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D
NA nanotechnology is an emerging
field focused on engineering self-
assembled, nanostructured materi-

als from nucleic acid building blocks and
using these novel materials for a variety of
applications.1�5 Specifically, the advent of
scaffolded DNA origami has allowed for
the formation of complex nanostructures
with uniquely addressable features and
sub-10 nm resolution.6�10 The one-pot ori-
gami method uses numerous short oligo-
nucleotides (staple strands) to direct folding
of a larger template (scaffold) DNA strand.
The length of the scaffold strand limits the
scale and ultimately the addressable surface
area of these structures. A number of ap-
proaches have been examined for expand-
ing the available surface area of the DNA
construct, including multiple use of identi-
cal scaffolds,11 substitution of DNA tiles in
place of simple, linear staples,12 and utiliza-
tion of a double-stranded (dsDNA) scaffold.13

These previous strategies suffered several
limitations including low assembly yields
or loss of unique addressability. During the

preparation of this manuscript, a 26 kilo-
base origami was reportedly assembled
using scaffold strand PCR amplified from
a segment of the lambda phage genome;
however both the scaffold purity and the
assembly yield were quite low, leading to
low quality origami.14 The methods de-
scribed herein successfully overcome all
of these previous limitations, while increas-
ing theuniquely addressable spacewith 81%
dimerization yield in a one-pot assembly.
To maintain unique addressability, an in-

creasing number of distinct staple strands
must be utilized as the size of the origami
increases. Although the cost of solid-phase
chemical synthesis of DNA has drastically
decreased in the past decade, excessive
cost can still inhibit the design and con-
struction of larger scaffolded DNA origami
structures due to the considerable number
of staple strands needed.15 Exhaustive stud-
ies of structure formation and scaling to
greater complexity could be facilitated using
low-cost DNA chip16 and gene-synthesis
technology17,18 to generate both staple
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ABSTRACT Although structural DNA nanotechnology, and especially scaffolded DNA

origami, hold great promise for bottom-up fabrication of novel nanoscale materials and

devices, concerns about scalability have tempered widespread enthusiasm. Here we report

a single-pot reaction where both strands of double-stranded M13-bacteriophage DNA are

simultaneously folded into two distinct shapes that then heterodimerize with high yield.

The fully addressable, two-dimensional heterodimer DNA origami, with twice the surface

area of standard M13 origami, formed in high yield (81% of the well-formed monomers

undergo dimerization). We also report the concurrent production of entire sets of staple

strands by a unique, nicking strand-displacement amplification (nSDA) involving reusable surface-bound template strands that were synthesized in situ

using a custom piezoelectric inkjet system. The combination of chip-based staple strand production, double-sized origami, and high-yield one-pot assembly

markedly increases the useful scale of DNA origami.

KEYWORDS: structural DNA nanotechnology . molecular self-assembly . DNA origami . chip-synthesized oligonucleotides .
synthetic biology . gene-synthesis . inkjet
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and scaffold strands. As a first step toward such a goal,
we demonstrate in this report that both strands of
a biologically derived, double-stranded M13 scaffold
can be simultaneously folded by chip-derived staple
strands to form DNA origami nanostructures. Double-
stranded DNA scaffold strands were dissociated by a
combination of thermal and chemical-denaturation13

and preferentially reassociated with staples encoding
two unique structures (rectangles and triangles) that
are then unified (into “nano-houses”) in a one-pot reac-
tion. With additional incubation for 12 h at 35 �C after
the initial anneal, over 80% of the well-formed origami
monomers coalesce into the intended heterodimer
final structure as analyzed by AFM. We anticipate that
the presented strategy will enable mass production of
even larger DNA origami designs at high yields.

