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Abstract

DNA has emerged as a promising material to address growing data storage demands. We recently demonstrated a structure-based
DNA data storage approach where DNA probes are spatially oriented on the surface of DNA origami and decoded using DNA-PAINT.
In this approach, larger origami structures could improve the efficiency of reading and writing data. However, larger origami require
long single-stranded DNA scaffolds that are not commonly available. Here, we report the engineering of a novel longer DNA scaffold
designed to produce a larger rectangle origami needed to expand the origami-based digital nucleic acid memory (ANAM) approach. We
confirmed that this scaffold self-assembled into the correct origami platform and correctly positioned DNA data strands using atomic
force microscopy and DNA-PAINT super-resolution microscopy. This larger structure enables a 67% increase in the number of data

points per origami and will support efforts to efficiently scale up origami-based dNAM.
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1. Introduction

The growing demand for data storage is quickly outpacing our
current technologies. Due to increased rates of data generation
and a trend of storing data for longer periods of time, there has
been a projected compound annual growth rate of up to 50% from
2020 to 2030 [1]. The total amount of stored data globally is pro-
jected to reach ~180 zettabytes by 2025 and is predicted to outstrip
the world’s supply of silicon by 2040 [2, 3]. In addition to storage
capacity, there is growing demand to reduce the total cost and
energy consumption associated with storing data, including the
energy required for manufacturing and maintaining hardware,
and for writing, transferring, and retrieving data [4]. New mate-
rials and technologies are needed to sustainably meet the world’s
data storage demands.

DNA is a promising data storage material because of its inher-
ent data density, chemical stability, and low energy demands [5, 6].
The majority of DNA data storage approaches have been designed
around DNA sequencing technologies. These approaches gener-
ally encode data in nucleotide sequences that are synthesized
in a collection of DNA oligonucleotides that can be stored and
later recovered by high-throughput sequencing platforms. While
these approaches are promising, there are also challenges due to
errors associated with DNA synthesis, amplification, and sequenc-
ing, and the approach is tied to advancements in DNA sequencing
platforms [7]. An alternative approach to DNA data storage is to
use the self-assembling properties of DNA to create nanostruc-
tures capable of encoding data. We recently reported an approach,
termed digital nucleic acid memory (dNAM) [8] that uses a rect-
angular DNA origami nanostructure [9] to position DNA strands
protruding from the surface. The presence or absence of a pro-
truding strand represents the binary state of that particular site.
Upon addition of a fluorescent DNA probe, the binary data matrix
can be read using a super-resolution microscopy (SRM) approach
called DNA-PAINT (Point Accumulation for Imaging in Nanoscale
Topography) [10]. The fluorescent pattern of each DNA origami is
encoded and decoded with a custom algorithm.

The quantity of data that can be stored in one dNAM origami
structure, or ‘node’, is limited by the size of the origami surface.
Larger DNA origami structures can contain more bits, use more
complex encoding schemes, and potentially reduce origami syn-
thesis and reading effort and time. However, the size of the DNA
origami structures used in our dNAM approach is limited by the
size of the DNA ‘scaffold’, which is the long single-stranded DNA
(ssDNA) molecule used in hybridization [11, 12]. Similar to a lot
of DNA origami research, our dNAM prototype used the com-
mercially available 7249 nucleotide (nt) long single-stranded DNA
scaffold isolated from the phage vector M13mp18. The length of
this common scaffold limited the size of the origami rectangle
to ~95nm x 70nm in size (Fig. 1a). Building larger origami struc-
tures to improve dNAM requires the design and synthesis of larger
ssDNA scaffolds. In addition, larger scaffolds need to be tested
for production in Escherichia coli-based systems and for accurate
folding into origami capable of precisely orienting ssDNA data
strands.

