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ABSTRACT: Unlike supramolecular self-assembly methods that can organize many distinct
components into designer shapes in a homogeneous solution (e.g., DNA origami), only
relatively simple, symmetric structures consisting of a few distinct components have been
self-assembled at solid surfaces. As the self-assembly process is confined to the
surface/interface by mostly nonspecific attractive interactions, an open question is how
these interfacial interactions affect multicomponent self-assembly. To gain a mechanistic
understanding of the roles of surface environment in DNA origami self-assembly, here we
studied the oligonucleotide-assisted folding of a long single-stranded DNA (ssDNA scaffold)
that was end-tethered to a dynamic surface, which could actively regulate the DNA-surface
interactions. The results showed that even weak surface attractions can lead to defective
structures by inhibiting the merging of multiple domains into complete structures. A
combination of surface anchoring and deliberate regulation of DNA-surface interactions
allowed us to depart from the existing paradigm of surface confinement via nonspecific
interactions and enabled DNA origami folding to proceed in a solution-like environment.
Importantly, our strategy retains the key advantages of surface-mediated self-assembly.
Moreover, surface-anchored oligonucleotides could sequence-specifically initiate the
growth of DNA origamis of specific sizes and shapes. Our work enables information to be
encoded into a surface and expressed into complex DNA surface architectures for potential
nanoelectronics and nanophotonics applications. In addition, our approach to surface
confinement may facilitate the 2D self-assembly of other molecular components, such as
proteins, as maintaining conformational freedom may be a general challenge in the self-
assembly of complex structures at surfaces.
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assembly, biomolecular surface chemistry, force spectroscopy, atomic force microscopy

Supramolecular self-assembly at solid surfaces! employs intermolecular and molecule-
surface interactions to organize molecular components into small clusters, 1D/2D periodic
structures,?-> quasi-crystalline,® and even fractal patterns.1¢ Self-assembly at surfaces has
numerous appeals, including compatibility with in situ imaging, ease of purification, and the
potential to integrate with top down approaches for device applications.?37 However, the
predictable formation of complex structures at surfaces has been a formidable challenge. For



example, although a ssDNA scaffold can be folded into designer DNA origami structures®
through base-pairing interactions with hundreds of complementary oligonucleotide
“staples”,89 studies indicated that once the DNA scaffolds were deposited onto a solid
support, they could no longer be properly folded into complete DNA origami structures.10.11
The growth of DNA origami was only observed at the solid-liquid interface if most of the
scaffold had been folded in the solution before surface deposition.1? As the self-assembly
process is confined to the surface/interface by mostly nonspecific attractive interactions,!
an open question is how these interfacial interactions affect multicomponent self-assembly.
DNA nanostructures have been traditionally immobilized onto mica*1? or supported lipid
bilayers!3 with divalent-cation-mediated nonspecific interactions. Such nonspecific
interactions have been difficult to probe and control. If the interactions are weakened to
facilitate lateral reorganization, these DNA structures may irreversibly dissociate from the
solid support and diffuse away. Moreover, the strengths of interactions were only
qualitatively inferred from atomic force microscopy (AFM) images in existing studies.1214
Hence, it remains unclear to what extent these interactions hinder DNA origami self-
assembly by impeding the reorganization of molecular components, or if they facilitate the
formation of 2D structures, as has been reported in the studies of simple, symmetric DNA
structures on surfaces.#1215 The lack of understanding of the roles of surface interactions in
multicomponent DNA self-assembly has hindered further attempts to construct more
complex structures at surfaces.

Here we studied how interfacial interactions influence the DNA origami self-assembly by
tethering DNA scaffolds to a carboxyl-terminated self-assembled monolayer (SAM) on a gold
support, which allowed us to precisely modulate the DNA-surface interactions between
attractive and repulsive regimes without irreversible desorption.l® After the tethered
scaffold interacted with the staples, strong surface interactions were temporarily switched
on to immobilize intermediate structures for high-resolution AFM characterization. By
examining the folding yields and the populations of intermediate structures under different
conditions, we were able to quantify the impact of the surface and optimize the folding
process.

RESULTS AND DISCUSSION

Tethering ssDNA Scaffolds to Solid Supports. The substrate used was an ordered 11-
mercaptoundecanoic acid (MUDA) SAM on a single-crystal Au(111) support.16 To tether a
DNA scaffold to SAMs, a sticky end appended to the 5’ end of the scaffold was hybridized with
the 3’-end of a thiolated ssDNA anchor strand (Figure 1a, [ & II) in a hybridization buffer
containing 1 M NaAc and 1 x TAE.17 After each step, the surface was rinsed with a buffer
solution and submerged in a 5 mM Ni?* solution to immobilize the DNA for AFM imaging
(Methods). Consistent with our previous study on this surface,!” thiolated ssDNA anchors
appeared as small protrusions approximately 0.5-1.0 nm in height (Figure 1b), while the
surface-tethered ssDNA scaffolds displayed random-coil structures approximately 1.0-1.5
nm in height (Figure 1c, cyan arrow).

