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ABSTRACT: We show that thiolated strands displayed on a DNA origami nanostructure can be transferred to a gold surface when the DNA
origami tile is deposited onto a self-assembled monolayer (SAM) passivating the surface. Spatial statistical analysis revealed the ink molecule

transfer yield to be 70%, comparable to the highest yield achieved with existing DNA-nanostructure-based nanoimprinting methods. The sur-

face passivation reduces nonspecific adsorption and allows high resolution, label-free characterization of the transferred spatial patterns. There-

fore, our method offers a pathway toward forming complex single molecule nanoarrays for elucidating the structure-function relationships of

enzyme cascades and interfacial molecular recognition.
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INTRODUCTION

A variety of methods have been developed to pattern biological
molecules on solid surfaces for a diverse range of applications, from
multiplexed sensing, microarrays and nanoarrays,' to probing and
controlling cell adhesion and signaling.”® An emerging need is to ar-
range single biomolecules in prescribed geometry with separations
that are on the order of ten nanometers or smaller.* This new level of
precision in patterning biomolecules will help to elucidate the struc-
ture-function relationship of biological systems such as multi-en-
zyme cascades® and molecular recognition at cell surfaces,®” as the
positions of individual enzyme/receptors molecules need to be pre-
cisely defined to understand and control how these molecules work
together to enable emergent functions that are not available to iso-
lated molecules or uncontrolled aggregates. Moreover, recent stud-
ies revealed that the spatial patterns of single receptor molecules on
surfaces may have a major impact on the performance of DNA bio-
sensors and other biotechnological devices,*'° further underscoring
the need to pattern single molecules to gain a molecular level under-
standing of interfacial molecular recognition and improve the per-
formance of these devices.

While scanning probe microscope-based techniques, such as sin-
gle molecule cut and paste' and single molecule nanografting," can
pattern single or few molecules on surfaces, achieving a resolution of
10 nm or better remains an unresolved challenge. Moreover, the
throughput of these serial approaches remains too limited for large
scale applications. DNA origami nanostructure offers a promising
bottom-up route to patterning single molecules in a parallel fash-
ion."*"* Hundreds of oligonucleotides (staples) can bind to specific
regions of a long DNA (scaffold) and fold it into a designed 2D
shape that is about 100 nm in size. The shape can serve as a bread-
board that display single molecules of nucleic acids,' proteins,'”"
gold nanoparticles,’**" quantum dots,” and other polymers™ in arbi-
trary arrangements with nanometer or even subnanometer preci-
sion."*"” Despite the appeals, the DNA origami nanostructures often

denature outside a narrow range of pH, buffer ionic strength and
temperature.”® Although different stabilization strategies such as
tuning buffer conditions, covalent crosslinking and coating or encap-
sulation have been developed, the stability of the DNA nanostruc-
tures is highly dependent on structure design and functionalities
added to the structure, which may hinder the accessibility of single
molecule patterns to target molecules.”>*’