Here, we report the custom design, synthesis, production and
characterization of a longer ssDNA scaffold engineered for dNAM.
We first designed a larger origami rectangle that could add two
additional rows and columns of data to each nanostructure, while
maintaining the same distance between data strands (Fig. 1b).
Based on this origami structure, we designed the ssDNA scaffold
that was 11054 nucleotides long and precisely fits our designed
structure. To synthesize the scaffold, we designed and constructed

a novel phagemid that could express the desired scaffold upon
transformation into E. coli and infection with helper phage (Fig. 1c).
The scaffold was designed to assemble an ~116nm x 95nm rect-
angular structure. Using the same 10-nm spacing of data strands,
the new larger origami achieves a 67% increase in data points per
origami relative to our prototype (Fig. 1).

2. Materials and methods
2.1 DNA origami design

An ~116nm x 95nm rectangular DNA origami structure was
designed in caDNAno using the square lattice similar to previously
described structures [13]. The structure is comprised of 32 helices
each 352 bp in length. This structure requires a 11054-nt scaf-
fold with 352 staple strands ~30 nt long (for detailed sequences,
see Supplementary File S1). Additional sequence 5'-TTGGGAGGA-
3" were added to select staples to create protruding strands at
desired locations.

2.2 Cloning

Restriction enzyme cloning was used to add a 982 bp insert
to pScaf-10080.1. The insert was PCR amplified from pScaf-
3024.1 (Addgene plasmid #111404) with primers F-5'-ggta-
ccagtctcacctcaagaagetgtttgetgg-3° and R-5-agactccttacccaaca-
gctegecagacggt-3’ that added Kpnl and Bglll restriction sites to the
5" and 3’ ends, respectively. pScaf-10080.1 and the insert ampli-
con were both digested with Kpnl and Bglll for 15min and then
ligated overnight at 4°C (for detailed sequences, see Supplemen-
tary File S1). The ligation product was transformed into DH5alpha
E. coli using heat shock. Transformed E. coli were grown in the
presence of ampicillin on LB plates overnight. Colonies were PCR
screened for the insert using the same primers mentioned earlier.
After sequence confirmation, a single colony was expanded for
phagemid isolation.

2.3 ssDNA scaffold production

Competent F’ E. coli [S-alpha F’Iq, New England Biolabs (NEB)] were
transformed with the sequence validated phagemid and plated.
A single isolated colony was inoculated in 20ml of low sodium
(3¢g/1) LB media with 100 ug/ml ampicillin and incubated at 37°C
for ~4-6h. Then 20 ul of M13KO7 helper phage (NEB) was added to
the culture and incubated at 37°C for 1h. Kanamycin was added
to the culture at a final concentration of 50 pg/ml and incubated
overnight at 37°C. The culture was centrifuged at 4000 g for 20 min
to pellet the bacteria cells. The cleared media was transferred to a
clean 50-ml falcon tube, mixed with 0.2 volumes of 20% polyethy-
lene glycol (PEG) with 5mM NaCl and held at 4°C for at least
1h and up to overnight. Samples were spun down at 7200g for
1h. The resulting pellet was resuspended in 800 pl Tris-buffered
saline and centrifuged again to remove any remaining bacteria.
This cleared media was transferred to a clean tube and again
incubated with 0.2 volumes of PEG solution at room tempera-
ture for 5min. Samples were centrifuged at 25000¢g for 25min
and the pellet was resuspended in 100pl Tris-EDTA (pH 8) and
column purified using the E.Z.N.A. M13 DNA Mini Kit (Omega Bio-
tek). The ssDNA was run on a 1% agarose gel to confirm size and
purity.