RESULTS/DISCUSSION

Staple strands were generated from surface-bound
oligonucleotides on DNA chips and used to anneal
double-stranded scaffold as shown in Figure 1. Initially,
the staple complements appended with a universal
25-mer linker were synthesized by phosphoramidite
chemistry using an inkjet DNA synthesizer16,19�21 on
thermoplastic microarray slides functionalized with
deposited silica thin films.18,22 Subsequently, nicking-
strand displacement amplification (nSDA) was per-
formed on-chip using a nicking endonuclease (nickase)
and a strand-displacing thermophilic DNA polymerase
(see Methods section) to linearly amplify and generate
the requisite staple set. The staple sets synthesized for
this report spanned from 13-mers to 48-mers and
were synthesized on a chip containing 3 456 discrete
features, allowing for 384 unique sequences with a
9-feature redundancy. Previously, a similar chip has
been shown to allow synthesis of 85-mer oligonucleotides
at a cost of <$30/chip.20 Considering a staple oligo to
be an average length of 40 bases, approximately

15 360 polymerized bases are yielded from a chip.
The total cost of oligo synthesis per chip, including
phosphoramidites, other synthesis chemicals, organic
solvents, gases, and the cyclic olefin copolymer (COC)
chip, is still under $30. Therefore, the estimated cost
of chip-oligonucleotide synthesis would be less than
$30/15 360 bases = $0.00195/base of final synthesized
sequences. Additional cost after oligo microarray syn-
thesis comes from enzymatic reactions for oligo
amplification (nSDA). The total reaction volume on a
chip containing 8 subarrays is 50 μL � 8 = 400 μL. The
estimated cost of all reagents needed for nSDA, in-
cluding enzymes, dNTPs, and buffers, is approximately
$20 per chip. Therefore, the estimated total cost of
staple synthesis would be less than $(30 þ 20)/15 360
bases = $0.00326/base of final synthesized strands.
Sourcing oligonucleotides from chips represents the
cheapest alternative to bulk-synthesis provided by
commercial entities such as IDT. As highlighted by
Borovkov et al.,39 commercial sources for chip-derived
oligonucleotides are available, and their material is
cheaper by greater than 2 orders of magnitude. In
our work, we utilized a 9-feature redundancy instead of
maximizing unique species in order to ensure repre-
sentative yield of all 384 sequences. However, without
deep next-generation sequencing, single species yield
statistics are difficult to glean based solely on origami
formation. In this report, amplifiedproductwas pooled,
purified using either phenol chloroform extraction or
an enzyme removal resin23 to remove proteins and
excess nucleotides, and used for annealing with a
biologically derived, dsDNA M13 scaffold that had
been linearized via restriction enzyme digestion.
The scaffold was folded to form only rectangles, only
triangles, rectangles and triangles simultaneously, or a
`nanohouse' structure by interconnecting a rectangle
and a triangle via protruding staple strands on one
origami edge (helical side, as opposed to helix ends)

Figure 1. Outline for forming 14 Kbp DNA origami from chip-derived oligonucleotides. Staple complement versions of the
desired staples, appended with a universal 25-mer linker/primer-binding-site, were synthesized on-chip. During the in situ
amplification, a DNA polymerase (Bst-Large fragment, shown in green) extends and displaces the preceding strand while a
nicking endonuclease (Nt.BstNBI, shown in blue) separates the staple from the universal primer (in red) and generates new
30-ends for the next round of extension. After amplification, the staple set was collected and annealed with the scaffold to
form DNA origami. The two strands of the double-stranded M13 scaffold were folded to create two distinct structures that
were then brought together during an extended incubation to form the double-sized, heterodimer origami structure.
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that bind the scaffold strand of the opposite structure,
forming heterodimers. For the formation of the nano-
house, an extended incubation period (in the same
microfuge tube, without adding any new reagents)
boosted yield appreciably.
To ascertain amplification rates on-chip via nSDA, a