An alternative way to improve the stability while maintaining the
accessibility of single molecule patterns is to use DNA origami as a
carrier to directly transfer the patterns to the substrate. Géllego et al.
showed that DNA origami nanostructure can serve as a nanoscale
stamp that transfers thiolated staples (ink molecules) to a bare gold
surface due to the affinity of thiolate groups on gold.?® After remov-
ing other DNAs through denaturing, passivating the gold surface
with another thiol, oligonucleotide-functionalized gold nanoparti-
cles (AuNPs) were captured by the surface immobilized ink mole-
cules. A fraction of these gold nanoparticles was observed to assume
the geometrical arrangement of ink molecules on the DNA origami
stamp. However, most of the AuNPs were bound to locations that
do not correspond to the binding sites of ink molecules, suggesting
that the fidelity of this nanopatterning approach remains low. The
origin of the low fidelity remains unclear. The molecules “immobi-
lized” by gold-thiol interactions are in fact quite mobile when the
surface coverage of the thiol molecules is low.” Indeed, previous
studies that deposited thiolated oligonucleotides on a gold surface
and then passivated the surface by “backfilling” with an inert thiol
reported significant degrees of desorption and lateral diffusion.’*!
In addition, not all transferred ink molecules can be labelled by the
nanoparticles as the footprint of the AuNPs often exceeds the near-
est distance between ink molecules.”® Moreover, the AuNPs may
non-specifically adsorb, further complicating the characterization of
the single molecule patterns. Smith and coworkers developed an al-
ternative method that first passivates the surface with a self-assem-
bled monolayer (SAM) and then transfers ink molecules through
amide coupling reaction with the SAM terminal groups.”
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Figure 1. An overview of DNA-origami-guided pattern transfer. (A) CaDNAno diagram of DNA origami mini-tile with 12 staple strands on the
square lattice. Two staples modified with thiol group at 5’ terminus are highlighted in green and purple, respectively. (B) Representative AFM
image of DNA mini-tile nanostructures. Scale bar is S0 nm. (C) DNA mini-tile carrying two thiolated staples with an extension protruding from
the origami surface (green and purple) are deposited onto a MUDA SAM coated Au(111) surface. The frame of the DNA mini-tile is then dena-

tured and rinsed out to expose the surface-tethered staples.

Streptavidin that binds to the biotin group on the ink molecule was
used as the reporter. While this approach inhibits the lateral diffu-
sion of the ink molecules transferred, the fraction of reporters that
have formed the designed pattern remains small, possibly due to the
low yield of the coupling reaction. Hence, existing efforts to create
single molecule nanoarrays using DNA origami stamps are ham-
pered by two intertwined challenges: an inadequate yield of ink mol-
ecule transfer, and the difficulty in quantifying the yield of the single

molecule patterns.

RESULTS AND DISSCUSSION

Here we report a new DNA-origami-nanostructure-based
nanoimprinting method that (1) allows atomic force microscopy
(AFM) to directly characterize individual transferred DNA ink mol-
ecules without the use of any labels, (2) suppresses nonspecific ad-
sorption and lateral diffusion of ink molecules. First, by depositing
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the folded DNA tiles possessing thiolated staples onto a SAM coated
gold surface (Figure 1), we allowed the thiol anchors to be in close
contact with the gold surface and have the opportunity to be inserted
into the SAM to form covalent gold-thiol bonds, in a manner that is
analogous to how thiolated ink molecules can be transferred from a
polydimethylsiloxane stamp to a SAM surface.*® Then the DNA ori-
gami frame was denatured to expose the spatial pattern (Figure 1C).
Our previous studies showed that the lateral diffusion of oligonucle-
otides is effectively suppressed when they are inserted into a highly
ordered SAM, helping to retain the fidelity of the single molecule
pattern.** Compared to the bare gold surface used in previous stud-
ies, the use of highly ordered 11-mercaptoundecanoic acid
(MUDA) SAM on an atomically smooth single-crystal Au(111)
support allows us to minimize the impact of uncontrolled morpho-
logical (roughness) and compositional (defect density) heterogene-
ities, facilitating the transfer of ink molecules. Moreover, the SAM

C Surface after denaturation

Figure 2. Surface deposition of DNA mini-tiles assembled without thiolated staples under Na*. (A) Representative AFM image of the MUDA
SAM surface before surface deposition. (B) Representative AFM image of DNA mini-tiles assembled without thiolated staples and deposited in 1
M NaAc. All the surfaces were rinsed with STAE buffer after 1 hr deposition. (C) AFM image of the MUDA SAM surface after denaturation.