3. Results and discussion

To create a larger dNAM node, we designed a rectangular origami
that allows encoding of an 8x10 matrix with 10nm spacing
between data strands [8]. We used the software caDNAnNo to design
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Figure 1. Larger origami design and production scheme. (a) Dimensions of the prototype 6 x 8 dNAM data matrix and (b) the new larger 8 x 10 data
matrix. White circles represent sites with protruding data strands (1) and black circles represent sites without data strands (0). (c) Cloning and scaffold
production plan. Restriction-based cloning adds 974 bp (bold, orange) to pScaf-10080.1 to create a dsDNA phagemid termed pScaf-11054.1. The
phagemid is used to transform E. coli, and its co-infection with helper phage (green) results in single-stranded scaffold DNA. The custom scaffold DNA
is then combined with ssDNA staple strands to synthesize a larger dNAM node that spatially orients a larger number of protruding DNA data strands

(squiggly line, red).

a rectangle composed of 32 helices, each 352 bp long [14]. The
resulting rectangle was ~116nm x 95nm (Fig. 1b) and would
require a ssDNA scaffold molecule thatis 11054 ntlong as well as
352 DNA oligonucleotide staple strands, each 30-32 nt in length.
To position data strands on the surface of the origami, specific sta-
ple strands were extended with the sequence 5'-TTGGGAGGA-3’,
which has a spacer of two thymidine nucleotides (TT) followed by
a sequence that is complementary to the fluorescent imager probe
for DNA-PAINT imaging.

To enable synthesis of the 11054-nt ssDNA scaffold, we first
designed and cloned a dsDNA plasmid with M13 phage origins
(phagemid) that can express the single-stranded scaffold in E. coli.
We started with a phagemid, previously reported by others, that
was engineered to contain an M13 origin as well as an ssDNA ter-
minator sequence [15]. This phagemid produces ssDNA from the
sequence between the origin and terminator when transformed
into E. coli and upon the addition of M13KO7 helper phage. The
genes of the helper phage also package and export the ssDNA out
from the bacteria into the media where it can be isolated using
common PEG precipitation and DNA extraction protocols (see the

‘Materials and methods’ section). We started with a phagemid that
produces a 10080-nt scaffold (pScaf-10080.1, Addgene plasmid
#111410) and added 982 bp from a second phagemid (pScaf-
3024.1, Addgene plasmid #111404), with the sequence taken from
between the M13 origin and terminator sequences (Supplemen-
tary Fig. S2). We PCR amplified the 982 bp portion of pScaf-3024.1
with primers that added Kpnl and BglII restriction sites to the
5" and 3’ ends, respectively. Kpnl and BglII restriction sites are
located 8 nt apart on the pScaf-10080.1 plasmid (Supplementary
Fig. S2). Both plasmid and insert amplicon were digested with
Kpnl and Bglll and then ligated together. DHS5alpha E. coli were
transformed with the ligation product and plated on ampicillin
LB plates to select for the resistance marker in the phagemid. Six
colonies were PCR screened for the 982 bp insert, and two colonies
were identified as having the correct sized insert. One of these
colonies with the insert was grown to produce more phagemid.
We named this isolated larger phagemid pScaf-11054.1. Gel elec-
trophoresis confirmed that the isolated phagemid was larger than
the original pScaf-10080.1 phagemid (Fig. 2). Sanger sequencing
confirmed 11305 out of 13809 bp of the phagemid, with no
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Figure 2. dsDNA phagemid and ssDNA scaffold validation by 1% agarose
gel electrophoresis (1). 1 kb plus DNA ladder (NEB) (2) starting
destination plasmid pScaf-10080.1 double-stranded DNA (3). Newly
cloned pScaf-11054.1 double-stranded DNA (4) and single-stranded DNA
scaffold produced from pScaf-10080.1 (5). Single-stranded DNA scaffold
produced from pScaf-11054.1 (6). Newly cloned pScaf-11054.1 dsDNA
phagemid from lane 3 treated with S1 single-stranded DNA nuclease (7).
Single-stranded DNA scaffold from lane 5 treated with S1
single-stranded DNA nuclease (degraded).

identified mutations, including the entire 982 bp insert and both
ligation junctions (Supplementary Fig. S2, Supplementary Table
S1).