control 73-mer sequence (see Methods section) was
synthesized on 100, 75, or 50 array features on a chip
subarray. During the amplification reaction, DNA poly-
merase (Bst large fragment) generated the intended
staple strand from its synthesized, complementary
template by extending a primer and simultaneously
displacing the previously synthesized strand. Concur-
rently, a nicking endonuclease (Nt.BstNBI) cleaved the
newly synthesized oligo and separated the intended
staple strand from the universal primer, thus generat-
ing new 30-ends for extension. After amplification, a
48-mer sequence was released and subsequently quanti-
fied by gel analysis as presented in Figure 2. On the
basis of our previous analysis of material release from
each array feature,16 it was calculated that approxi-
mately 4, 3, and 2 ng of template (from 100, 75, or 50
array features, respectively) was present on-chip, yield-
ing a 4-fold amplification via nSDA. To gauge the life
span of a chip, we carried out 10 sequential amplifica-
tion reactions on a chip bearing templates for the
triangle origami staple strand set. Product strands from
each amplification reaction were successful in folding
single-stranded scaffold into the expected object, thus
demonstrating that the synthesized, on-chip DNA
libraries can be stored in a freezer and then repeatedly
recalled for use as template for staple strand produc-
tion. Recently, Joneja et al., Tan et al., and Kucera et al.
reported a strand displacement amplification (SDA)
initiated by a nickase similar to the reaction described
here.24�26 Their experiments, carried out in solution,

produced a 10-fold higher amplification yield, indicat-
ing that our on-chip amplification step may be limited
by surface interactions, mass transport issues near the
surface, and possibly by inhibition due to nonspecific
adsorption. Additionally, the nSDA system could utilize
different initiating primers instead of a universal
priming sequence. Such a modification would allow
for release off of a designated chip region and the
corresponding subset staple pool. When designing
different initiation primers, appropriate nickase bind-
ing regionsmust be included and the sequence should
be of the highest orthogonality possible, given the
staple pool design. Both the above represent areas for
further optimization and future work that could in-
crease the yield of chip-based oligonucleotide from
single subarrays enabling sufficient yields after a single
round of amplification rather than requiring multiple
rounds of amplification and pooling from multiple
subarrays, as was done in this study. It would also allow
for selective amplification of only the necessary strands
for a particular assembly. Staple pool concentrations in
this study were additionally quantified via UV absorp-
tion spectroscopy as detailed in Supporting Informa-
tion, section S1.
Pools of oligos harvested from the chip were de-

signed to fold either the M13 single-stranded phage or
both strands of the double-stranded M13 phagemid
into nanostructures resembling the tall rectangle or
sharp triangle from Rothemund's original DNA origami
paper.6 The M13 double-stranded scaffold was cut at a
single restriction site by the restriction endonuclease

Figure 2. Assessment of in situ amplification in releasing
amplified product. The reaction, a nicking strand displace-
ment amplification (nSDA) process driven by a nickase and
polymerase, was assessed using varying amounts of start-
ing DNA that serve as the amplification template (where
the template is the reverse complement of the desired
sequence). Data were gathered by running incubation
product on polyacrylamide gels followed by image analysis
to determine target band fluorescence in comparison to a
known lowmassDNA ladder. Eachdata point represents the
mean of three trials where the error-bars represent stan-
dard deviation.

Figure 3. Formation of DNA origami structures using a
double-stranded scaffold employing a formamide anneal-
ing process. Individual, single monomers (A and B) or two
simultaneous, discrete monomers (C) can be formed using
either a solitary staple set or two combined sets, respec-
tively, in the 90-min anneal process. Using a combined
staple set that contained modified connector staples, trian-
gular and rectangular structures were simultaneously
formed and joined to form a heterodimer structure (D).
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EcoRI. Each strand from the scaffold was folded
into either a rectangle or triangle using a staple strand
pool composed of hundreds of unique sequences
(Supporting Information, section S3). As strictly ther-
mal anneals were not sufficient for DNA origami for-
mation on the double-stranded scaffold, we employed
a chemical denaturant based annealing strategy ori-
ginally reported for isothermal origami formation with
single-stranded DNA scaffold by Jungmann et al.27 and
further used for double-stranded scaffold assembly
by Högberg et al.13 Formamide, a small molecule that
interferes with hydrogen bonding between base pairs,
was used as a chemical denaturant to assist in separa-
tion of the two long, complementary scaffold strands
and to control base pair formation between scaffold
and staple strands. The optimal annealing protocol
included heating the components to 80 �C in 40%
formamide for 10 min followed by a quick cooling step
to room temperature, which was necessary to avoid