allows the oligonucleotides to be pinned to the surface in the pres-
ence of divalent cations, allowing AFM to directly characterize the
single molecule patterns with high resolution® and eliminating un-
certainties and errors of imaging techniques that rely on labelling.
Our previous studies showed that Ni** can strongly immobilize end-
tethered DNA to MUDA SAM on gold.” ** Other AFM studies of
DNA typically require the DNA molecules be immobilized onto
mica using divalent cations. The difference is that while ssDNAs are
notimmobilized enough to mica to be resolved by AFM, the MUDA
SAM can routinely resolve end-tethered ssDNAs as protrusions due
to two reasons. First, Ni** functions as a salt bridge that pins nega-
tively charged DNA to the carboxylate surface. Second, covalent end
tethering via thiol-gold interactions provides further immobilization
beyond pure electrostatic immobilization. Although typically such
protrusions are difficult to differentiate from nonspecifically ad-
sorbed contaminants, our previous studies have established that the
degree of nonspecific adsorption of DNA onto MUDA SAMs is very
low under a monovalent cation buffer and almost all of these protru-
sions can be attributed to end-tethered thiolated DNA probes as
over 85% of them can hybridize with a DNA target.’

We utilized various strategies to monitor the fidelity of nanoim-
printing, suppress nonspecific adsorption, and promote transfer of
ink molecules. To monitor the degree of nonspecific adsorption and
the fidelity of ink transfer, we designed a DNA origami mini-tile
“stamp” that can imprint a dimer, the simplest single molecule pat-
tern. The mini tile is six helices wide and incorporates two staples
containing single-stranded DNA extensions (highlighted in green
and purple in Figure 1A) with a 5’ end thiol termination (sequences
in Table S1) that can bind to the gold surface. The distance between
the two thiolated staplesis ~10.3 nm (Figure 1A). It should be noted
that, a short 10-base poly T extension (~3 nm) protruding from the
origami surface allows the thiolated staples to rotate around their an-
chor points. However, these staples are not long enough to wrap
around the edges of the tiles to insert into the SAM if the side of the
ink molecule is facing up. To control the nonspecific adsorption and
promote the ink transfer, we chose to perform nanoimprinting on a
SAM that allows us to regulate DNA-surface interactions on demand
by adjusting the buffer composition.** The highly ordered 11-mer-
captoundecanoic acid (MUDA) SAM on an Au(111) surface repels
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DNAEs in a neutral or basic solution that only contains monovalent
cation as the carboxyl groups become ionized. DNAs are weakly ad-
sorbed in a monovalent cation buffer with a high ionic strength,
while they are strongly attracted toward the surface in the presence
of divalent cations.

Apart from origami design and surface chemistry, surface deposi
tion conditions of DNA origami nanostructures were also explored
to reduce the nonspecific adsorption. Since the gold-thiol bond for-
mation between the thiolated staples and the gold surface requires
stable adsorption of DNA origami nanostructures on surface,” a
conventional buffer containing divalent cations (1x TAE, 12.5 mM
Mg?*), which has been utilized to mediate the binding of even small
DNAs to the surface,* was used for both origami folding and surface
deposition. It should be noted that all surfaces were thoroughly
rinsed with STAE (1x TAE, 200 mM Na*) buffer after deposition.
As depicted in Figure S2A, in the presence of Mg** only, application
of unpurified DNA mini-tiles to the gold surface results in the ad-
sorption of not only fully folded tiles but also partially folded inter-
mediates (purple arrow), scaffolds (worm-like features, red arrow),
and staples (dot-like features, green arrow arrow), as opposed to the
clean and smooth MUDA SAM surface before deposition (Figure
2A). Note that the twin image features were caused by the double-
tip imaging artifact. The high level of nonspecific adsorption of DNA
origami components is not desirable as they can compete with
folded DNA tiles for binding sites on surface. To reduce the number
of nonspecifically adsorbed staples, we also attempted to purify the
DNA origami nanostructures using Amicon column or gel purifica-
tion (Figures Sland S2). However, despite of the decrease of the to-
tal number of staples, the purification steps were unable to reduce
the density of nonspecifically adsorbed DNA staples to a negligible
level, as evidenced by the high fraction of staples remaining on the
surface (93% for Amicon column and 53% for gel purification, Fig-
ure S2) after purification, especially considering that Mg** can medi-
ate strong attractive interaction of DNA to the surface.** Moreover,
the purification steps reduced the density of DNA origami
nanostructures, which is undesirable.