Next, the pScaf-11054.1 phagemid was used to produce ssDNA
scaffolds. The phagemid was used to transform an F’ strain of
E. coli which was then grown for 4-6 hours before being infected
with helper phage M13KO?7 followed by overnight growth to accu-
mulate phage particles [16]. Escherichia coli cells were removed by
centrifugation, and phage particles from the remaining bacteria-
free culture were collected by PEG precipitation. The DNA was
purified from proteins and PEG using silica columns. Gel elec-
trophoresis confirmed the presence of ssDNA that was larger than
the ssDNA produced by pScaf-10080.1 (Fig. 2, lanes 4 and 5). The
isolated DNA was confirmed to be single stranded by S1 nucle-
ase digestion, with the dsDNA phagemid as a negative control
(Fig. 2, lanes 6 and 7). Sanger sequencing directly from the ssDNA
confirmed the presence of the 982-nt insert with no mutations,
ruling out contamination of the original ‘parent’ pScaf-10080-1
phagemid. To evaluate the yield of ssDNA from the E. coli cul-
tures, we carried out three cultures in parallel and quantified
an average yield of 163.1ng/ml of starting culture. This analysis
confirmed that the cloned phagemid pScaf-10080.1 produces the
required ssDNA scaffold needed to synthesize the larger ANAM
origami.

To functionally validate the 11054-nt scaffold and compare
it to the prototype dNAM structure, we next synthesized larger
rectangular origami structures. We carried out multiple synthe-
sis reactions, from different scaffold preparations, in order to
evaluate how consistently this scaffold self-assembles into the
rectangular origami. For each origami synthesis, a preparation of
the ssDNA scaffold was mixed with a molar excess of 352 com-
plementary DNA staple strands and slowly cooled from 90°C to
20°Cin a thermocycler. The self-assembled origami was confirmed
by agarose gel electrophoresis and then excised from the gel. The
gel purified product was visualized by atomic force microscopy
(AFM). We analysed five separate origami synthesis reactions,
using four different preparations of the ssDNA scaffold. For each
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Figure 3. AFM and DNA-PAINT characterization of original and
custom-produced NAM origami platform. (a) Representative AFM images
of the original dNAM prototype (left) and the new larger origami using
the custom pScaf-11054.1 scaffold (right). (b) Averaged DNA-PAINT
representative images of the two different dNAM origami platforms. In
this origami, all potential data sites have a DNA-PAINT docking site
coding. Images were collected separately but are shown on the same
scale.

synthesis, we collected five separate AFM images with hundreds
of origami structures in each. Combined, we observed 1462 indi-
vidual origami, and only 66 had observable defects, indicating
that 95.5% of the origami are correctly folded in the final sam-
ples (Supplementary Table S3, Supplementary Fig. S4). In addition,
the origami structures had an averaged dimensions of 91x 113
nm, which is the expected size, within the accuracy limits of AFM
(Fig. 1b). To confirm the correct positioning of data strands, the full
8 x 10 matrix of data strands on the origami surface was visualized
by DNA-PAINT as previously described [8]. Images were processed
and averaged to produce a final image, which showed the data
matrix expected from this design (Fig. 3b). We note that some
data sites have lower average fluorescence intensity, which has
been observed previously, and research is ongoing to investigate
the cause of this lower average fluorescence at these sites. In fact,
similar to other data matrix codes, such as QR codes, our dANAM
data encoding scheme is designed to allow for the false negatives
that can occur from lower, or missing fluorescent signals. Nev-
ertheless, the AFM and SRM data confirm that the large ssDNA
scaffold can efficiently fold into larger origami structures and
that these structures effectively position protruding data strands
with the nanometre precision required for dNAM data storage
applications.