scaffold�scaffold interactions and tangling. Then, the
samples were dialyzed to 0% formamide in six, 10-min
steps. The thermal and chemical contributions to
denaturation are combined to estimate an “effective
temperature” of the reaction since formamide lowers
the actual melting temperature of double-stranded
DNA by ∼0.64 �C for each 1% formamide present
(Supporting Information, section S1).36�38 Gel electro-
phoresis studies demonstrated that our chosen ther-
mochemical annealing conditions (80 �C with 40%
formamide) provided optimal origami formation
(Supporting Information, section S1). AFM imaging
further demonstrated the assembly of both sharp
triangles and tall rectangles using the double-stranded
M13 scaffold as shown in Figure 3. When the staple
pool encoded a single structure, the expected origami
shapes were observed (Figure 3A,B). In Figure 3C, where
the staple pool contained both sets of staple strands,
triangle and rectangle origami can be observed as

Figure 4. Comparison, by AFM imaging, of origami formation employing a formamide anneal with double-stranded scaffold
or a thermal anneal with single-stranded scaffold while decreasing the concentration of staple strands relative to scaffold
strands. Using decreasing amounts of the origami staple sets (10�, 2.5�, 1� relative to the double-stranded scaffold)
and employing a formamide-assisted anneal, somediscernible structureswere seen even at 1� staple concentration (top and
bottom rows). However, upon thermal annealing with the single-stranded scaffold (middle row), indeterminate structures
were seen at 1� staple concentration (F). Scale bars are 1 μm.
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separate monomers. Since we desired larger origami
structures with the same specific addressability and
pixel resolution, we modified the staple sequences of
the triangle and rectangle staple strands to include
strands that bridge between the scaffold strands and
attach the two structures to one another. This resulted
in the formation of a heterodimeric nanohouse struc-
ture from a one-pot reaction (Figure 3D).
Reannealing of the long complementary M13 scaf-

fold strands is favored thermodynamically over forma-
tion of the origami structures via staple-scaffold bind-
ing, and it had been thought that both a denaturant
annealing strategy and a 10-foldmolar excess of staple
strands (i.e., where the staple to scaffold ratio is 10:1)
are key for origami formation from a double-stranded
scaffold.13 To further investigate this process, we varied
the amount of staple strands by using either 10-fold or
2.5-fold molar excess or an equimolar mixture of staple
strands versus scaffold strand during thermal/formamide
anneals. We recognize that measurements of scaffold
and staple strand concentrations are subject to differing
sources of experimental error, and therefore the molar
ratios stated here should be viewed as best estimates.
Upon AFM imaging, we were able to observe a large
population of representative structures for the 10-fold
and 2.5-fold conditionswith both single-stranded and
double-stranded scaffold thermal and formamide
anneals (see columns one and two of Figure 4).
Similar to Rothemund's original observations,6 ther-

mal anneals of a single-stranded scaffold with approxi-
mately equimolar mixtures of staple strands did not
produce high-quality structures. However, formamide
anneals folding one or both of the scaffold strands

from double-stranded M13 with approximately equi-
molar staple sets did produce a small population of
well-formed structures. These results show that con-
sideration of an appropriate annealing strategy
(chemical and thermal) is necessary for efficient as-
sembly of intact nanostructures when staple sets and
scaffold strands increase in complexity. In forming the
nanohouse structure, we used an approximately equi-
molar amount of linker strands connecting the rectan-
gle and triangle to the scaffold strands forming the
structures. If the normal formamide anneal procedure
was followed, the yield of interconnected two-part
nanostructure was fairly low. As shown in Figure 5A,
although representative nanohouses are observed, the
majority of the structures are disconnected rectangular
and triangular monomers. We reasoned that the link-
ing staples would have an increased probability of
binding to both scaffolds of the triangle and rectangle
structures given a longer incubation time. Therefore,
we incubated the product of the initial formamide
assembly for 12 h at varying temperatures and exam-
ined structure formation (Supporting Information, sec-
tions S1 and S2). We found that the highest population
of well-formed nanohouse structures were observed
via AFM imaging (Figure 5C) by an extended incuba-
tion at 35 �C. Yields of structure formation were
determined by counting structures as observed on
AFM images (see Supporting Information, section S2
for details). The highest yield of well-formed mono-
mers observed to undergo dimerization was 81% at
35 �C, and, for anneals with observable structure forma-
tion, the lowest dimerization yield was achieved for
the anneal with the extended incubation at 47.5 �C
(Figure 6 and Supporting Information, Table S1). Our
dimerization yield is slightly lower than the 91% rate of
monomer conversion into dimers from previous stud-
ies by Woo et al. where monomeric structures, formed
in separate tubes by folding single-strandedM13, were
then mixed and dimerized based on helical stacking
and shapematching, rather than by sticky end or staple
bridging between shapes.28 In contrast, herewe folded
two distinct sequences and formed two distinct shapes

