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ABSTRACT: DNA origami nanostructures generally require a
single scaffold strand of specific length, combined with many small
staple strands. Ideally, the length of the scaffold strand should be
dictated by the size of the designed nanostructure. However,
synthesizing arbitrary-length single-stranded DNA in sufficient
quantities is difficult. Here, we describe a straightforward and
accessible method to produce defined-length ssDNA scaffolds using
PCR and subsequent selective enzymatic digestion with T7
exonuclease. This approach produced ssDNA with higher yields
than other methods and without the need for purification, which
significantly decreased the time from PCR to obtaining pure DNA origami. Furthermore, this enabled us to perform true one-pot
synthesis of defined-size DNA origami nanostructures. Additionally, we show that multiple smaller ssDNA scaffolds can efficiently
substitute longer scaffolds in the formation of DNA origami.

DNA origami nanostructures are produced by thermally
annealing a long defined-length single-stranded DNA

(ssDNA) scaffold with up to hundreds of complementary small
ssDNA staples.1 Whereas the ssDNA staples typically range
from 15 to 60 nucleotides (nt) in length, and can therefore be
commercially synthesized on a large scale, custom multiple
kilobase ssDNA scaffolds are too long for chemical synthesis
and are instead made using biological approaches.
The vast majority of DNA origami are constructed using

M13mp18 as a folding scaffold, a circular 7249 nt ssDNA viral
vector that is produced on a large scale using E. coli infected
with the M13 bacteriophage.2 Using this scaffold, however,
imposes a maximum size limitation on DNA origami designs,
while leaving smaller structures with unpaired scaffold tails.
Creating scaffolds with tailor-made lengths opens up the
possibility of making DNA origami of any size. To this end,
custom-sized ssDNA scaffolds have been made using a wide
variety of techniques,3 including the use of phages and helper
phages,4 asymmetric polymerase chain reaction (PCR),5

restriction endonucleases (RE) digestion,6 selective digestion
of plasmids and PCR products,7,8 rolling circle amplification,9

and even using RNA and dsDNA as a scaffold.10,11 Despite this
multitude of available techniques, few have found widespread
use, primarily because they often require specialized knowledge
and equipment in order to be implemented.
Here, we describe a straightforward method for the

production of a wide range of ssDNA scaffold sizes and
DNA origami nanostructures using selective enzymatic
digestion of dsDNA PCR products by T7 exonuclease.
Employing this PCR-based approach, we provide a simple
and accessible solution to making defined ssDNA lengths,

demonstrate true one-pot synthesis of DNA origami, and also
show that multiple smaller ssDNA scaffolds can be combined
and easily substitute and function as a traditional longer
individual ssDNA scaffold. These advances significantly
decrease the time from synthesis to obtaining pure DNA
origami, and further open up the potential size range of DNA
origami constructs.

■ RESULTS AND DISCUSSION

Production of Defined-Length ssDNA by Selective
Digestion of PCR Products. The first of two steps in this
one-pot scheme is to make defined-length dsDNA by
performing PCR to synthesize a wide range of DNA lengths
using conventional PCR enzymes (Figure 1a). No special
primer design considerations, which are required for more
specialized PCR techniques such as asymmetric PCR (aPCR)
and linear-after-the-exponential PCR, have to be taken into
account.5,12 There is only a small modification to the forward
primer, which contains five sequential phosphorothioate
linkages between the first 5′ nucleotides to selectively inhibit
exonuclease digestion of the desired scaffold strand later in the
production process (Table S1). The PCR template can be
derived from both single- and double-stranded DNA sources,
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such as plasmids, genomic DNA, or custom-designed synthetic
gene blocks. This allows the resulting scaffold strand to contain
a user-defined nucleotide sequence, free of interfering
structural motifs (e.g., strong hairpin or G-rich regions) or
potentially undesirable (viral) genetic information.
The second step in the production of tailor-made ssDNA

scaffolds is digestion of the unrequired antisense strand, which
contains no protective phosphorothioate linkages, using T7
exonuclease. T7 exonuclease reliably catalyzes the 5′ to 3′
removal of nucleotides from dsDNA and acts on both
phosphorylated and hydroxyl terminated 5′ ends. The latter
is present in the dsDNA products made here with standard
synthetic PCR primers. Digestion is simply achieved by adding
a small amount of T7 exonuclease and buffer to the completed
PCR mixture with subsequent incubation at 25 °C. Time-
resolved digestion experiments show that reactions go to
completion within 1 h of incubation but can be incubated
overnight for convenience with no off-target degradation of
sense-DNA (Figure 1b).
Next, we compared our method to other enzyme-based

ssDNA production techniques in terms of overall yield and
ease of use (Figure 1c, Table S2). For this, we generated
scaffolds of around 1250 nucleotides, a size which should be
easily synthesized employing any of the techniques discussed
here. Using our one-pot method described above, and spin
column purification to yield pure product for quantification
purposes, we synthesized 8 picomoles (pmol) of a 1229 nt
ssDNA scaffold starting from a single standard 50 μL PCR
reaction. Making the identical fragment using aPCR (using the
same PCR primers, which were designed for aPCR)5 resulted
in a final yield of ∼2 pmol. The discrepancy in yields results
from the fact that aPCR generates a substantial amount of
dsDNA, which necessitates subsequent purification of ssDNA
from agarose gels that significantly decreases overall yield.

