard deviations of the respective

clusters’ widths.

Using the channel-specific cut-o↵ values that minimize �2, each pixel of the field of

view is classified as either REs, SEs, or background. Isolated SEs or RES pixels (classified

pixels which have no neighbors of the same classification) are classified as background.

The pixels are then sent to an Agglomerative Clustering algorithm, taken from the

sklearn.cluster package (documented at link). We used a threshold distance of 2, meaning

a pixel is only considered part of a cluster if it is touching at least one existing pixel in

the cluster. Once all the pixels are clustered, any cluster that corresponds to a nanotube

< 1µm long (i.e., with fewer than 15⇥ 8 = 120 pixels) is filtered out.

After this step, we remove outliers using a Gaussian mixture model. To use a Gaussian

mixture model requires making the assumption that a data set consists of a “good” set

of data points that come from the true Gaussian distribution and a “bad” set (i.e.,

outlier points) that come from a second Gaussian distribution, distinct from the first.

The following set of “hyper-parameters” must be chosen to describe the two Gaussian

distributions: g (the probability a data point is in the ”good” distribution), µg and

�g (mean and standard deviation of the good distribution), and µb and �b (mean and

standard deviation of the bad, outlier, distribution). The probability, p(outlier), that

11
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Figure 2.3: Clustered pixels from images of nanotubes seeded with two sided s768
seeds. (a) Pixels are first classified as either REs (top row) or SEs (bottom row)
using the cuto↵ values determined via minimization. Due to the dimness of the
images, these cuto↵ values often include pixels that are part of the background as
can be seen in the SEs classified pixels. (b) To begin filtering out background, pixels
that have no classified neighbors are removed. (c) Pixels are grouped into clusters.
Each color corresponds to a di↵erent cluster (or a di↵erent nanotube). (d) To finish
filtering out background, clusters smaller than 120 pixels are removed. Scale bar =
200 pixels

any given data point, di, is an outlier. is then given by

Li =
gp
2⇡�2

g

exp


�(di � µg)2

2�2
g

�
+

1� gp
2⇡�2

b

exp


�(di � µb)2

2�2
b

�

p(outlier) =
1

L i

1� gp
2⇡�2

b

exp


�(di � µb)2

2�2
b

�

For a given set of hyper-parameters, the probability of a data point being an outlier is

usually either very large or very small. Gaussian mixture models are typically insensitive

to their hyper-parameters, so which clusters are classified as ‘bad’ will not change much

upon altering the hyper-parameters slightly. This makes it possible to identify hyper-

parameters using one data set, and be reasonably sure they are appropriate for other
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data sets.

To identify our hyper-parameters we used a set of images from nanotubes seeded

with two-sided s768 seeds and plotted the distribution of cluster widths after removing

clusters smaller than 120 pixels in Figure 2.4.

Figure 2.4: Clustered pixels from nanotube images, and plots of the distribution of
their widths. Images were taken of nanotubes seeded with two-sided s768. Plotted
blue pixels represent REs nanotubes, and green pixels represent SEs nanotubes. Each
corresponding histogram shows the distribution of cluster widths (width being defined
as the shortest distance across the cluster) of SEs clusters, in green, and REs clusters,
in blue.

Using these distributions and some trial and error, we chose our hyper-parameters

to be g = 0.9, µg = 8, �g = 1, µg = 30, and �b = 5 and removed clusters with

p(outlier) � 90% from the data sets. In Figure 2.5, the same clusters shown in Figure 2.4

are colored according to the p(outlier). Nearly all of the clusters have either a very high or

very low probability of being an outlier, which validates our choice of hyper-parameters.

Nanotubes thus identified in the images were then further classified as two-sided if

they consisted of an SEs cluster and an REs cluster that were length-wise adjacent.

To avoid classifying clusters that touched but were not length-wise adjacent as two-sided

13
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Figure 2.5: Results of using a Gaussian mixture model to find the probability of a
cluster being an outlier. Almost all clusters have a probability below 0.2 or above 0.8,
suggesting the hyper-parameters selected are appropriate for the data set. Clusters
which are more than 90% likely to be an outlier were removed from further analysis.

nanotubes, we removed outliers from the two-sided classifications using the same mixture

model defined above (with the same hyper-parameters) reasoning that such clusters would

likely not have a width of 8.

2.7 Looking for Evidence of Seed Assemblies

To determine if extended seed assemblies (clusters of seeds created from several seed

monomers connected by sticky ends) formed correctly, we annealed tiles in the presence

of seed assemblies and imaged the resulting nanotubes. Because extended seed assemblies

contain a large number of seeds, the nanotubes grown from them form bundles, unlike

nanotubes grown from seed monomers.

Because trimer assemblies nucleate only three nanotubes, finding them with flores-

cence microscopy (and distinguishing them from three nanotubes that happen to be stuck

together) may be di�cult. Instead, we used gel electrophoresis.
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Gel electrophoresis separates objects based on size: objects smaller than the mesh

size of the gel travel farther than larger objects in the same amount of time. In our case,

seed monomers travel farther in the gel than trimers in the same amount of time. We

place seed samples in the gel and place an electric field across the gel. Since DNA is

negatively charged, it will travel through the gel.

Gel Electrolysis was run using a 1% agarose gel in a 1x TAE Mg running bu↵er at

150V for approximately one hour. Every gel was then post stained with 1x Syber Gold

(to manufacturer specified concentration) in 1x TAE bu↵er (with no magnesium) and

left to stain overnight, and all images where taken in a UV imager.

15
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Results and Discussion

3.1 Correct Formation of Mini Seeds

We used gel electrophoresis to determine if minimal seeds would form. The p3024 and

s768 formation gel in figure 3.1a contains all DNA strands for a p3024 seed and a s768

seed. The p3024 seed provided an easy standard for comparison because it is used for a lot

of other projects in the lab and its behavior is consistent and well understood. Notice the

p3024 sca↵old ran further than the p3024 seed, and the s768 sca↵old ran further than

the s768 seed. This indicates that the origami formed, since the rigid origami cannot

progress as easily through the gel as the flexible, single-stranded sca↵old.

Additionally, in lane 4 of figure 3.1a we loaded the product of combining the ingredi-

ents of both the p3024 and s768 seed in the same PCR tube and annealing them together.

Since two distinct bands are visible at the same distance as the p3024 and s768 seeds in

the neighboring lanes, we conclude that the two designs can form in the presence of each

other with minimal interaction.

Figure 3.1c shows the formation gel for the s576 and s384 seeds, with a p3024 seed

lane for reference. Lane 4 contains a s576 seed that has hairpins of the same length as

16
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Figure 3.1: Seed Monomer Formation Gels. (a) p3024 and s768 seed formation gel.
(b) ImageJ analysis of the brightness profiles of the gel in figure 3.1a. The p3024
seed ran farther than the p3024 sca↵old, and the s768 seed ran farther than the s768
sca↵old, indicating both seeds formed. The s768 ran further than the p3024 seed,
indicating the s768 is smaller than the p3024 seed as expected. (c) s576 and s384
seed formation gel. (d) ImageJ analysis of the brightness profiles of the gel in figure
3.1c. The s576 seed ran further than the p3024 seed and the s768s in figure 3.1a,
suggesting it is smaller than both seeds as expected. Additionally the s576 seed with
smaller hairpins ran further than the same seed with normal length hairpins, therefore
hairpins have a resolvable e↵ect on the seed’s ability to move through the gel.

the p3024 and s768 seeds in figure 3.1. Notice this band travels slightly farther than the

last bright band of the ladder, while the s768 seed band travels about the same distance

as this band of the ladder. This suggests the s576 seed is smaller than the s768 seed, as

expected.

To further reduce the size of the seed, we halved the length of the hairpin stems from

8bp to 4bp. Lane 5 has a s576 seed with shortened hairpins. Notice that these travel

farther than the same size seed with long hairpins, indicating that protruding hairpins
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can have a non-negligible e↵ect on the electrophoretic mobility of a seed.

In both formation gels, the bright blotches at the bottom of the gel are the staple

strands. Staple strands are added in excess to anneals to ensure formed origami are not

missing any staple strands. Notice that we can’t detect the s384 seeds on this gel. This

could be because the s384 seed is so small it blends into the staple strands. It also could

be so small that not enough dye molecule can bind to it to allow us to detect it on the

gel. In the future we plan to attempt this gel with purified seeds, that is, seed solutions

that have had their staple strands filtered out (section 2.4), to see if removing most of

the staple strands makes the s384 seed detectable. We also plan to attempt the gel using

a more sensitive staining dye than Syber Gold, to better illuminate small objects.

To further quantify how well the minimal seeds formed, we used a single stranded

Qubit assay to measure the amount of DNA in the sample, after spin filtering out excess

staple strands (section 2.4). Table 3.1 gives the percent of annealed sca↵old that formed

seeds, based on the final mass of the filtered origami. We see low yields in the one-

sided s384 and s576 seeds, however looking at the two-sided seeds, yield appears to be

independent of seed size.

Two-sided seeds appear to form more consistently than one-sided seeds of the same

size. This could be a result of the extra 12 adaptor tiles providing more stability to the

structure, making it form more robustly. However if this were the case, one would expect

to see a smaller di↵erence between the yield quantity of one-sided and two-sided p3024

seed than s576 seeds or s768 seeds, because the adaptors would have less of an overall

e↵ect on the stability of a larger seed. This could suggest the adaptors help the yields

not because they add more staples, but because they specifically add staples to the end

of the seeds. Since these yield measurements are taken after spin filtration (section 2.4)

it is also possible the one-sided s576 and s384 seeds are small enough to pass through the

filter, resulting in lower final yield.