Figure 5. Formation of nanohouse DNA origami structures
with improved yields using an extended postassembly
anneal. The population of well-formed structures increased
when, following initial assembly (A), the sample was further
incubated for 12 h at 30 �C (B). The highest yield of the
desired structure was achieved at 35 �C (C). A low yield was
observed where the component structures disintegrated
after incubation at 50 �C (D). Scale bars are 1 μm.

Figure 6. Formation yields quantified by counting struc-
tures in AFM images. The blue bars represent the yield of
nondimerized, well-formed monomers (count of well-
formedmonomers not in dimers, divided by the total count
of all monomers observed, whether dimerized or not). The
dimerization yield (red bars) is the proportion of well-
formed monomers observed to participate in dimers.
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in a one-pot assembly method. In further comparison
to previous studies that show dimerization of struc-
tures formed from the single-stranded M13,29,30 the
staple sets of our individual monomers differ com-
pletely because of the different scaffold sequence
being folded. This eliminates the necessity for separate
monomer formation, staple filtration, and sample mix-
ing during the assembly process.
Interestingly, all structures disintegrated when the

extended incubation temperature was increased by
15 �C. Although the lowest melting temperature of the
designed staple strands was greater than 50 �C as
predicted by Mfold,31 extended incubation at 50 �C
destabilized the thermodynamic balance of origami
formation. This seemingly contradicts a previous report
by Liu et al.32 where two individually formed origami
structureswerebrought together to form2-dimensional
arrays with an optimal temperature of 53 �C. Liu et al.
also showed intact origami structures that underwent
incubations at 65 �C. However, the lower assembly
temperature observed for our system is likely due to
differences between the constructs (Liu et al. used
larger lattices and monomer interfaces involving helix
stacking), as well as competition in our system between
origami formation via staple-scaffold binding versus

rehybridization of the double-stranded scaffold.

CONCLUSION

We have demonstrated a number of interesting
advancements for DNA origami. First, templates for

amplification that are complementary to desired staple
strands can be synthesized in situ on a DNA chip and
subsequently used repeatedly in nSDA reactions to
produce staple sets directly on the chip surface. Sec-
ond, such staple pools can be used to fold both strands
of a double-stranded DNA phagemid into two distinct
nanometer-scale objects or into an interconnected
two-part structure that is still uniquely addressable.
Finally, the combination of chip-derived staple strands
and double-stranded scaffold presented here is an
important step toward the production of larger origa-
mi projects (e.g., requiring thousands of staple strands)
and exhaustive studies of structure formation that
have thus far been difficult because of the prohibitive
cost of oligo synthesis. The use of DNA nanostructures
for the organization of inorganic nanomaterials holds
great promise for the bottom-up fabrication of func-
tional electronic and photonic devices.33 Additionally,
the advent of gene synthesis from chips could enable
the synthesis of a completely artificial scaffold for use in
DNA nanotechnology applications. In this report, we
were able to form distinct structures using pools of
unique, chip-derived staple strands to fold scaffold
strands in a denaturant-assisted one-pot anneal.
Furthermore, an extended incubation step was added
to the original anneal strategy to increase the yield of
interconnected structures; this should be generalizable
to larger multipart objects. The strategies presented
here provide further pathways to increasing the scope
of DNA nanotechnology.