As DNA-surface interactions are weaker in a Na* buffer,?® 3¢
which can also allow folding of DNA origami nanostructure to pro-
ceed,” we replaced Mg** with 1 M Na*in the folding solution to test
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Figure 3. Surface deposition of DNA mini-tiles assembled with thiolated staples under Na*. (A) Representative AFM image of DNA mini-tiles
assembled and deposited in 1 M NaAc. All the surfaces were rinsed with STAE buffer after 1 hr deposition. (B) AFM image of the surface after
denaturation. (C) AFM image of the surface prepared by direct insertion of thiolated staples into a MUDA SAM preassembled on Au(111)
surface. Green circles highlight the surface-immobilized staples. The figures at the bottom are zoom-in images of the highlighted staples.



whether nonspecific adsorption could be suppressed. To examine
the degree of nonspecific adsorption, we folded DNA origami
nanostructures with only nonthiolated staples and deposited these
unpurified and thiol-free DNA origami nanostructures onto a
MUDA SAM in a buffer that contains 40 mM Tris-acetate, 1 mM
EDTA and 1 M Na*.¥ AFM shows that these DNA origami mini-
tiles are adsorbed on the MUDA SAM due to weak nonspecific in-
teractions between the DNA nanostructures and the SAM surface
(Figure 2B). After denaturation using 100% formamide, the DNA
origami features almost completely disappeared (Figure 2C). More-
over, no features associated with staples were observed. These re-
sults show that the interactions between staples and the surface are
too weak in the monovalent cation buffer for the DNA staples to
nonspecifically adsorb. Furthermore, unpurified DNA origami
nanostructures folded with thiolated staples were successfully ad-
sorbed with a high surface coverage of 3.5 x 10 tiles/cm? (3.5 /100
x 100 nm?) and fewer than 8% features corresponding to adsorbed
free staples, as presented in Figure 3A. This suggests that, in contrast
with Mg** (Figure S2), nonspecifically adsorbed DNA staples and
scaffolds can be mostly eliminated from the surface prepared by Na*
during surface deposition. It may be surprising that the adsorption
of free thiolated staples is so low in Na* buffer even without a purifi-
cation step. Our previous studies showed that insertion of thiolated
DNA into MUDA SAMs in a similar buffer is slow.” Even when the
concentration of thiolated DNA is 100 nM, the density of inserted
DNA is only about 1.33 x 10" /cm® (1.33 /100 x 100 nm?). As the
total concentration of the thiolated staples is only S0 nM in this
study, the density of deposited DNA staples is only even lower, 0.28
x 10" staples/cm? (0.28/100 x 100 nm?). In contrast, the DNA ori-
gami stamps confine the thiolated staples to the surface and substan-
tially accelerate the insertion process. Therefore, the insertion of free
staples only account for ~8% of the overall surface features when de-
posited under Na*(Figure 3A).