By digesting single-stranded M13mp18 plasmids using the
RE ApoI,6 we generated a 1332 nt ssDNA fragment and a 5917
nt side product, which required purification using gel
extraction methods (Figure 1c). Although the yield of this
technique is somewhat proportional to the amount of initial
M13mp18 ssDNA added, there are limitations in terms of
sequence design and scaffold size choices as they rely on
existing restriction sites. Furthermore, the resulting two (or
more) ssDNA fragments after digestion may be similar in
length, prohibiting purification using gel electrophoresis.
Lastly, we compared the synthesis of ssDNA scaffolds made

by PCR and subsequent digestion by lambda exonuclease to
our approach using T7 exonuclease. These two approaches
seem highly similar at first, but result in different purities and
yields. In contrast to T7 exonuclease, lambda exonuclease
requires the highest purity grade of 5′ phosphorylated
antisense primers to work. This phosphorylation requirement
has caused the latter enzyme to fall out of favor, as even with
HPLC-purified oligonucleotides, this often results in incom-
plete digestion.13 Furthermore, lambda exonuclease has
severely reduced exonuclease activity in standard PCR
formulations, even supplemented with its own buffer (Figure
1c). It is therefore necessary to exchange buffers between the
individual reactions to ensure a sufficient level of exonuclease
activity, and additional agarose gel purification to remove any
undigested dsDNA. For the same 1229 nt ssDNA scaffold
fragment, this method yielded 0.8 pmol per 50 μL PCR
reaction. We can thus conclude that our method using T7
exonuclease-based digestion of dsDNA PCR products
generates the highest amounts of ssDNA scaffold and requires
minimal experimental design and purification. The ssDNA
quantities obtained here can be easily scaled by increasing the
number of parallel PCR mixtures run simultaneously.

Figure 1. Production of ssDNA using T7 exonuclease. (a) Scheme for the production of defined-length ssDNA using T7 exonuclease (T7 exo). (b)
Time-resolved digestion kinetics of a dsDNA PCR product using T7 exo. (c) Comparison of different enzyme-based methods for the generation of
ssDNA using ApoI RE digestion; aPCR; or PCR followed by selective digestion using either lambda exonuclease (λ exo) or T7 exo.

Figure 2. Generation of defined-length DNA nanostructures. (a) Gel electrophoresis characterization of the generation of ssDNA scaffold lengths
of 1229, 1512, 1872, and 2268 nt from dsDNA using T7 exo, followed by DNA origami folding into DDH designs. (b) Class averages generated
after TEM imaging compared to their computer designed counterparts. Green cylinders represent DNA helices. Scale bar is 25 nm for all panels.
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Folding DNA Origami of Defined Size Using Bespoke
ssDNA Scaffolds. To illustrate the wide applicability of the
ssDNA production method, multiple DNA origami constructs
were designed with different geometries, sizes, and design
software. We designed and synthesized an open, sparsely
packed double-decker hexagon (DDH) using DAEDALUS
(Tables S3−S7),14 and a toroidal shape with a densely packed
square lattice structure using caDNAno (Figures S1−S5 and
Tables S8−S13).15 These designs span a ssDNA scaffold size
range from 1229 to 5904 nt. For the individual DDH DNA
origami constructs, agarose gel electrophoresis was used to
follow both the ssDNA scaffold fabrication from dsDNA PCR
products and subsequent folding of the DNA origami structure
(Figure 2a). In all cases, the dsDNA is digested to completion
by T7 exonuclease, which causes the appearance of a band with
a higher gel mobility corresponding to the ssDNA scaffold.
Occasionally, a second, higher, band is observed in this stage as
the ssDNA has a propensity to aggregate. However, after
addition of the staples to the scaffold and thermal annealing, a
band with lower gel mobility appears and all other bands
disappear, indicating complete digestion by T7 exonuclease
and proper DNA origami folding. TEM imaging of folded
DDH and toroidal designs reveals complete folding of all DNA
origami constructs with high yield (Figures S6 and S7), and
after particle picking, class averages were generated showing
excellent resemblance to their computer designed counterparts
in terms of size and morphology (Figures 2b and S7).
From ssDNA to DNA Origami: A True One-Pot

Synthesis of DNA Origami. The classical, multistep method
to make custom-length DNA origami is by synthesizing ssDNA

scaffolds followed by one or more purification steps.3 Next, the
DNA origami structure is commonly formed by thermal
annealing and subjected to a further round of purification to
remove excess staples.16 After PCR and T7 exonuclease
digestion to form ssDNA, described above, we reasoned that
the subsequent addition of Proteinase K would inactivate T7
exonuclease. This would eliminate the necessity to purify our
ssDNA scaffolds before mixing them with staple strands to
form DNA origami structures. Thermal annealing of the DNA
origami also directly inactivates Proteinase K, preventing any
potential downstream interference. After origami folding is
complete, excess PCR primers, inactivated enzymes, buffering
components, and excess staples can be removed simulta-
neously in a single purification step using size exclusion spin
filters or PEG precipitation.17 Gel electrophoresis and TEM
analysis revealed that this workflow yields similar quality DNA
origami compared to those made with purified ssDNA
scaffolds, and that the inactivation of T7 exonuclease with
Proteinase K was crucial to this process as the intact T7
exonuclease degraded the DNA origami (Figure 3). Taken
together, this method turns a multistep ssDNA synthesis and
DNA origami folding process into a true one-pot synthesis of
DNA origami structures, from PCR to product within 1 day.