18



Results and Discussion Chapter 3

Seed Yield One-Sided Two-Sided
s384 23%
s576 28% 63%
s768 69% 72%
p3024 46% 67%

Table 3.1: Origami seed percent yields defined as the ratio of spin-purified seed to
total sca↵old annealed.

3.2 Nucleation of One-Sided and Two-Sided Nan-

otubes from Mini Seeds

Figure 3.2: SEs Nanotubes seeded with one-sided (a) p3024, (b) s768, (c) s576, and
(d) seeds. The one-sided p3024 and s768 seeds both have single stranded regions
where a second set of adaptors could be added (the yellow regions on the left side in
figures 3.2a and 3.2b, but only one set of adaptors were used for these samples. Scale
bar: 10µm

We seeded SEs nanotubes using one-sided p3024, s768, s576, and s384 seeds. Figure

3.2 shows example images from these samples. All of the samples were seeded with the

same volume of seeds; however, the concentration of seeds was not constant (see table
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3.1). Taking into account the di↵erence in seed concentration, we see an increase in

nanotube yield for the smaller seeds (figure 3.3a).

Figure 3.3: Nanotube yield results separated by seed type and nanotube type. Nan-
otubes grown on (a) one-sided seeds, (b) two-sided seeds where only one side suc-
cessfully nucleated a tube The yellow region represents an end of the seed that has
adaptors but did not nucleate tiles, and (c) two-sided seeds where both ends nucle-
ated a tube. Smaller one sided seeds preformed better as nucleation sites, while larger
two-sided seeds preformed better at nucleating tubes from both ends.

We then seeded SEs and REs nanotubes using two-sided p3024, s768, and s576 seeds.

(Note that the s384 sca↵old does not have enough room to bind two sets of adaptors and

six staple strands; and, we did not explore whether a sca↵old that binds only two sets

of adaptors can function as a viable two-sided seed.) The same volume of seed anneal

was added to each tile anneal shown in figure 3.4, and, again these seeds were not at the

same concentration (see table 3.1). When taking into account seed concentrations, we

found the two mini seeds work comparably (figure 3.3b-c).

Note that SEs and REs tiles have no shared binding sites. In the absence of two-sided

seeds, SEs tubes and REs tube do not attach to or grow o↵ one another. Therefore, each

instance of a two sided tube in figure 3.4 is unambiguously nucleated by a two-sided seed,

rather than a case of spontaneous nucleation. By contrast any one sided tube in seeded

a sample, while most likely to be heterogeneously nucleated due to anneal conditions,

could be the result of homogeneous nucleation. We can not determine if such a nanotube
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grew from a seed or not based on microscopy images.

Figure 3.4: SEs and REs nanotubes seeded with two-sided (a) p3024, (b) s768, and
(c) i576 seeds. The images have been colorized (using a method described in appendix
C.2) so SEs tubes appear pink and REs tubes appear white. In the case of unseeded
growth, SEs and REs tiles cannot bind to each other, therefore two-sided tubes (tubes
which consist of endwise-adjacent SEs and REs regions) are definitively nucleated from
two-sided seeds. Scale bar: 10 µm

3.3 Forming Seed Tilings

We designed one-sided s384 seed to self-assemble by including sticky ends on all six

staples, as shown in Figure 2.2. We then added these seed assemblies to a solution of

super-cooled SEs tiles (Figure 3.5). Unlike the nanotubes imaged in Figures 3.2 and

3.4,Figure 3.5 shows densely packed nanotubes emerging radially from the center of their

clusters. This suggests the nanotubes grew from a dense bundle of seeds. Note that the

nanotubes appear to be randomly oriented, rather than pointed in the same direction

as might be expected from their tiling pattern (Figure 3.5). This suggests either the
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connections between neighboring seeds are flexible enough to allow the seeds to orient in

di↵erent directions, or multiple seed assemblies are aggregating together.

Figure 3.5: SEs nanotubes seeded with one-sided s384 seed bundles. Radially pro-
truding sticky ends support tiling the seeds in a hexagonal pattern, however we see no
trace of this pattern in these images. Instead, the nanotubes emerge in all directions
from a their cluster. This suggests the connections between seeds are rotationally
flexible, or multiple seed assemblies are aggregating together. All images are at the
same scale. Scale bar: 10µm

We created one-sided s768 trimers using the design described in Figure 2.2. To

create these we used three di↵erent seed monomers (the monomers are identical with the

exception of the sticky end sequences) seen in lanes 2-4 in figure 3.6. Lanes 6-8 show the

structures that formed when combining two of the three monomers, and lane 9 shows the

structure which forms from all three.

From the location of the peak band intensity relative to the blue line in Figure 3.6b

it is clear that the monomer bands traveled farther than the dimer bands, which traveled

farther than the trimer band. This suggests the monomers successfully bound to each

other when in the presence of monomers with the right sticky end sequences.
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Figure 3.6: Trimer formation gel. (a) One-sided s768 trimer formation gel. (b)
ImageJ analysis of the brightness profiles of the gel in figure 3.6a. (c) Design of
one-sided s768 trimer, also shown in Figure 2.2

3.4 Next Steps

We note that the brightness of the bands in Figure 3.6 decreases for the trimer relative

to the dimers and the dimers relative to the monomers. This suggests the subsequent

assembly of formed origami results in lower yields. To improve our ability to see trimer

assembily on a gel, we could load more seed to compensate for the lower concentration.

One way to improve yield is to make all three monomers identical, and form the trimer

in the initial origami anneal, at three times greater concentration per sub-unit. This

could be accomplished by making one sticky end on each monomer complimentary to the

other. This simplification of the process of making trimers should increase yield.

A similar redesign for tetramers, however, would likely not work due to the need to

connect helices 0 and 3 whose hairpins are not located at the same axial position on
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the seed. As illustrated in Figure 2.2, minimal seeds have six sticky ends at each of two

di↵erent positions along their length. The sticky ends on all the even helices are at one

position (red dashed line) and those on all the odd helices are at a di↵erent position

(purple dashed line). As a result, tetramers will form with seeds on adjacent corners in

opposite orientations.

Our minimal seed design allows for both hexagonal and square tiling (figure 2.2, but

here we only explored hexagonal tiling (bundles in Figure 3.5 and trimers in Figure 3.6).

Given the limits of optical resolution, we do not expect to be able to see the di↵erence

between hexagonal and square tiling by fluorescence microscopy. In the future, we plan

to use AFM to resolve the di↵erences in the resulting geometry between hexagonal and

square seed lattices.
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Appendix A

Sequences and Designs

A.1 Design and Sequences of Minimal Seeds

A.1.1 Two Sided p3024 Seed

Figure A.1: Scadnano Schematic of Two Sided p3024 Seed. Circle label locations
correspond to the location of the hairpins on each staple. The red arrow points to the
location of a sca↵old nick.
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Table A.1: Staple Sequences for Two Sided p3024 Seeds
Name Sequence