METHODS

Reagents. The following materials and methods involving
the inkjet printer and oligonucleotide synthesis have been
reported previously and are briefly restated here for com-
pleteness.16 Nucleoside phosphoramidites (Pac-dA-CE, Ac-dC-
CE, iPr-Pac-dG-CE and dT-CE), 5-ethylthio-1H-tetrazole, Cap Mix
A (5% phenoxyacetic anhydride in THF), and oxidizer (0.02 M
iodine in pyridine/tetrahydrofuran/water) were purchased from
Glen Research (Sterling, VA). Phosphoramidites and 5-ethylthio-
1H-tetrazole were dissolved at 0.25 and 0.625M, respectively, in
amixture of 50% 3-methoxypropionitrile and 50% glutaronitrile
(Sigma, St. Louis, MO). The solvents were dried for 2 days on
molecular sieves before use. Synthesis-grade anhydrous aceto-
nitrile, Cap Mix B (n-methylimidazole in THF) and deblock-
ing solution (dichloroacetic acid in DCM) were purchased from
Azco Biotech (San Diego, CA). Purified M13 double-stranded
plasmid and single-stranded phage were purchased from
Bayou Biolabs (Metairie, LA). All other chemicals were pur-
chased either from Sigma-Aldrich or VWR. Enzymes were from
New England Biolabs.

Staple Complement Synthesis. Complementary versions of the
required staple strands were synthesized atop cyclic olefin
copolymer (COC) slides deposited with silica thin-film spots. In
brief, prior to silica deposition, an array of microwells with bare
COC bottom was created in a layer of photoresist, which was
spin-coated on the COC slide surface using standard photo-
lithographic techniques. Deposition of silica within the micro-
wells was then performed as described elsewhere.18,23 After
deposition, the remaining photoresist was stripped by sonica-
tion in acetone. All patterned samples were immersed into a 1:1

H2SO4/H2O2 solution for 15 min to remove resist residue and
finally rinsed with deionized water and blown dry. In the current
design, COC slideswere prepatterned to form eight subarrays of
silica spots 150 μm in diameter and 300 μm in interfeature
spacing (center-to-center). Each subarray contained 432 spots,
andmultiple spots were used to synthesize one oligo sequence.
Complementary versions of staple strands were appended with
a 25-base adaptor at the 30 end, which provided a nicking site
and anchored the oligo to the chip surface. All oligo sequences
used in this study are listed in Supporting Information, section
S3. In situ synthesis of DNA microarrays utilized standard
phosphoramidite chemistry with a custom-built piezoelectric
inkjet platform. A 1:1mixture ofmethyl glutaronitrile (MGN) and
3-methoxypropionitrile (3MP) was used as solvent instead of
volatile acetonitrile. Four channels on the printhead delivered
phosphoramidite monomers (A, T, G, and C) and one delivered
an activator (ethylthiotetrazole). Bulk reagents (i.e., oxidizer,
deprotection acid, acetonitrile, Cap A, Cap B) and waste were
stored in glass bottles with GL-45 screw-top caps. Bulk reagents
were controlled using PTFE solenoid valves leading to delivery
lines colocated near the printhead (or to the slide holder for the
waste line). Approximately 0.5 mL of each bulk reagent was
added at a time, which was enough to cover the slide surface.
An optical system was also colocated near the printhead, which
captured high contrast images of printed droplets using a CCD
detector and collimated LED light, enabling alignment of the
printhead with a slide's silica features.

Each cycle of synthesis included (1) printing, (2) washing, (3)
capping, (4) washing, (5) oxidation, (6) washing, (7) detritylation,
and (8) displacement of detritylation reagent using oxidizer and
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washing with acetonitrile. Slides were blown dry after each step
(except printing) by a six-jet nitrogen manifold controlled by a
solenoid valve. The first step of the reaction consisted of
phosphoramidite monomer printing followed by tetrazole
printing, and incubation for 2 min. The first base was reprinted
four times with a 1-h incubation each time. Oxidization and
capping were carried out for 30 s, whereas detritylation lasted
10 s. Washing after detritylation was done for 4 s but for only 2 s
after every other step. After synthesis, the COC slides were
removed from the synthesis platform and rinsed with acetoni-
trile and then 95% ethanol. The base-protecting groups were
removed by a 2-h incubation in EDA/EtOH (anhydrous, 1:1 v/v)
at room temperature. The deprotected slides were rinsed five
times with deionized water, dried, and stored in a desiccator.