To demonstrate how this larger origami can be used to store
data, we designed staple strands to synthesize an origami with
a specific data matrix pattern. The encoding scheme used in our
dNAM approach uses some of the DNA-PAINT probes for purposes
other than storing data (Fig. 4a). Specifically, in this larger origami
design, 3 positions are used for ‘orientation’ to make sure that the
rectangle is decoded in the right orientation, 3 positions are used
for ‘indexing’ which allows data spread over multiple origami to
be reconstructed in the correct order, and 44 position are used for
error correction (‘parity’ and ‘checksum’) which allows the cor-
rect data to be recovered even if some DNA-PAINT signals are
not observed when they should be (false negatives). We designed
and synthesized a dNAM origami that encoded the binary string
(00100100000101010111001100001) with the appropriate orienta-
tion, indexing and error correction bits, and visualized the origami
using DNA-PAINT (Fig. 4b). The resulting image demonstrates the
writing (origami synthesis) and reading (DNA-PAINT) of digital
data with this larger origami structure.

This new larger origami structure provides more efficient writ-
ing and reading of data in several ways. The larger origami allows
more bits (80 per node) compared to the previous structure (48
bits). In addition, the number of positions dedicated to orienta-
tion and indexing do not increase for the larger origami, meaning
that there is a higher ratio of ‘data bits’ to ‘non-data bits’. This
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Figure 4. Demonstration of dNAM with the larger origami structure. (a)
Encoding scheme for the larger origami rectangle with an 8 x 10 matrix
(green =data, blue = parity, yellow = checksum, magenta = orientation,
red =index). The data are read left to right, top to bottom, representing
the binary string (00100100000101010111001100001). (b) An averaged
DNA-PAINT image of the data node encoded as DNA origami.

efficiency means that fewer origami need to be synthesized and
read by DNA-PAINT. For example, the message used in our prior
proof of concept, ‘Data is in our DNA!\n’, required the synthesis
and reading of 15 different origami structure using the smaller
rectangle origami with the M13mp18 scaffold [8]. With our new
larger origami structure, the same message can be encoded in
only six origami. Thus, while there are only 1.67 times more
DNA-PAINT sites per origami (80 sites vs. 48 sites), the larger
origami is 2.5 times more efficient in data storage (6 origami vs.
15 origami). By reducing the number of origami that need to be
synthesized and imaged by DNA-PAINT, the custom-sized origami
demonstrated here provides a step toward more efficient dANAM
data storage. As previously described, origami-based dNAM is
already an improvement over existing technologies in terms of
data density, stability, and energy required for production and stor-
age. However, improvements are needed in the speed of reading
and writing data, especially considering the scale of data writ-
ing and storage that is needed to meet growing demands. The
results presented here were intended to advance the efficiency of
data reading and writing with an eye toward scalable and efficient
dNAM.

Conclusion

In conclusion, we have designed, built, and tested a custom-
sized DNA scaffold for advancing the dNAM approach where data
are written in DNA origami and read by DNA-PAINT. In addi-
tion, the larger scaffold presented here opens up several new
possibilities for advancing dNAM [8]. For example, the demon-
stration that scaffolds for this large rectangular origami can be
produced with standard lab approaches encourages the design
of additional custom scaffolds. Future designs are expected to
achieve not only a desired size, but completely custom designed
sequences. The phagemid described here was produced by shuf-
fling together DNA from two existing phagemids, but future efforts
could use de novo sequence synthesis to produce scaffolds that
use orthogonal sets of staple strands. This could allow multiple
origami structures to be synthesized simultaneously in ‘one pot’,
which would allow efficient synthesis needed for larger data sets.
In addition, having multiple orthogonal scaffolds could allow spe-
cific staple strands within larger pools of DNA oligonucleotides
to be selectively pulled down. This approach would allow ran-
dom access of data and take advantage of recent advancements
in DNA synthesis approaches. Outside of dNAM, this larger scaf-
fold may also be useful for applications in other large-scale DNA
nanotechnology designs when the spatial positioning of numerous
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organic or inorganic materials with nanometre precision is
required.
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