stp h1t1 CCGAAATCGCGTCCGGCGTCCTGCTTTTGCAGGACGTTTTGTCACGCATCTCCA
stp h1t3 GAATAGCCAACAGAGAGCCAGGACTTTTGTCCTGGCTTAGGGTCCACGACGTTA
stp h1t5 AGTTTGGATCTGTTCGAGTGCCTGTTTTCAGGCACTTTGCCAAGCAAATGGCAC
stp h1t7 TGCTGCTCAATTGCGTGCCATCGCTTTTGCGATGGCTTTCTCCACATCTTCGGT
stp h1t9 TACCTGCGTGTGTCTCCCGTGGCGTTTTCGCCACGGTTAATCTGGTTTCAGCTG
stp h1t11 CCCATCCTTGTTAGTACGGAACCGTTTTCGGTTCCGTTTACTGCTCAATGTCGA
stp h2t2 CTGAATCATCGTTCAGGTGGCAGCTTTTGCTGCCACTTCCAGGTTTCAGCTCCC
stp h2t4 TTGATACCGGGCACCTGGCTCCGCTTTTGCGGAGCCTTTATTCTTGCAGGATCT
stp h2t6 TGTGCTTACCTCCAAGCACCGCTGTTTTCAGCGGTGTTGACTTCATCCCAATCT
stp h2t8 AGAACCTCGTGCACTTGGCACCTGTTTTCAGGTGCCTTGGATTTGGGCAGGGAG
stp h2t10 CTGAACGCCGTCGATGCCTGCCTGTTTTCAGGCAGGTTTTATGGATCAATTTGT
stp h2t12 TCATAGGTGCTTTCAGGCCAGTGCTTTTGCACTGGCTTTTTCAGCTTCGGAAGA
stp h3t1 GGGCCAGACGGATGGACTCCTGCGTTTTCGCAGGAGTTTTGGTTGACGATGAAG
stp h3t3 TTGGACAAAGCAAACACAGGAGCGTTTTCGCTCCTGTTGCTTCTTGTTCTCCTC
stp h3t5 AACTTCTCGACTTCTCGTGCTGCGTTTTCGCAGCACTTATCGAAACGCATCTCT
stp h3t7 TCGGTGGTAACTGCTTACGCTGGCTTTTGCCAGCGTTTCTTCCAGGTGCAGTAA
stp h3t9 CTTGACCAAACAGGTGCGGACCTGTTTTCAGGTCCGTTTGGTCGGACGTATGGG
stp h3t11 GAATCAGTGTACTGGAGTGGTCCGTTTTCGGACCACTTACTCGCTGGCCTGTGT
stp h4t2 TGCGGAAAAGGGAAGGCGTGGAGCTTTTGCTCCACGTTCGCTGCGCAGGTGAGA
stp h4t4 GCGATTGTCGTTGAGGCGGAGCACTTTTGTGCTCCGTTCTGCGCTGAGACAGAG
stp h4t6 CGAATGCCTCCAGGATCCTACCGCTTTTGCGGTAGGTTGGTCAGCAAACGCTCT
stp h4t8 GCCCAGCACCAGTGCCCTGGACGCTTTTGCGTCCAGTTAGCTGGACCTTCATGT
stp h4t10 CCTTCATCCAGGCCCAGCTGACGCTTTTGCGTCAGCTTTCTTCATATCAACCAT
stp h4t12 CAAAGATTGGTAACACCGGATCGCTTTTGCGATCCGTTTTGTCAGTCTTGGTAC
stp h5t1 TAGAAGCGTCTTCATCGGTGGTCGTTTTCGACCACCTTCACCCTGTCGACCAAA
stp h5t3 CAGGAACTCCTTCTTGGCTCGCTGTTTTCAGCGAGCTTATATCTGTTCTCTGAA
stp h5t5 GCAATTGGTGCGTGGGGTCTGGCGTTTTCGCCAGACTTTAGTCAAGCGTCCAGT
stp h5t7 CTGTCTTAGACCTCCGTCGGAGGCTTTTGCCTCCGATTAGTGCCTTGTGAGTTG
stp h5t9 TTGCCTCCACAGTTGACCGAGGCGTTTTCGCCTCGGTTACACGAGGGTCCTGGA
stp h5t11 CAAGGTGACTTCCCATGCTCGGACTTTTGTCCGAGCTTGGACTTAACGCTCAGC
stp h6t2 ACCTGGTTCGAGGTAACTGGCTCGTTTTCGAGCCAGTTACCCACTTCATGATGC
stp h6t4 TCAAGGACAGGTTCTGTCGGAGCGTTTTCGCTCCGATTCAAATATTGTTGTGAC
stp h6t6 GTCTTCAATTTCCTTTGACCTGGCTTTTGCCAGGTCTTCCCAGATGAGCTCGCA
stp h6t8 TTCACCTCTGTGGTTCCCACCTCGTTTTCGAGGTGGTTTTCAATGCACCTGCCT
stp h6t10 GATTCATTATCTGCATGCCGAGCGTTTTCGCTCGGCTTAGAGACGGCGTCGATT
stp h6t12 TTTCTGTCCTCCAGCCCGACGGACTTTTGTCCGTCGTTTGTTGAACGAGGCCAA
stp h7t1 GATTGGTTGACGATGTACCAGCCGTTTTCGGCTGGTTTCCTTCCAAGTCCTCAT
stp h7t3 TATGGTTGTGCAGGAGCGGAGGCGTTTTCGCCTCCGTTGCATCTATCCACGCCC
stp h7t5 TCGGCGAGAGCCTTTAGCCTAGCGTTTTCGCTAGGCTTTAGTATGGTCGCGGAT
stp h7t7 GACGGTCCCACTTCCTGTGAGGCGTTTTCGCCTCACTTTACCCAACCTGACCTT
stp h7t9 TGGTCTGGGTGATGAACTCGGTCGTTTTCGACCGAGTTGATTCCGGGCATCTTT
stp h7t11 ACAGATTCTTCCTCCACGGCAGGCTTTTGCCTGCCGTTTATCCTTTTTCGGCGA
stp h8t2 TTTCTCCAAGTGTGAACTGGTGGCTTTTGCCACCAGTTCACAGCACTGTCGCCC
stp h8t4 TCGGCAACCAGTTCCCCACGACGCTTTTGCGTCGTGTTTGAGTGCTTGAGTCCT
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p3024 sca↵old sequence

AATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGA
TTTTCCGATTTCGGGGTACCTACGAAGAGTTCCAGCAGGGATTCCAAGAAATGGCCAATGAAGATTGGATCAC
CTTTCGCACTAAGACCTACTTGTTTGAGGAGTTTCTGATGAATTGGCACGACCGCCTCAGGAAAGTGGAGGAG
CATTCTGTGATGACTGTCAAGCTCCAATCTGAGGTGGACAAATATAAGATTGTTATCCCTATCCTGAAGTACG
TCCGCGGAGAACACCTGTCACCCGATCACTGGCTGGATCTGTTCCGCTTGCTGGGTCTGCCTCGCGGCACATC
TCTGGAGAAACTGCTGTTCGGTGACCTGCTGAGAGTTGCCGATACCATCGTGGCCAAGGCTGCTGACCTGAAA
GATCTGAACTCACGCGCCCAGGGTGAAGTGACCATCCGCGAAGCACTCAGGGAACTGGATTTGTGGGGCGTGG
GTGCTGTGTTCACACTGATCGACTATGAGGACTCCCAGAGCCGCACCATGAAGCTGATCAAGGATTGGAAGGA
CATCGTCAACCAGGTGGGCGACAATAGATGCCTCCTGCAGTCCTTGAAGGACTCACCATACTATAAAGGCTTT
GAAGACAAGGTCAGCATCTGGGAAAGGAAACTCGCCGAACTGGACGAATATTTGCAGAACCTCAACCATATTC
AGAGAAAGTGGGTTTACCTCGAACCAATCTTTGGTCGCGGAGCCCTGCCCAAAGAGCAGACCAGATTCAACAG
GGTGGATGAAGATTTCCGCAGCATCATGACAGATATCAAGAAGGACAATCGCGTCACAACCTTGACTACCCAC
GCAGGCATTCGCAACTCACTGCTGACCATCCTGGACCAATTGCAGAGATGCCAGCGCAGCCTCAACGAGTTCC
TGGAGGAGAAGCGCAGCGCCTTCCCTCGCTTCTACTTCATCGGAGACGATGACCTGCTGGAGATCTTGGGCCA
GTCAACCAATCCATCCGTGATTCAGTCTCACCTCAAGAAGCTGTTTGCTGGTATCAACTCTGTCTGTTTCGAT
GAGAAGTCTAAGCACATTACTGCAATGAAGTCCTTGGAGGGAGAAGTTGTGCCATTCAAGAATAAGGTGCCCT
TGTCCAATAACGTCGAAACCTGGCTGAACGATCTGGCCCTGGAGATGAAGAAGACCCTGGAGCAGCTGCTGAA
GGAGTGCGTGACAACCGGACGCAGCTCTCAGGGAGCTGTGGACCCTTCTCTGTTCCCATCACAGATCCTGTGC
TTGGCCGAACAGATCAAGTTTACCGAAGATGTGGAGAACGCAATTAAAGATCACTCCCTGCACCAGATTGAGA
CACAGCTGGTGAACAAATTGGAGCAGTATACTAACATCGACACATCTTCCGAGGACCCAGGTAACACAGAGTC
CGGTATTCTGGAGCTGAAACTGAAAGCACTGATTCTCGACATTATCCATAACATCGACGTGGTCAAGCAGCTG
AACCAAATCCAAGTGCACACCACCGAAGATTGGGCCTGGAAGAAGCAGTTGAGGTTCTACATGAAGTCCGACC
ACACCTGTTGCGTTCAGATGGTTGACAGCGAGTTCCAGTACACCTATGAGTACCAAGGAAATGCCAGCAAGCT
CGTTTACACTCCACTCACTGACAAGTGTTACCTCACCTTGACACAGGCTATGAAGATGGGCCTGGGAGGCAAC
CCATACGGTCCAGCTGGCACTGGTAAGACAGAGAGCGTTAAGGCACTCGGAGGTCTGCTGGGCAGGCAGGTCC
TCGTGTTCAACTGTGATGAAGGAATCGACGTTAAGTCCATGGGAAGAATCTTTGTTGGCCTCGTTAAGTGTGG
AGCTTGGGGTTGCTTCGACGAGTTCAACAGGCTGGAGGAATCTGTGCTGAGCGCCGTCTCTATGCAGATCCAG
ACCATCCAGGACGCATTGAAGAACCACAGGACCGTCTGCGAGCTGTTGGGTAAGGAAGTGGAGGTGAACTCCA
ACTCCGGAATCTTCATCACAATGAATCCCGCAGGTAAAGGATATGGAGGAAGACAGAAACTCCCAGACAACCT
GAAGCAGCTGTTCCGCCCAGTGGCTATGTCCCATCCAGACAATGAGCTGATCaGCCGAAGTCATCCTCTATTC
CGAGGGATTCAAAGATGCTAAAGTTCTCTCCAGAAAGCTCGTGGCCATCTTCAATCTGTCAAGAGAACTCCTG
ACACCTCAGCAGCATTACGACTGGGGTCTGAGAGCCCTCAAGACCGTCCTGAGAGGTTCAGGAAATCTCCTCA
GGCAGCTGAACAAGAGCGGTACAACACAGAATGCAAATGAGAGCCACATTGTCGTCCAGGCTCTGAGGCTGAA
TACCATGTCAAAGTTCACATTCACAGACTGCACAAGATTTGACGCTCTGATTAAAGATGTGTTCCCTGGTATT
GAACTCAAAGAAGTGGAGTATGACGAGCTGAGCGCCGCTTTGAAGCAGGTGTTTGAGGAGGCTAACTATGAGA
TTATCCCTAATCAGATCAAGAAAGCATTGGAACTGTATGAACAGCTGTGTCAGAGGATGGGAGTGGTGATTGT
GGGCCCATCAGGCGCAGGTAAGAGCACTCTCTGGAGAATGCTGAGAGCAGCACTGTGCAAGACTGGAAAGGTG
GTGAAGCAATACACCATGAATCCCGGATCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGT
TACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTC
GCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTAC
GGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTT
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TCGCCCTTTGACGTTGGAGTCCACGTTCTTT