To expose the spatial patterns of the transferred ink molecules,
DNA origami nanostructure was denatured in 100% formamide and
rinsed with a STAE buffer, triggering the removal of the DNA ori-
gami frame (ie, non-thiolated staples and scaffold). AFM shows
that while the DNA origami features disappeared, surface-anchored
staples remained on the surface after the denaturing step, as indi-
cated by the dot-like features in Figure 3B. In contrast, the same dot-
like features were not observed in a control experiment using non-
thiolated staples (Figure 2C), confirming that the surface-tethered
staples shown in Figure 3B were transferred from DNA mini-tiles
due to the strong gold-thiol interactions (Figure 3A). It should be
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pointed out that, so far, the characterizations of the transferred single
molecule patterns rely on further conjugation with reporters such as
dyes,"*! proteins®> ** and AuNPs.2* % #4!# Thug the reliability of
characterization may be diminished by nonspecific adsorption of
these reporters. Our single-molecule AFM imaging technique,* on
the other hand, makes it possible to directly visualize the transferred
DNA molecules without reporter labelling. Since nonspecific ad-
sorption is mostly absent on the surface (Figure 3A), we incorpo-
rated single molecule spatial statistical analysis developed in our
prior work to assess the spatial patterns of printed single molecules.*
® Notably, the transferred staples were identified and selected from
the features with height between 0.4 and 2.4 nm in AFM images (see
Materials and Methods section for details). As depicted in Figure
4A, spatial statistical analysis of the staple surface prepared by DNA
origami nanostructure (Figure 3B) yields a mean nearest neighbor
distance (NND, the distance between a staple and its closest neigh-
bor) of 12.4 nm that is comparable to the expected separation dis-
tance of about 10.3 nm for a pair of thiolated staples (Figure 1A),
considering the existence of a small fraction of immobilized free sta-
ples (~8% of the overall surface features in Figure 3A). In contrast, a
surface prepared by direct insertion of thiolated staples into a
MUDA SAM exhibited a random distribution with a mean NND of
26.7 nm (Figure 3C and 4B). Moreover, the fraction of staples with
NND ranging from S nm to 15 nm (a range that is close to the de-
signed distance of 10.3 nm in Figure 1A), is about 66% under
nanoimprinting (Figure 4A) and only 8% under direct insertion
(Figure 4B). The former is the consequence of dimer formation,
while the latter arises from random distribution of inserted staples.
Additionally, we analyzed the NNDs of randomly generated coordi-
nates of DNAs with the same overall density (Figure 4C). The ex-
perimental and simulated distributions (Figure 4B and 4C) are re-
markably similar, in agreement with our earlier studies showing that
the direct insertion process immobilizes thiolated DNA to the gold
surface in a mostly random fashion.”*' The minor difference is that
the simulated distribution has more molecules with NNDs less than
15 nm, which suggests that repulsive interactions between DNAs
disfavor DNAs to be inserted in close proximity. From Monte Carlo
simulation of 5000 images, we were able to extract the histogram of
the fraction of NNDs falling in between S-15 nm (Figure S3). The
histogram is found to follow a normal distribution, 0.30 + 0.04.
From this distribution, we calculate the probability of observing 66%
or more of NNDs between 5-15 nm to be close to zero (3.9 x 10™3).
Considering the repulsive interactions between the DNA staples, the
probability of observing so many molecules with such small NNDs
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Figure 4. Spatial statistical analysis of the surface-immobilized staples. The nearest-neighbor distance (NND) analysis of the inserted staples using
(A) DNA mini-tile-assisted nanoimprinting (Figure 3B) and (B) direct insertion (Figure 3C). (C) The NND distribution under complete spatial
randomness generated using Monte Carlo simulation. The NNDs were sorted into bins to form histogram with a bin width of S nm, Ze. £2.5 nm

with respect to the center value of the bins.



should be even smaller. Therefore, the non-random distribution of
NND:s of the thiolated DNAs via DNA origami assisted insertion
(Figure 4A) shows that the DNA origami template is responsible for
placing these DNA ink molecules in spatial proximity. These values
allow us to calculate the yield of transferring a single ink molecule
through the insertion approach. The fractions of DNA origami
nanostamps that transfer a dimer, monomer, or no staple are Xdim,
Xmony Xnotransy respectively. The fraction of nonspecifically deposited
staples iS Ynonspeciic = 0.08.

Xdim + Xmon + Xnotrans + Xnonspeciic = 1 (1)

After denaturing, the molecules that form a dimer make up 66% of
the observed single molecule features:

2xdim / (2 ) dim + Ymon + Xnonspecitic) = 0.66 ()

If we assume that the transfers of the two ink molecules from a stamp
to the surface are independent and the two ink molecules have an
identical transfer yield Yink, Xdim : Xmon : Xnotrans Should follow the bi-
nomial distribution:

Xdim : Xmon ¢ Xnotrans = Yink® ¢ 2Yink(1-Yink) : (1-Yink)? (3)

By combining (1)-(3), Yiu is calculated to be 0.7, which is almost
identical to the estimated value in a previous DNA origami imprint-
ing study.”® While one might assume that our new method, which
relies on the insertion of thiolated staples into the defects or replac-
ing pre-existing thiol molecules on a highly ordered SAM, may be
less efficient than the existing method that transfers ink molecules
to a bare gold substrate, the yield achieved suggests that the confine-
ment of thiolated staples between the DNA origami stamp and SAM
substantially accelerates the insertion process and leads to a good
transfer yield. Moreover, our approach obviates the need for a sepa-
rate step for surface passivation after ink transfer,” which likely re-
duces Yik due to desorption and lateral diffusion of the ink mole-
cules.