Folding Individual DNA Origami Structures from
Multiple Scaffold Strands.While determining the maximum
length of ssDNA production using T7 exonuclease, we
observed that some ssDNA scaffolds degraded within 15 min
at 95 °C (Figures 4a and S8), which is a typical incubation
temperature used during both PCR and origami thermal
annealing.14,15,18 Indeed, this thermal degradation appeared to

Figure 3. True one-pot synthesis of DNA nanostructures using Proteinase K. (a) Gel electrophoresis following origami formation with scaffolds
generated using T7 exo, then purified (Purified); folded with active T7 exonuclease (Crude); or after inactivation of T7 exonuclease using
Proteinase K (+ ProtK). (b) TEM imaging of origami shows correct folding only after Proteinase K treatment. Scale bars are 50 nm (images) or 20
nm (averages).

Figure 4. Yield of ssDNA is affected by thermal degradation and length. (a) Incubation at 95 °C degrades ssDNA within 15 min. (b) Thermal
degradation of ssDNA at 95 °C is proportional to length. (c) Yield of ssDNA decreases for longer scaffolds.
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be proportional to the length of the ssDNA (Figure 4b), which
will prohibit synthesis of larger DNA origami structures and
may explain previous reports of low yields for large ssDNA
scaffolds.19,20 Incubating the same ssDNA scaffolds at either 65
or 40 °C, the temperature range most critical in annealing
staples to the scaffold strands,21 resulted in no visible
degradation (Figure S8). We therefore avoided high annealing
temperatures and initiated folding of all our DNA origamis at
80 °C. Also, although we were able to synthesize ssDNA up to
15,000 nt in length (Table S14), above 5000 nt the yield of
ssDNA fell below 1 pmol, which is required for a typical single
50 μL DNA origami folding mixture (Figure 4c).
Traditionally, a single ssDNA scaffold is used to fold

individual DNA origami structures. We reasoned that we could
use multiple short (<4000) ssDNA scaffolds to fold larger
individual DNA origami designs, thereby avoiding the thermal
degradation of ssDNA and consequently increasing the yield of
correctly folded DNA. To test this, we used the 62- or 90-nm-
diameter toroidal designs. The 62 nm toroid comprises either a
single scaffold of 4096 nt derived from M13mp18 (Tables S8
and S11) or two scaffolds of 2048 and 2068 nt in length
derived from the pEGFP-C1 vector and lambda DNA,
respectively (Figures 5a,b and S9, Tables S15−S16). The
larger 90 nm toroid comprised either one scaffold 5904 nt
long, two scaffolds each 2952 nt in length, or three scaffolds of
length 1966, 1968, and 1970 nt, all derived from M13mp18
(Figures 5c, S10 and S11; Tables S13, S17, and S18). The
individual scaffold strands for the 90 nm toroid scaffolds are
found sequentially within the M13mp18 template, and are
therefore equivalent to cleaving one long scaffold into 2 or 3
pieces. Consequently, we could use the sample staple strands
for both the full-length 90 nm toroid and when split into 2 or 3
scaffold strands (Table S13). This can save substantial
amounts of time and money, as staples do not have to be
resynthesized upon splitting designs into separate scaffolds.
TEM imaging confirmed proper DNA origami structure

formation when all scaffold strands were present, while folding
mixtures lacking one or more of the required ssDNA scaffold
strands resulted in distorted undefined structures (Figures 5b,c
and S12). Also, due to shorter fragment generation, ssDNA
production significantly increased (0.46 pmol per 5904 nt
ssDNA compared to 4 pmol per 1986 nt ssDNA in a single 50
μL PCR reaction), and overall yield of fully folded DNA
origami was comparable to their larger single-scaffolded DNA
origami counterparts.

■ CONCLUSIONS
Here we have shown a simple and straightforward method for
the generation of custom-length DNA origamis using PCR and
subsequent enzymatic digestion with T7 exonuclease. Due to
the simplicity and ease of scalability of this enzyme-based
method, multi-picomolar to low-nanomolar yields can be
effectively achieved from combining multiple small reaction
volumes. This new method permits the use of any PCR-
compatible DNA source as a template and enables true one-
pot synthesis of DNA origami, from PCR to product, by
inactivation of T7 exonuclease using Proteinase K. Lastly, the
novel introduction of using multiple higher-yielding smaller
ssDNA scaffolds to fold a single DNA origami leads to similar
DNA origami yields compared to single long (>4000 nt)
ssDNA scaffolds and makes the field of DNA origami design
and synthesis even more versatile.
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