Table A.2: Staple Sequences for Two Sided p3024 Seeds Cont.
Name Sequence

stp h8t6 CTTTCAGGCACCCTGGTCTGGTCGTTTTCGACCAGATTGCGCGTGAAGATGGCC
stp h8t8 TCAGGAGTTCTGGAGAACCAGGCGTTTTCGCCTGGTTTGAACTTTAAGTTGGAG
stp h8t10 TCTCAGACCGGAATAGTGGCGAGCTTTTGCTCGCCATTAGGATGACACCTGCGG
stp h8t12 TTTCCTGATTGTCTGGGTCGCTGCTTTTGCAGCGACTTATGGGACATCTGGGAG
stp h9t1 AGTCGATCGAGATGTGCTCGCTGCTTTTGCAGCGAGTTCCGCGAGGGATCGGGT
stp h9t3 CACAAATCTCTCAGCACCGTCCGCTTTTGCGGACGGTTGGTCACCGTTCAGGAT
stp h9t5 GGTCACTTTCAGCAGCCGAGGTCGTTTTCGACCTCGTTCTTGGCCACACCTCAG
stp h9t7 ACGAGCTTTCTCTTGAGTCAGGCGTTTTCGCCTGACTTCAGATTGAGTTCAGAT
stp h9t9 GAATCCCTCCCAGTCGCTCTGGACTTTTGTCCAGAGTTTAATGCTGTGAATGTG
stp h9t11 TCAGCTCAACCTCTCACGAGGCACTTTTGTGCCTCGTTGGACGGTCAGAGCCTG
stp h10t2 GAAAGGTGTTCTCCGCTCGGCTCGTTTTCGAGCCGATTGGACGTACAACAGCAG
stp h10t4 CAGAAACTCAATCTTACCGCAGGCTTTTGCCTGCGGTTTATTTGTCCGATGGTA
stp h10t6 TCCACTTTTTGACAGTCGCTCGTGTTTTCACGAGCGTTCATCACAGTTTAATCA
stp h10t8 GAGTTCAAAATCTTGTGTCGGTGCTTTTGCACCGACTTGCAGTCTGCTGAGGTG
stp h10t10 GCGGCGCTCATGGTATCCGAGGACTTTTGTCCTCGGTTTCAGCCTCTTGAGGGC
stp h10t12 CATAGTTATGTGGCTCCGCTTGGCTTTTGCCAAGCGTTTCATTTGCTGAGGAGA
stp h11t1 GACAGGTGATCCAATCTGCGGTCGTTTTCGACCGCATTTTCATTGGTAGGTACC
stp h11t3 AGGGATAACCTCAAACCTGCGTCGTTTTCGACGCAGTTAAGTAGGTAATCAAAA
stp h11t5 ATTGGAGCCCTGAGGCCACAGGCGTTTTCGCCTGTGTTGGTCGTGCGTTGTTCC
stp h11t7 GAGCGTCATACCAGGGCGCTTGCGTTTTCGCAAGCGTTAACACATCAATGCTCC
stp h11t9 AACTTTGACAGCTCGTCTCGGCACTTTTGTGCCGAGTTCATACTCCAGTGCTCT
stp h11t11 GACGACAAGCCTCCTCGTCCACCGTTTTCGGTGGACTTAAACACCTTCACCACT
stp h12t2 TGAGAGCTGGCAAAATCGGATGGCTTTTGCCATCCGTTCCCTTATACTTAGTGC
stp h12t4 GTGATGGGCGAGATAGGGCATCCGTTTTCGGATGCCTTGGTTGAGTCAATTCAT
stp h12t6 AAACTTGAACAAGAGTTGGCTGCGTTTTCGCAGCCATTCCACTATTTTGCACAG
stp h12t8 TGATCTTTTCAGCATTCGGTCGGCTTTTGCCGACCGTTCTCCAGAGACTTCTTT
stp h12t10 TCACCAGCCCTGATGGGCAGTCGCTTTTGCGACTGCTTGCCCACAAGCTTCAAA
stp h12t12 TGTGTCGACTGACACACGGTGCCGTTTTCGGCACCGTTGCTGTTCAGATAATCT
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A.1.2 Two Sided s768 Seed

Figure A.2: Scadnano Schematic of Two Sided s768 Seed. Circle label locations
correspond to the location of the hairpins on each staple.

Table A.3: Staple Sequences for Two Sided s768 Seeds
Name Sequence

stp h0 TCATAGGTGCTTTCAGGTGAGGCGTTTTCGCCTCACTTTTTCAGCTTCGGAAGA
stp h1 CCCATCCTTGTTAGTACCGCAGGCTTTTGCCTGCGGTTTACTGCTCAATGTCGA
stp h2 CAAAGATTGGTAACACGTCCACCGTTTTCGGTGGACTTTTGTCAGTCTTGGTAC
stp h3 GAATCAGTGTACTGGACCGAGGCGTTTTCGCCTCGGTTACTCGCTGGCCTGTGT
stp h4 TTTCTGTCCTCCAGCCACCAGCCGTTTTCGGCTGGTTTTGTTGAACGAGGCCAA
stp h5 CAAGGTGACTTCCCATCCGTGGCGTTTTCGCCACGGTTGGACTTAACGCTCAGC
stp h6 TTTCCTGATTGTCTGGCGGCAGGCTTTTGCCTGCCGTTATGGGACATCTGGGAG
stp h7 ACAGATTCTTCCTCCATCTGGTCGTTTTCGACCAGATTTATCCTTTTTCGGCGA
stp h8 CATAGTTATGTGGCTCGCAGTCGCTTTTGCGACTGCTTTCATTTGCTGAGGAGA
stp h9 TCAGCTCAACCTCTCACTCCTGCGTTTTCGCAGGAGTTGGACGGTCAGAGCCTG
stp h10 TGTGTCGACTGACACACCTACCGCTTTTGCGGTAGGTTGCTGTTCAGATAATCT
stp h11 GACGACAAGCCTCCTCGACCTGGCTTTTGCCAGGTCTTAAACACCTTCACCACT
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s756 sca↵old sequence

GCTGGTGAACAAATTGGAGCAGTATACTAACATCGACACATCTTCCGAGGACCCAGGTAACACAGAGTCCGGT
ATTCTGGAGCTGAAACTGAAAGCACTGATTCTCGACATTTCCGACCACACCTGTTGCGTTCAGATGGTTGACA
GCGAGTTCCAGTACACCTATGAGTACCAAGGAAATGCCAGCAAGCTCGTTTACACTCCACTCACTGACAAGTG
TTACCTCACCTTGACACAGGCCCTCGTGTTCAACTGTGATGAAGGAATCGACGTTAAGTCCATGGGAAGAATC
TTTGTTGGCCTCGTTAAGTGTGGAGCTTGGGGTTGCTTCGACGAGTTCAACAGGCTGGAGGAATCTGTGCTGA
GCGCCGGAATCTTCATCACAATGAATCCCGCAGGTAAAGGATATGGAGGAAGACAGAAACTCCCAGACAACCT
GAAGCAGCTGTTCCGCCCAGTGGCTATGTCCCATCCAGACAATGAGCTGATCGCCGAACAGCATTACGACTGG
GGTCTGAGAGCCCTCAAGACCGTCCTGAGAGGTTCAGGAAATCTCCTCAGGCAGCTGAACAAGAGCGGTACAA
CACAGAATGCAAATGAGAGCCACATTGTCGTCCAGGCTCTGGAGTATGACGAGCTGAGCGCCGCTTTGAAGCA
GGTGTTTGAGGAGGCTAACTATGAGATTATCCCTAATCAGATCAAGAAAGCATTGGAACTGTATGAACAGCTG
TGTCAGAGGATGGGAGTGGTGAATCCCGGATCCACGCG
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A.1.3 One Sided s576 Seed

Figure A.3: Scadnano Schematic of One Sided s576 Seed. Circle label locations cor-
respond to the location of the hairpins on each staple. The red arrow points to the
location of a sca↵old nick.