Finally, a fraction of tiles may be deposited on the surface with the
side of the thiolated staples facing up and therefore do not lead to
gold-thiol bond formation. To assess the deposition orientation of
the tiles, we compared the tile surface density before denaturation
with the density of single molecules after denaturation. The tile sur-
face density of 3.5 x 10" tiles/cm? (3.5 /100 x 100 nm?) before de-
naturation (Figure 3A) would lead to an ink molecule surface den-
sity of 4.9 x 10 /cm? (4.9 /100 x 100 nm?) if all tiles were deposited
on surface with the side with the thiolated staples facing down with
a transfer yield of 70%. In addition to the printed ink molecules, the
surface also contains about 0.3-0.4 x 10" /cm? (0.3-0.4 /100 x 100
nm?*) nonspecifically adsorbed staples. Therefore, the observed den-
sity of 5.4 x 10" /em? (5.4 /100 x 100 nm?) after denaturation (Fig-
ure 3B) suggests two likely scenarios. In the first scenario, only a
small fraction of tiles with the protruding thiolated staples are depos-
ited with the ink molecule side facing away from the SAM and the
ink molecules can only be transferred when the ink molecule side is
direct contact with the SAM. Indeed, a recent study by Gopinath et
al. showed that the flat side, i.e, the side without protruding staples,
is more likely be deposited onto the surface than the side with pro-
truding staples as the flat side can form intimate contact with the
solid surface.* In the second scenario, thiolated staples that are ori-
ented away from the surface can also be transferred to the solid sup-
port. Although this scenario has not been considered in previous
studies,”** it cannot be excluded as the mercapto-hexyl tether may
penetrate the gap between the helices of the DNA origami tile and

insert itself into the SAM due to the flexibility of the staple extension
and small cross section of the tether (~0.5 nm). Future experiments
that print asymmetric staple patterns will help elucidate the mecha-
nism of ink molecule transfer.

CONCLUSIONS

In summary, we have developed a DNA-origami-nanostructure-
based nanopatterning method that imprints single thiolated oligo-
nucleotides (ink molecules) onto a highly ordered SAM on gold.
This simple method minimizes the nonspecific binding of DNA
components to the surface and enables high resolution, label-free
characterization of the spatial arrangement of individual ink mole-
cules as well as determination of ink transfer yield. The ink transfer
yield achieved is comparable to the best achieved in the literature.”®
A limitation that is common to all existing DNA origami nanoim-
printing studies is that the ink transfer yield remains inadequate for
printing complex single molecule patterns with a practical yield.
Even with the best currently available ink transfer yield of 70%, a tri-
mer design would have a yield of only 34% and the yield of an oc-
tamer design is 6%, which would be too low for many potential ap-
plications. Nevertheless, with the ability to image the single mole-
cule patterns without the use of labels, our approach offers a pathway
toward improving the ink transfer yield and ultimately the printing
of more complex single molecule patterns. We expect that improved
purification of the DNA origami stamp and optimization of the dep-
osition condition can further improve the yield and allow the pat-
terning of more complex single molecule patterns. Once the yield is
further improved, our approach should be ideally suited for produc-
ing single molecule nanoarrays for multiplex detection of bi-
omarkers. First of all, as the ink molecules transferred from a single
stamp have different sequences, different biomarkers such as nucleic
acids’ or even aptamer-binding proteins* can be selectively captured
by the ink molecules. Second, the binding of biomarkers can be read
out using high resolution microscopy techniques without the use of
labels.” **37 Third, patterns printed on a passivated surface can be
readily used for biomarker detection. In contrast, approaches that
print ink molecules directly onto a gold surface would require an-
other step of surface passivation to suppress nonspecific adsorption
of biomolecules, which may disrupt the patterns.”® These single mol-
ecule patterns printed on a passivated surface may serve as a power-
ful tool to elucidate the structure-function relationship of interfacial
molecular recognition in both biological systems®” and biotechno-
logical devices.*® For example, this method may be used to investi-
gate the molecular crowding effect on hybridization by systemati-