Nicking-Strand Displacement Amplification (nSDA) for on-Chip Staple
Amplification and Purification. Printed COC slides were blocked
using Pluronic F108 prior to amplification.34,35 The chambers
on the printed COC slides were filled with the nSDA reaction
cocktail containing 0.4 mM dNTP, 0.2 mg/mL BSA, Nt.BstNBI,
and Bst large fragment in optimized Thermopol II buffer
supplemented with T4 Gene 32 protein. The slides with sealed
chambers were placed on the slide adaptor of a Mastercycler
Gradient thermocycler (Eppendorf) to carry out the nSDA
reactions. Each amplification reaction involved incubation at
50 �C for 2 h afterwhich the reactionwas removed from the chip
and denatured by heating at 80 �C for 20 min.

After the nSDA reaction, the amplified product from multi-
ple chambers was pooled, and the DNA was then purified from
proteinaceous material using the QuickClean Enzyme Removal
Resin (Clontech) or by phenol�chloroform extraction, followed
by ethanol precipitation, drying in a speed vacuum centrifuge
(Eppendorf), and resuspension in sterile Milli-Q water.

For the assessment of nSDA, amplified product from a
subarray containing 100, 75, or 50 microarrays (that presents
approximately 4, 3, and 2 ng of template DNA, respectively,
according to our previous surface density calculations16) syn-
thesized with the sequence 50-CGGTACCCGGGGATCCTCCAAA-
TCGAAGGGATTTCGGAATTGTGGCGGGCATGACTCGACCATCCG-
ATTTTTT-30 was run on a 15% TBE�urea polyacrylamide gel.
Incubation times of the nSDAwere also varied from 5min to 4 h.
Gels were run with a low-weight mass estimation DNA ladder
(Invitrogen). Fluorescent gel bands (from SYBR Gold staining)
were then analyzed by AlphaImage software to yield estimates
of amplified DNA.

Formation of DNA Origami. For the formation of tall rectangle,
sharp triangle, and nanohouse DNA origami nanostructures,
M13 single-stranded phage or M13 double-stranded plasmid
and the appropriate synthesized staple strands (for the tall
rectangle, sharp triangle, or nanohouse) were mixed together
with a (1�10)-fold molar excess of staples. The concentrations
of the scaffold strands as stated by the manufacturer (Bayou
Biolabs) were used directly. The concentrations of the staple
strand pools were determined as discussed in Supporting
Information, section S1. Anneals were performed at 5 nM con-
centration of scaffold in 1 � TAE/Mg2þ buffer (40 mM Tris-HCl
(pH 8.0), 20 mM acetic acid, 2 mM EDTA, and 12.5 mM magne-
sium acetate) with the designated percentage of formamide
and heated to the designated initial temperature. Samples were
quickly dropped to 25 �C and placed into 3.5 K MWCO Slide-A-
Lyzer MINI dialysis units (Pierce Protein Research Products) and
dialyzed at 10min steps in buffered dialysant with the following
formamide percentages: 33, 26, 20, 14, 7, and 0%. The additional
12-h incubation step to increase nanohouse formation yield
was performed in a thermocycler at 30, 32.5, 35, 37, 40, 42.5, 45,
47.5, and 50 �C. The samples were incubated at 4 �C for at least
2 h before AFM imaging.

AFM Imaging of DNA Origami. An amount of 5μL of DNAorigami
sample was deposited on freshly cleaved mica, followed by a
3-min wait before addition of 60 μL of 1 � TAE/Mg2þ buffer for
tapping mode AFM analysis. AFM images were obtained on a
Digital Instruments Nanoscope IIIa with a multimode head by
tapping mode under buffer using DNP-10 or DNP-S10 silicone
nitride tips (Veeco, Inc.).
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