Table A.4: Staple Sequences for One Sided s576 Seeds
Name Sequence

s576 1 short hp AGCTTGCTACTCGCTGGCCATTTTTGGCTTAATGTCGACCGGACTC
s576 3 short hp AAGCTCCAGGACTTAACGGATTTTTCCGTTGCCTGTGTTGTAAACG
s576 5 short hp CAGCTGCTTATCCTTTCGACTTTTGTCGTTCGCTCAGCGCAACCCC
s576 7 short hp CTCTTGTTGGACGGTCGTCGTTTTCGACTTTTCGGCGAGGGCGGAA
s576 9 short hp TCTTGATCAAACACCTCGCTTTTTAGCGTTAGAGCCTGTTGTACCG
s576 11 short hp TGTGTTACTACTGCTCCGGTTTTTACCGTTTCACCACTCAATGCTT

s576 sca↵old sequence

GAGCAGTATACTAACATCGACACATCTTCCGAGGACCCAGGTAACACAGAGTCCGGTATTCTGGAGCTGAAAC
TGAAAGCACTGATTCTCGACATTCAGCGAGTTCCAGTACACCTATGAGTACCAAGGAAATGCCAGCAAGCTCG
TTTACACTCCACTCACTGACAAGTGTTACCTCACCTTGACACAGGCTTAAGTCCATGGGAAGAATCTTTGTTG
GCCTCGTTAAGTGTGGAGCTTGGGGTTGCTTCGACGAGTTCAACAGGCTGGAGGAATCTGTGCTGAGCGAAAG
GATATGGAGGAAGACAGAAACTCCCAGACAACCTGAAGCAGCTGTTCCGCCCAGTGGCTATGTCCCATCCAGA
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CAATGAGCTGATCGCCGAAGACCGTCCTGAGAGGTTCAGGAAATCTCCTCAGGCAGCTGAACAAGAGCGGTAC
AACACAGAATGCAAATGAGAGCCACATTGTCGTCCAGGCTCTAGGTGTTTGAGGAGGCTAACTATGAGATTAT
CCCTAATCAGATCAAGAAAGCATTGGAACTGTATGAACAGCTGTGTCAGAGGATGGGAGTGGTGA
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A.1.4 Two Sided s576 Seed

Figure A.4: Scadnano Schematic of Two Sided s576 Seed. Circle label locations
correspond to the location of the hairpins on each staple. The red arrow points to the
location of a sca↵old nick.

Table A.5: Staple Sequences for Two Sided s576 Seeds
Name Sequence

s576 0 short hp TGTTAGTACTGGGTCCCGGATTTTTCCGTTTCGGAAGATCATAGGT
s576 1 short hp AGCTTGCTACTCGCTGGCCATTTTTGGCTTAATGTCGACCGGACTC
s576 2 short hp GTACTGGAGGCATTTCGTGGTTTTCCACTTCTTGGTACCAAAGATT
s576 3 short hp AAGCTCCAGGACTTAACGGATTTTTCCGTTGCCTGTGTTGTAAACG
s576 4 short hp CTTCCCATCACTTAACGCTCTTTTGAGCTTGAGGCCAATTTCTGTC
s576 5 short hp CAGCTGCTTATCCTTTCGACTTTTGTCGTTCGCTCAGCGCAACCCC
s576 6 short hp TTCCTCCATCAGGTTGCGGCTTTTGCCGTTTCTGGGAGTTTCCTGA
s576 7 short hp CTCTTGTTGGACGGTCGTCGTTTTCGACTTTTCGGCGAGGGCGGAA
s576 8 short hp ACCTCTCACAGCTGCCCGAGTTTTCTCGTTTGAGGAGACATAGTTA
s576 9 short hp TCTTGATCAAACACCTCGCTTTTTAGCGTTAGAGCCTGTTGTACCG
s576 10 short hp GCCTCCTCTGATTAGGGTCCTTTTGGACTTGATAATCTTGTGTCGA
s576 11 short hp TGTGTTACTACTGCTCCGGTTTTTACCGTTTCACCACTCAATGCTT
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A.1.5 One Sided s384 Seed

Figure A.5: Scadnano Schematic of One Sided s384 Seed. Circle label locations cor-
respond to the location of the hairpins on each staple. The red arrow points to the
location of a sca↵old nick.

Table A.6: Staple Sequences for One Sided s384 Seeds
Name Sequence

s384 0 short hp AATGTCGATCATAGGTCGGATTTTTCCGTTAACAGGTGACACGAGG
s384 2 short hp GCCTGTGTCAAAGATTGTGGTTTTCCACTTACAGTTGAGATTCCGG
s384 4 short hp CGCTCAGCTTTCTGTCGCTCTTTTGAGCTTGTGATGAATAATGCTG
s384 6 short hp TTCGGCGATTTCCTGACGGCTTTTGCCGTTCCCAGTCGCATACTCC
s384 8 short hp AGAGCCTGCATAGTTACGAGTTTTCTCGTTCAGCTCGTTCCGGGAT
s384 10 short hp TCACCACTTGTGTCGAGTCCTTTTGGACTTCGCGTGGATGGTCGGA

s384 sca↵old sequence

TCGACACATCTTCCGAGGACCCAGGTAACACAACTGATTCTCGACATTTCCGACCACACCTGTTACCTATGAG
TACCAAGGAAATGCCAGCAAGCTTCACCTTGACACAGGCCCTCGTGTTCAACTGTAATCTTTGTTGGCCTCGT
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TAAGTGTGGAGCTTGAATCTGTGCTGAGCGCCGGAATCTTCATCACGACAGAAACTCCCAGACAACCTGAAGC
AGCTGTGAGCTGATCGCCGAACAGCATTACGACTGGGTCAGGAAATCTCCTCAGGCAGCTGAACAAGAGTTGT
CGTCCAGGCTCTGGAGTATGACGAGCTGTAACTATGAGATTATCCCTAATCAGATCAAGAAGGATGGGAGTGG
TGAATCCCGGATCCACGCG
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A.2 Design and Sequences of Adaptor Strands

All adaptor strands follow the illustrated naming conventions. SEs adaptors are

designed to bind to the right hand loop-outs in the above seed designs. revREs adaptors

are designed to bind to the left hand side loop-outs.

Figure A.6: Adaptor Strand Naming Conventions
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A.2.1 Adaptors for p3024 Seeds

Table A.7: SEs Adaptor Strand Sequences for p3024 Seeds
Name Sequence

p3024 SEs 1-2 3 GACAAGCACTCCTGTCCTGATGCGACTGAGCTGGACTCGTCC
p3024 SEs 3-4 3 CATGACGCTGAAGCGAACGGAAGCACGGTTGCCTGTAGCGAG
p3024 SEs 5-6 3 GAGCACGAACCTAGTGGTGATCGCTCGTCGCCAGAGGTCTCT
p3024 SEs 7-8 3 GTAGACGTGACCTGGTTCGATGCGAGACTTCGTGGAGTGGAC
p3024 SEs 9-10 3 GGTGTCCTATGGCGATGGAAGTCGAGGTGACTCGCTCATGGT
p3024 SEs 11-12 3 ACTCGCAGTGTGACCGTACCTCTGTCCTAGTCGTGCCTTGCT
p3024 SEs 1-2 2 GTCTGGCATGGAGACCGTGGTAGGTA
p3024 SEs 3-4 2 GTCTGTGCCGACTACCTTGTCAGGTA
p3024 SEs 5-6 2 GTCTGCTTGGAGTCAGCCTTCAGGTA
p3024 SEs 7-8 2 GTCTGCGGATAGCCATGCTGTAGGTA
p3024 SEs 9-10 2 GTCTGCAAGGCGTAGGCACGGAGGTA
p3024 SEs 11-12 2 GTCTGTGGCTGATGGATGCTCAGGTA
p3024 SEs 1 1 ACCACGGTAGGAGTGCTTGTCGGACGAGTTGTGTTACCTGGGTCC
p3024 SEs 3 1 GACAAGGTCTTCAGCGTCATGCTCGCTACAGCTTGCTGGCATTTC
p3024 SEs 5 1 GAAGGCTGTAGGTTCGTGCTCAGAGACCTAAGCTCCACACTTAAC
p3024 SEs 7 1 ACAGCATGAGGTCACGTCTACGTCCACTCCAGCTGCTTCAGGTTG
p3024 SEs 9 1 CCGTGCCTGCCATAGGACACCACCATGAGCTCTTGTTCAGCTGCC
p3024 SEs 11 1 GAGCATCCTCACACTGCGAGTAGCAAGGCTCTTGATCTGATTAGG
p3024 SEs 2 5 CCAGAATACCGGACTCCCAGCTCAGTCGCATCAGGACCTCCATGC
p3024 SEs 4 5 GAGTGGAGTGTAAACGAGGCAACCGTGCTTCCGTTCGAGTCGGCA
p3024 SEs 6 5 TCGTCGAAGCAACCCCCTGGCGACGAGCGATCACCACACTCCAAG
p3024 SEs 8 5 TAGCCACTGGGCGGAACACGAAGTCTCGCATCGAACCGCTATCCG
p3024 SEs 10 5 ATTCTGTGTTGTACCGCGAGTCACCTCGACTTCCATCACGCCTTG
p3024 SEs 12 5 TACAGTTCCAATGCTTACGACTAGGACAGAGGTACGGATCAGCCA
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Table A.8: Reverse REs Adaptor Strand Sequences for p3024 Seeds
Name Sequence