20,4650 ywhich can be real-

cally varying the intermolecular separations,
ized by changing the positions and the number of modified staples
on DNA origami nanostructure. Our approach may also allow the
formation of designed single molecule patterns of ligands/receptors
on solid supports to study cell-surface interactions that are im-
portant in a host of biological phenomena, from cell proliferation,

differentiation,” apoptosis™ to immune response.” **

MATERIALS AND METHODS

Materials. Both thiolated and unmodified oligonucleotide staples
shown in Table S1 were ordered from IDT (Coralville, 1A, USA) and
used asreceived. M13mp18 RF I phage vector, pTXB1 vector, all en-
zymes and buffers used in template linearization, digestion of com-
plementary DNA strands and polymerase chain reaction (PCR)
were purchased from New England Biolabs Inc. (Ipswich, MA,
USA). QIAquick PCR Purification Kit was obtained from Qiagen
(Valencia, CA, USA). 1l-mercaptoundecanoic acid (MUDA,



>98%) and Tris-(2-carboxyethyl) phosphate (TCEP, >98%) were
all obtained from Sigma-Aldrich (St. Louis, M1, USA). All chemicals
were acquired from Fisher Scientific (Pittsburgh, PA, USA) and
used without further purification, unless noted otherwise. Gold
wires with 99.99% purity and a diameter of 1 mm were purchased
from Scientific Instrument Service (Ringoes, NJ, USA). Amicon
centrifugal filters and Freeze-Squeeze columns were purchased from
Millipore (Billerica, MA, USA) and Biorad (Hercules, CA, USA) re-
spectively. All glassware was cleaned with piranha solution (4:1 sul-
furic acid:hydrogen peroxide) and thoroughly rinsed with ultrapure
DI water before use. CAUTION: piranha is highly reactive and cor-
rosive and should be stored in open containers in a fume hood. Mix-
ing piranha with organic materials can result in explosion and should
be handled with extreme care. Protective goggles and gloves must be
used during operation.

Generation of Mini-Scaffolds. A solution of 10 ng/uL circular
M13mp18 RF I, 20 units of EcoRI enzyme, 200 pg/uL BSA, and 1x
EcoRI buffer was incubated at 37 °C for 2 h to linearize the phage
vector, heated up to 65 °C for 20 min to denature the enzymes, fol-
lowed by cooling at 4 °C in a thermal cycler. After linearization,
M13mp18 RF I were purified with the Qiagen QIAquick PCR Puri-
fication Kit. Following purification, 50 pg/pL of linearized
M13mp18 RF I was mixed with 200 nM of forward/reverse primers
and OneTaq 1x master mix with standard buffer. The following pro-
tocol was used for PCR amplification of the dsDNA scaffolds: an in-
itial denaturation of 95 °C for 3 min, followed by 34 repeating cycles
of 95°C for 3 s, 53°C for 45 s, 72°C for 2 min 30 s, a final 10 min
extension at 72 °C, followed by cooling at 4 °C. The amplified scaf-
folds were purified with the Qiagen QIAquick PCR Purification Kit.
To remove complementary DNA strands from PCR-amplified
dsDNA scaffolds, a solution of ~30 nM dsDNA scaffolds, 40 units
of lambda exonuclease, and 1 x lambda exonuclease reaction was in-
cubated at 37 °C for 6 h to digest the complementary strands, heated
up to 75 °C for 10 min to denature the enzymes, followed by cooling
at 4 °C. The enzyme-digested ssDNA scaffolds were then purified
with the Qiagen QIAquick PCR Purification Kit.