p3024 REs 1-2 3 ACTCGTAGCCTTGGACCGCACTCACCACTGCTCGCCTGTCTG
p3024 REs 3-4 3 AGTCCTGTGGAACACCACGAGACGCCATCGAGCGGAAGTGCG
p3024 REs 5-6 3 GTCACTGCCGTAGCTCACGAGGCACAACCACAGCGGAGATCG
p3024 REs 7-8 3 CAAGACCATGCCGACCTCATCCTCGCTTTCGGTGCTCCAACG
p3024 REs 9-10 3 GTCCTACGCTTCGGACCTTGGTGATGCTGGACTGTGGCTACC
p3024 REs 11-12 3 TCGCTACCTGCGTTCGTCGGATGGTGAGGTCCACGCTCTGTC
p3024 REs 1-2 2 GACCAGCACGGATCGACGCTGGCATT
p3024 REs 3-4 2 GACCATCAGGCTTGACGGTTGGCATT
p3024 REs 5-6 2 GACCATCCTGCGAACGCTTCCGCATT
p3024 REs 7-8 2 GACCATCGTCCGCTGGCTCTGGCATT
p3024 REs 9-10 2 GACCATGCCGAGCACTCCGTGGCATT
p3024 REs 11-12 2 GACCATGCTCGTGCTTGGCTGGCATT
p3024 revREs 1 1 CAGCGTCGCAAGGCTACGAGTCAGACAGGCTGCTGGAACTCTTCG
p3024 revREs 3 1 CAACCGTCGTTCCACAGGACTCGCACTTCAACAGATCCAGCCAGT
p3024 revREs 5 1 GGAAGCGTCTACGGCAGTGACCGATCTCCTGGTGCGGCTCTGGGA
p3024 revREs 7 1 CAGAGCCACGGCATGGTCTTGCGTTGGAGTTTGGGCAGGGCTCCG
p3024 revREs 9 1 CACGGAGTCGAAGCGTAGGACGGTAGCCAAGCAGGTCATCGTCTC
p3024 revREs 11 1 CAGCCAAGACGCAGGTAGCGAGACAGAGCGCTCCAGGGTCTTCTT
p3024 revREs 2 5 CCATTTCTTGGAATCCCGAGCAGTGGTGAGTGCGGTCATCCGTGC
p3024 revREs 4 5 CAGACCCAGCAAGCGGCGCTCGATGGCGTCTCGTGGTAAGCCTGA
p3024 revREs 6 5 TCCTTGATCAGCTTCAGCTGTGGTTGTGCCTCGTGAGTCGCAGGA
p3024 revREs 8 5 TGAATCTGGTCTGCTCCACCGAAAGCGAGGATGAGGTGCGGACGA
p3024 revREs 10 5 CTGGCCCAAGATCTCCCAGTCCAGCATCACCAAGGTCGCTCGGCA
p3024 revREs 12 5 CACTCCTTCAGCAGCTGTGGACCTCACCATCCGACGACACGAGCA
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A.2.2 Adaptors for s768 Seeds

Table A.9: SEs Adaptor Strand Sequences for s768 Seeds
Name Sequence

p3024 SEs 1-2 3 GACAAGCACTCCTGTCCTGATGCGACTGAGCTGGACTCGTCC
p3024 SEs 3-4 3 CATGACGCTGAAGCGAACGGAAGCACGGTTGCCTGTAGCGAG
p3024 SEs 5-6 3 GAGCACGAACCTAGTGGTGATCGCTCGTCGCCAGAGGTCTCT
p3024 SEs 7-8 3 GTAGACGTGACCTGGTTCGATGCGAGACTTCGTGGAGTGGAC
p3024 SEs 9-10 3 GGTGTCCTATGGCGATGGAAGTCGAGGTGACTCGCTCATGGT
p3024 SEs 11-12 3 ACTCGCAGTGTGACCGTACCTCTGTCCTAGTCGTGCCTTGCT
p3024 SEs 1-2 2 GTCTGGCATGGAGACCGTGGTAGGTA
p3024 SEs 3-4 2 GTCTGTGCCGACTACCTTGTCAGGTA
p3024 SEs 5-6 2 GTCTGCTTGGAGTCAGCCTTCAGGTA
p3024 SEs 7-8 2 GTCTGCGGATAGCCATGCTGTAGGTA
p3024 SEs 9-10 2 GTCTGCAAGGCGTAGGCACGGAGGTA
p3024 SEs 11-12 2 GTCTGTGGCTGATGGATGCTCAGGTA
p3024 SEs 1 1 ACCACGGTAGGAGTGCTTGTCGGACGAGTTGTGTTACCTGGGTCC
p3024 SEs 3 1 GACAAGGTCTTCAGCGTCATGCTCGCTACAGCTTGCTGGCATTTC
p3024 SEs 5 1 GAAGGCTGTAGGTTCGTGCTCAGAGACCTAAGCTCCACACTTAAC
p3024 SEs 7 1 ACAGCATGAGGTCACGTCTACGTCCACTCCAGCTGCTTCAGGTTG
p3024 SEs 9 1 CCGTGCCTGCCATAGGACACCACCATGAGCTCTTGTTCAGCTGCC
p3024 SEs 11 1 GAGCATCCTCACACTGCGAGTAGCAAGGCTCTTGATCTGATTAGG
p3024 SEs 2 5 CCAGAATACCGGACTCCCAGCTCAGTCGCATCAGGACCTCCATGC
p3024 SEs 4 5 GAGTGGAGTGTAAACGAGGCAACCGTGCTTCCGTTCGAGTCGGCA
p3024 SEs 6 5 TCGTCGAAGCAACCCCCTGGCGACGAGCGATCACCACACTCCAAG
p3024 SEs 8 5 TAGCCACTGGGCGGAACACGAAGTCTCGCATCGAACCGCTATCCG
p3024 SEs 10 5 ATTCTGTGTTGTACCGCGAGTCACCTCGACTTCCATCACGCCTTG
p3024 SEs 12 5 TACAGTTCCAATGCTTACGACTAGGACAGAGGTACGGATCAGCCA
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Table A.10: Reverse REs Adaptor Strand Sequences for s768 Seeds
Name Sequence

s768 REs 0-1 3 TCGCTACCTGCGTTCGTCGGATGGTGAGGTCCACGCTCTGTC
s768 REs 2-3 3 GTCCTACGCTTCGGACCTTGGTGATGCTGGACTGTGGCTACC
s768 REs 4-5 3 CAAGACCATGCCGACCTCATCCTCGCTTTCGGTGCTCCAACG
s768 REs 6-7 3 GTCACTGCCGTAGCTCACGAGGCACAACCACAGCGGAGATCG
s768 REs 8-9 3 AGTCCTGTGGAACACCACGAGACGCCATCGAGCGGAAGTGCG
s768 REs 10-11 3 ACTCGTAGCCTTGGACCGCACTCACCACTGCTCGCCTGTCTG
s768 REs 0-1 2 GACCATGCTCGTGCTTGGCTGGCATT
s768 REs 2-3 2 GACCATGCCGAGCACTCCGTGGCATT
s768 REs 4-5 2 GACCATCGTCCGCTGGCTCTGGCATT
s768 REs 6-7 2 GACCATCCTGCGAACGCTTCCGCATT
s768 REs 8-9 2 GACCATCAGGCTTGACGGTTGGCATT
s768 REs 10-11 2 GACCAGCACGGATCGACGCTGGCATT
s768 revREs 0 1 CAATTTGTTCACCAGCCGAGCAGTGGTGAGTGCGGTCAAGCCTGA
s768 revREs 2 1 TCAACCATCTGAACGCGTGGACCTCACCATCCGACGACACGAGCA
s768 revREs 4 1 CGTCGATTCCTTCATCCAGTCCAGCATCACCAAGGTCGCTCGGCA
s768 revREs 6 1 ACCTGCGGGATTCATTCACCGAAAGCGAGGATGAGGTGCGGACGA
s768 revREs 8 1 TTGAGGGCTCTCAGACGCTGTGGTTGTGCCTCGTGAGTCGCAGGA
s768 revREs 10 1 GCTTCAAAGCGGCGCTCGCTCGATGGCGTCTCGTGGTAAGCCTGA
s768 revREs 1 5 CAGCCAAGACGCAGGTAGCGAGACAGAGCAACAGGTGTGGTCGGA
s768 revREs 3 5 CACGGAGTCGAAGCGTAGGACGGTAGCCAACAGTTGAACACGAGG
s768 revREs 5 5 CAGAGCCACGGCATGGTCTTGCGTTGGAGGTGATGAAGATTCCGG
s768 revREs 7 5 GGAAGCGTCTACGGCAGTGACCGATCTCCCCCAGTCGTAATGCTG
s768 revREs 9 5 CAACCGTCGTTCCACAGGACTCGCACTTCCAGCTCGTCATACTCC
s768 revREs 11 5 CAGCGTCGCAAGGCTACGAGTCAGACAGGCGCGTGGATCCGGGAT
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A.2.3 Adaptors for s576 Seeds

Table A.11: SEs Adaptor Strand Sequences for s576 Seeds
Name Sequence

s576 SEs 1-2 3 GACAAGCACTCCTGTCCTGATGCGACTGAGCTGGACTCGTCC
s576 SEs 3-4 3 CATGACGCTGAAGCGAACGGAAGCACGGTTGCCTGTAGCGAG
s576 SEs 5-6 3 GAGCACGAACCTAGTGGTGATCGCTCGTCGCCAGAGGTCTCT
s576 SEs 7-8 3 GTAGACGTGACCTGGTTCGATGCGAGACTTCGTGGAGTGGAC
s576 SEs 9-10 3 GGTGTCCTATGGCGATGGAAGTCGAGGTGACTCGCTCATGGT
s576 SEs 11-12 3 ACTCGCAGTGTGACCGTACCTCTGTCCTAGTCGTGCCTTGCT
s576 SEs 1-2 2 GTCTGGCATGGAGACCGTGGTAGGTA
s576 SEs 3-4 2 GTCTGTGCCGACTACCTTGTCAGGTA
s576 SEs 5-6 2 GTCTGCTTGGAGTCAGCCTTCAGGTA
s576 SEs 7-8 2 GTCTGCGGATAGCCATGCTGTAGGTA
s576 SEs 9-10 2 GTCTGCAAGGCGTAGGCACGGAGGTA
s576 SEs 11-12 2 GTCTGTGGCTGATGGATGCTCAGGTA
s576 SEs 0 1 ACCACGGTAGGAGTGCTTGTCGGACGAGTTTTCAGCTCCAGAATA
s576 SEs 2 1 GACAAGGTCTTCAGCGTCATGCTCGCTACTTGTCAGTGAGTGGAG
s576 SEs 4 1 GAAGGCTGTAGGTTCGTGCTCAGAGACCTTGTTGAACTCGTCGAA
s576 SEs 6 1 ACAGCATGAGGTCACGTCTACGTCCACTCATGGGACATAGCCACT
s576 SEs 8 1 CCGTGCCTGCCATAGGACACCACCATGAGTCATTTGCATTCTGTG
s576 SEs 10 1 GAGCATCCTCACACTGCGAGTAGCAAGGCGCTGTTCATACAGTTC
s576 SEs 1 5 GAATCAGTGCTTTCAGCCAGCTCAGTCGCATCAGGACCTCCATGC
s576 SEs 3 5 CAAGGTGAGGTAACACAGGCAACCGTGCTTCCGTTCGAGTCGGCA
s576 SEs 5 5 ACAGATTCCTCCAGCCCTGGCGACGAGCGATCACCACACTCCAAG
s576 SEs 7 5 TCAGCTCATTGTCTGGCACGAAGTCTCGCATCGAACCGCTATCCG
s576 SEs 9 5 GACGACAATGTGGCTCCGAGTCACCTCGACTTCCATCACGCCTTG
s576 SEs 11 5 CCCATCCTCTGACACAACGACTAGGACAGAGGTACGGATCAGCCA
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Table A.12: Reverse REs Adaptor Strand Sequences for s576 Seeds
Name Sequence

s576 REs 0-1 3 TCGCTACCTGCGTTCGTCGGATGGTGAGGTCCACGCTCTGTC
s576 REs 2-3 3 GTCCTACGCTTCGGACCTTGGTGATGCTGGACTGTGGCTACC
s576 REs 4-5 3 CAAGACCATGCCGACCTCATCCTCGCTTTCGGTGCTCCAACG
s576 REs 6-7 3 GTCACTGCCGTAGCTCACGAGGCACAACCACAGCGGAGATCG
s576 REs 8-9 3 AGTCCTGTGGAACACCACGAGACGCCATCGAGCGGAAGTGCG
s576 REs 10-11 3 ACTCGTAGCCTTGGACCGCACTCACCACTGCTCGCCTGTCTG
s576 REs 0-1 2 GACCATGCTCGTGCTTGGCTGGCATT
s576 REs 2-3 2 GACCATGCCGAGCACTCCGTGGCATT
s576 REs 4-5 2 GACCATCGTCCGCTGGCTCTGGCATT
s576 REs 6-7 2 GACCATCCTGCGAACGCTTCCGCATT
s576 REs 8-9 2 GACCATCAGGCTTGACGGTTGGCATT
s576 REs 10-11 2 GACCAGCACGGATCGACGCTGGCATT
s576 revREs 1 1 CAGCCAAGACGCAGGTAGCGAGACAGAGCTCATAGGTGTACTGGA
s576 revREs 3 1 CACGGAGTCGAAGCGTAGGACGGTAGCCACAAAGATTCTTCCCAT
s576 revREs 5 1 CAGAGCCACGGCATGGTCTTGCGTTGGAGTTTCTGTCTTCCTCCA
s576 revREs 7 1 GGAAGCGTCTACGGCAGTGACCGATCTCCTTTCCTGAACCTCTCA
s576 revREs 9 1 CAACCGTCGTTCCACAGGACTCGCACTTCCATAGTTAGCCTCCTC
s576 revREs 11 1 CAGCGTCGCAAGGCTACGAGTCAGACAGGTGTGTCGATGTTAGTA
s576 revREs 0 5 CTGGGTCCTCGGAAGACGAGCAGTGGTGAGTGCGGTCAAGCCTGA
s576 revREs 2 5 GGCATTTCCTTGGTACGTGGACCTCACCATCCGACGACACGAGCA
s576 revREs 4 5 CACTTAACGAGGCCAACAGTCCAGCATCACCAAGGTCGCTCGGCA
s576 revREs 6 5 TCAGGTTGTCTGGGAGCACCGAAAGCGAGGATGAGGTGCGGACGA
s576 revREs 8 5 CAGCTGCCTGAGGAGAGCTGTGGTTGTGCCTCGTGAGTCGCAGGA
s576 revREs 10 5 TGATTAGGGATAATCTCGCTCGATGGCGTCTCGTGGTAAGCCTGA
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A.2.4 Adaptors for s384 Seeds

Table A.13: SEs Adaptor Strand Sequences for s384 Seeds
Name Sequence

s384 SEs 1-2 3 GACAAGCACTCCTGTCCTGATGCGACTGAGCTGGACTCGTCC
s384 SEs 3-4 3 CATGACGCTGAAGCGAACGGAAGCACGGTTGCCTGTAGCGAG
s384 SEs 5-6 3 GAGCACGAACCTAGTGGTGATCGCTCGTCGCCAGAGGTCTCT
s384 SEs 7-8 3 GTAGACGTGACCTGGTTCGATGCGAGACTTCGTGGAGTGGAC
s384 SEs 9-10 3 GGTGTCCTATGGCGATGGAAGTCGAGGTGACTCGCTCATGGT
s384 SEs 11-12 3 ACTCGCAGTGTGACCGTACCTCTGTCCTAGTCGTGCCTTGCT
s384 SEs 1-2 2 GTCTGGCATGGAGACCGTGGTAGGTA
s384 SEs 3-4 2 GTCTGTGCCGACTACCTTGTCAGGTA
s384 SEs 5-6 2 GTCTGCTTGGAGTCAGCCTTCAGGTA
s384 SEs 7-8 2 GTCTGCGGATAGCCATGCTGTAGGTA
s384 SEs 9-10 2 GTCTGCAAGGCGTAGGCACGGAGGTA
s384 SEs 11-12 2 GTCTGTGGCTGATGGATGCTCAGGTA
s384 SEs 0 1 ACCACGGTAGGAGTGCTTGTCGGACGAGTGGCATTTCCTTGGTAC
s384 SEs 2 1 GACAAGGTCTTCAGCGTCATGCTCGCTACCACTTAACGAGGCCAA
s384 SEs 4 1 GAAGGCTGTAGGTTCGTGCTCAGAGACCTTCAGGTTGTCTGGGAG
s384 SEs 6 1 ACAGCATGAGGTCACGTCTACGTCCACTCCAGCTGCCTGAGGAGA
s384 SEs 8 1 CCGTGCCTGCCATAGGACACCACCATGAGTGATTAGGGATAATCT
s384 SEs 10 1 GAGCATCCTCACACTGCGAGTAGCAAGGCCTGGGTCCTCGGAAGA
s384 SEs 1 5 CAAGGTGAAGCTTGCTCCAGCTCAGTCGCATCAGGACCTCCATGC
s384 SEs 3 5 ACAGATTCAAGCTCCAAGGCAACCGTGCTTCCGTTCGAGTCGGCA
s384 SEs 5 5 TCAGCTCACAGCTGCTCTGGCGACGAGCGATCACCACACTCCAAG
s384 SEs 7 5 GACGACAACTCTTGTTCACGAAGTCTCGCATCGAACCGCTATCCG
s384 SEs 9 5 CCCATCCTTCTTGATCCGAGTCACCTCGACTTCCATCACGCCTTG
s384 SEs 11 5 GAATCAGTTGTGTTACACGACTAGGACAGAGGTACGGATCAGCCA
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A.3 Design and Sequences of Seed Bundles

Table A.14: Replacement Strands for s576 Extended Square Bundles. These sequences
replace the h0, h3, h6, and h9 short hairpins.
Name Sequence

s576 0 stem TCGGAAGATCATAGGTCGGAACCG
s576 3 stem GCCTGTGTTGTAAACGCGGATCGC
s576 6 stem TCTGGGAGTTTCCTGACGGCAGGC
s576 9 stem AGAGCCTGTTGTACCGCGCTTGGC
s576 0 sticky GTGCGTACGCTCGGTTCCGTTTGTTAGTACTGGGTCC
s576 3 sticky GACAACTGGCTGCGATCCGTTAAGCTCCAGGACTTAA
s576 6 sticky GCGTACGCACTGCCTGCCGTTTTCCTCCATCAGGTTG
s576 9 sticky GCCAGTTGTCTGCCAAGCGTTTCTTGATCAAACACCT