DNA Origami Nanostructure Folding and Purification. DNA ori-
gami folding was carried out by incubating a solution of S nM DNA
mini-scaffold, 25 nM for each DNA staple, 1x TAE and 12.5 mM
MgAc: (or 1M NaAc) according to the following annealing proto-
col: 90°C for 5 min and controlled cooling from 90°C to 20°C at a
cooling rate of 1°C/min.** ¥ The assembled DNA origami
nanostructures were then purified using Amicon centrifugal filters or
gel purification.

Preparation of 11-Mercaptoundecanoic Acid (MUDA) Func-
tionalized Gold Surface. The Au (111) facets on a small single-crys-
tal gold bead were prepared by melting one end of the gold wire
(99.99% in purity) following Clavilier’s method** and used as sub-
strates for SAM formation. The gold bead was cleaned before use by
a 15-min immersion in hot nitric acid solution, followed by hydro-
gen flame annealing. The MUDA SAM was formed by incubating
the cleaned gold bead in 1 mM MUDA dissolved in 9:1 (v/v) etha-
nol:acetic acid overnight. Before the deposition of DNA origami
nanostructures, the gold bead was sonicated in an ethanolic solution
that contains 10% (v/v) of acetic acid and then rinsed with ultrapure
DI water.

DNA Origami Deposition and Denaturation. DNA origami solu-
tion containing 1x TAE, 12.5 mM MgAc: (or 1M NaAc) and 1 mM
TCEP was deposited onto the gold bead passivated with MUDA
SAM for 1 hr at room temperature. The gold bead was then rinsed 3
times with STAE buffer (1x TAE, 200 mM NaAc) to remove the

unbound origami assembly. The surface-tethered DNA origami
nanostructures were denatured by immersing the gold bead in 100%
formamide at room temperature. After denaturation, the gold bead
was rinsed out with ultrapure DI water to expose the surface-teth-
ered staples.

Gel Extraction of DNA Origami. The folded DNA origami
nanostructures were loaded into a 1% SYBR Green I stained agarose
gel submerged in a running buffer of 0.5x TBE (45 mM Tris base,
45 mM boric acid, 1 mM EDTA, pH 8.0). A constant voltage of 65
V was applied for 1 hr. The bands of interest in the agarose were cut
out and trimmed. The trimmed gel slices were chopped and placed
into the Freeze-Squeeze columns to extract the folded DNA origami
nanostructures.

AFM Characterization. All imaging was carried out using Agilent
technologies 5500 AFM manufactured by Keysight Technologies
(Santa Rosa, CA, USA). AFM images were acquired while operating
in tapping mode under an aqueous Ni** imaging buffer (S mM
NiAc;, 0.1x TAE), using silicon tips mounted on silicon nitride can-
tilevers with a nominal spring constant of ~0.2-0.4 N/m and a reso-
nant frequency of approximately 15 kHz in liquid (model SNL-10,
manufactured by Bruker, Billerica, MA, USA).

Spatial Statistical Analysis of Surface-Tethered Staples. All statis-
tics used in this study were obtained from at least 4 AFM images ac-
quired on the same sample surface. AFM images were processed us-
ing Gwyddion open-source software. The XY spatial coordinates of
the surface-bound staples were measured and used to calculate the
nearest neighbor distance (NND). Individual staples were identified
after first flattening AFM images line by line, then masking staples
using Gwyddion software (http://gwyddion.net/ ). After line-by-
line flattening, a mask was generated for all features that are over a
minimum height threshold of 0.4 nm and below a maximum height
threshold of 2.4 nm. Minor manual editing was carried out to sepa-
rate the partially overlapping features, especially for areas at higher
staple densities. The heights of the individual staples were then rec-
orded relative to the mean height of a ten-pixel halo immediately sur-
rounding that staple.

ASSOCIATED CONTENT
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A list of all DNA oligonucleotides used, gel images of DNA ori-
gami nanostructures, AFM images of DNA origami nanostruc-
tures folded under Mg?*, images of Monte Carlo simulated distri-
bution of staples, and probability distribution of fractions of sta-
ples with NND ranging from S nm to 15 nm (PDF)
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