Table A.15: Replacement Strands for s576 Extended Hex Bundles. These sequences
replace the h0, h2, h4, h6, h8, and h10 short hairpin staples.
Name Sequence

s576 0 stem TCGGAAGATCATAGGTCGGAACCG
s576 2 stem CTTGGTACCAAAGATTGTGGTCCG
s576 4 stem GAGGCCAATTTCTGTCGCTCGGAC
s576 6 stem TCTGGGAGTTTCCTGACGGCAGGC
s576 8 stem TGAGGAGACATAGTTACGAGGCAC
s576 10 stem GATAATCTTGTGTCGAGTCCACCG
s576 0 sticky GTGCGTACGCTCGGTTCCGTTTGTTAGTACTGGGTCC
s576 2 sticky GCCCATCTACTCGGACCACTTGTACTGGAGGCATTTC
s576 4 sticky GATACATCCCTGTCCGAGCTTCTTCCCATCACTTAAC
s576 6 sticky GCGTACGCACTGCCTGCCGTTTTCCTCCATCAGGTTG
s576 8 sticky GTAGATGGGCTGTGCCTCGTTACCTCTCACAGCTGCC
s576 10 sticky GGGATGTATCTCGGTGGACTTGCCTCCTCTGATTAGG
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Table A.16: Replacement Strands for s384 Extended Hex Bundles. These sequences
replace the h0, h2, h4, h6, h8, and h10 short hairpin staples
Name Sequence

s384 0 stem AACAGGTGACACGAGGCGGAACCG
s384 2 stem ACAGTTGAGATTCCGGGTGGTCCG
s384 4 stem GTGATGAATAATGCTGGCTCGGAC
s384 6 stem CCCAGTCGCATACTCCCGGCAGGC
s384 8 stem CAGCTCGTTCCGGGATCGAGGCAC
s384 10 stem CGCGTGGATGGTCGGAGTCCACCG
s384 0 sticky GTGCGTACGCTCGGTTCCGTTAATGTCGATCATAGGT
s384 2 sticky GCCCATCTACTCGGACCACTTGCCTGTGTCAAAGATT
s384 4 sticky GATACATCCCTGTCCGAGCTTCGCTCAGCTTTCTGTC
s384 6 sticky GCGTACGCACTGCCTGCCGTTTTCGGCGATTTCCTGA
s384 8 sticky GTAGATGGGCTGTGCCTCGTTAGAGCCTGCATAGTTA
s384 10 sticky GGGATGTATCTCGGTGGACTTTCACCACTTGTGTCGA
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A.4 Design and Sequences of Finite Seed Bundles

Table A.17: Replacement Strands for s576 Tetramers. These sequences replace the
h0 and h3 short hairpin staples.

Name Sequence

s576 0 stem TCGGAAGATCATAGGTCGGAACCG
s576 3 stem GCCTGTGTTGTAAACGCGGATCGC
s576 0 sticky GTGCGTACGCTCGGTTCCGTTTGTTAGTACTGGGTCC
s576 3 homogen sticky GCGTACGCACTGCGATCCGTTAAGCTCCAGGACTTAA

Table A.18: Replacement Strands for s576 Trimers. These sequences replace the h0
and h2 short hairpin staples.

Name Sequence

s576 0 stem TCGGAAGATCATAGGTCGGAACCG
s576 2 stem CTTGGTACCAAAGATTGTGGTCCG
s576 0 sticky GTGCGTACGCTCGGTTCCGTTTGTTAGTACTGGGTCC
s576 2 homogen sticky GCGTACGCACTCGGACCACTTGTACTGGAGGCATTTC

Table A.19: Replacement Strands for s384 Trimers. These sequences replace the h0
and h2 short hairpin staples.

Name Sequence

s384 0 stem AACAGGTGACACGAGGCGGAACCG
s384 2 stem ACAGTTGAGATTCCGGGTGGTCCG
s384 0 sticky GTGCGTACGCTCGGTTCCGTTAATGTCGATCATAGGT
s384 0 homogen sticky GCGTACGCACTCGGACCACTTGCCTGTGTCAAAGATT

A.5 Sequence Generating Methods

All sequences and scadnano designs were generated using scripts created using the

scadnano python libraries. These tools can all be found on github at this link.
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Appendix B

Annealing Protocols

B.1 Seed Annealing

To make seed, the sca↵old strands, staple strands and adapter strands were mixed

together in 1x TAE-Mg bu↵er in a final volume of 50µL. An example recipe is given

below for two-sided s576 seeds.

Seed Final desired concentration (nM) Stock concentration (nM) Amount of stock added (µL)
H2O - - 42.73
10x TAE 1.125M Mg2+ 1x 10x 5
ts s576 seed staples 100 3000 0.17
s576 sca↵old 10 5000 0.1
SEs core adaptors ( 1, 3, 5 strands) 100 10000 0.5
SEs sticky-end adapters ( 2 strands) 200 20000 0.5
REs reverse cone adaptors ( 1, 3, 5 strands) 100 10000 0.5
REs sticky-end adaptors ( 2 strands) 200 20000 0.5

Table B.1: Sample recipe for a seed (two sided s576 seed)

B.1.1 Seed Assembly Annealing

To make a seed assembly, staple strands containing sticky end staples were mixed

together in 1x TAE-Mg bu↵er in a final volume of 5uL. The seed assemblies are annealed

at 10 times the concentration as the normal seeds. An example recipe is give below for
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one-sided s576 see bundles.

Nanotube Anneal Final desired concentration (nM) Stock concentration (nM) Amount of stock added (µL)
H2O - - 1.90
10x TAE 1.125M Mg2+ 1x 10x 0.5
os s576 seed bundle staples 1000 10000 0.5
s576 sca↵old 100 5000 0.1
SEs core adaptors ( 1, 3, 5 strands) kinated 1000 5000 1
SEs sticky-end adapters ( 2 strands) kinated 2000 10000 1

Table B.2: Sample recipe for a seed assembly (one sided s576 seed bundle)

B.2 Seed Purifying

To purify out excess staple stands from seed anneal mixtures, we followed the following

protocol using 100kB spin filter PCR tubes.

1. Pre-wet centrifuge filter with 500uL 1x TAE with Mg and spin at 2000 rcf for seven

minutes

2. Transfer 25uL of seed sample to pre-wetted filter

3. Centrifuge at 13000 rpm for 6 minutes

4. Wash the filter with 200uL of 1x TAE with Mg

5. Centrifuge for another 6 minutes at 13000 rpm

6. flip over the filter into a new PCR tube and spin at 1000 rpm for 3 minutes

B.3 Seeded Nanotube Annealing

To make nanotubes, we combine tile strands, extra adapter strands, and BSA solution

(to prevent DNA from sticking to the PCR tubes) in 1x TAE-Mg bu↵er. This mixture is

held at 90°C for 6 minutes, decreased by 1°C per minute to 45°C. It is held at 45°C for 1
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hour, then decreased by 0.1°C per minute to 40°C, and held there for 1 minute. During

this step we add 5µL of seed in 1x TAE-Mg bu↵er. The sample is then decreased by

0.1°C per minute to 31°C and held at 31°C overnight.

Seed Assembly Final desired concentration (nM) Stock concentration (nM) Amount of stock added (µL)
H2O - - 8.25
BSA (1 mg/mL) 0.15 1 3.75
SEs Core adaptors 1.2 100 0.3
REs core adaptors 1.2 100 0.3
SEs sticky-end adapters 2.4 200 0.3
REs sticky-end adapters 2.4 200 0.3
SEs tiles (Cy3 labeled) 50 400 3.125
REs tiles (ATTO488 + Cy3 labeled) 50 400 3.125
50x TAE 1x 50x 4
30x Mg acetate 0.225x 10x 1.5

Table B.3: Sample recipe for a nanotube anneal
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Appendix C

Imaging

C.1 Florescence Microscopy

Slides and cover slips used for imaging were first cleaned by sonicating in soapy water

for 10 minutes, rinsing in MillQ Water, sonicating in 2M NaOH for 30 minutes, then

rinsing in MillQ water and ethanol. 2µL of nanotubes were diluted with 4µL of 1x TAE

bu↵er with Mg and placed on a 22x22 cover slip and allowed to spread evenly across the

cover slip. The sample was then sealed with clear UV nail polish.

To get an estimate of the total number of nanotubes in a sample, we imaged the

slide at nine di↵erent periodic positions, on both the slide and cover slide surfaces. For

samples containing only SEs tubes, we imaged under green light (SEs tiles are tagged

with 2 green fluorophores). For samples containing both REs and SEs tubes, we imaged

every location under both green and blue light (REs tubes are tagged with one green and

one blue flourophore). SEs tubes are bright in green images, and not visible under blue

light. REs tubes are dim under green and blue light.
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C.2 Image Analysis

To display the images taken under green and blue light in one clear image we used

RGB stacking to create composite images. (These are the color images shown through out

this document). The individual images contrasted and brightened. Then each image is

assigned to a color channel and the images are staked together. The code which was used

to create composite images, and for the rest of the nanotube image analysis described in

the methods can be found at this link.

Figure C.1: Nanotubes seeded with two sided s768 seeds. (a) Image taken under blue
light. REs nanotubes are dim and SEs tubes are not visible. (b) Image taken under
green light. SEs tubes are bright and REs tubes are dim. (c) Generated composite
image. REs tubes are shown in white while SEs tubes are shown in pink.
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