DNA Origami Folding under Mg?+. Folding of surface-tethered ssDNA scaffolds was
carried out isothermally in a DNA staple buffer solution containing 40% formamide (Figure
1a, III), which helps suppress the adverse secondary structure formation and anneal the
folding.1® The effect of the surface on DNA origami self-assembly was investigated by
comparing the folding of free (untethered) scaffolds in a homogeneous solution to folding of



tethered scaffolds. Structures formed from both tethered and untethered scaffolds were both
immobilized on the surface at specified time points for AFM characterization (Methods). We
found that in a folding solution containing the staples, 12.5 mM Mg?+ and 40% formamide,
33.5+2.4% (N = 8 samples) of the untethered scaffolds were folded into the designed
rectangular shape in 90 min (Figure 2a, top). In contrast, when tethered scaffolds were
exposed to an identical solution, no folded structures could be observed (Figure 2a, bottom).
These results suggest that the Mg?*-mediated attractive interactions between DNA and
negatively charged surfaces (such as mica and carboxyl terminated SAMs!214) impede the
self-assembly of DNA origami confined to the surface.1?
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Figure 1. Schematic illustrating self-assembly of DNA origami tethered to a MUDA SAM.
(a) A DNA anchor strand is inserted into a MUDA SAM and hybridized with a ssDNA
scaffold, which is then incubated with a formamide buffer solution containing DNA
staples to initiate folding. Red and blue marks on the DNA origami drawing represent
DNA staple and scaffold crossovers, respectively. (b), (c) Representative AFM images
resolving the inserted DNA anchors (b, white arrows) and the surface-captured ssDNA
scaffolds (c, cyan arrow) on the MUDA SAM. As the yield of the exonuclease digestion used
to produce the single stranded scaffolds from dsDNA is below 100%, a few dsDNA
scaffolds are also hybridized with the anchor strands on the MUDA SAM (c, green arrow).
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Figure 2. DNA origami self-assembly in the solution phase vs. at the surface. (a)-(d)
Representative AFM images of the products of staple-assisted folding from the untethered
(free) (a, b, ¢, d, top) and tethered (a, b, c, d, bottom) scaffolds. The structures assembled
in a homogeneous solution were deposited on mica for AFM imaging. Average folding
yield is reported on the top right corner of AFM images. The Z-height range of AFM images
is 0 - 3.0 nm. (e) Representative force/distance curves from SMFS measurements of
dsDNA on MUDA SAMs. Force plateaus are decreased in height due to weaker surface
interactions as more Na* is mixed with Mg?*. (f) Average DNA adhesion force on MUDA
SAMs reflects the similar decreasing trend observed in (e). Mean force values are
significantly different across groups [F(2,331) =32; P<0.001].*P < 0.05 & ***P < 0.001 vs.
12.5 mM Mg?*, and "'*P < 0.001 vs. 12.5 mM Mg?*/0.05 M Na*. Error bars represent
standard deviations with N=190, 65, & 79 counts for the 12.5 mM Mg?*, 12.5 mM
Mg?+/0.05 M Na*, and 12.5 mM Mg?*/0.1 M Na* conditions, respectively. All conditions
tested here include 40% formamide. All of the SMFS measurements were obtained with

the same AFM cantilever to eliminate uncertainty associated with force constant
calibration.




Quantifying DNA-Surface Interactions. To quantify the strength of DNA-surface
interactions, we performed single-molecule force spectroscopy (SMFS) to measure the
adhesion forces between the MUDA surface and individual double-stranded (dsDNA)
molecules attached to the AFM tip, which serve as a proxy for the partially assembled DNA
origami. When using the AFM tip to repeatedly adsorb and detach single DNA molecules from
the MUDA surface under different buffer conditions (Methods & Supporting Information
Notes S1), we observed force plateaus, which suggest that the adsorbed molecules were
peeled off the surface under a quasi-equilibrium condition (Figure 2e, blue curve).20
Assuming an inter-base distance of 0.32 nm/bp, the measured force of 19.3 + 4.8 pN (N =
190 counts, Figures 2f & Supporting Information Figure S1a) corresponds to an adsorption
energy (Eaq) of 1.59 * 0.40 kgT/bp in a buffer containing Mg?+*, which is used to promote
staple hybridization with the DNA scaffold in most studies.®? Moreover, stronger adhesion
forces of 26.7 = 6.5 pN (Eaq of 2.20 * 0.54 kgT/bp, N = 56 counts) under the identical buffer
conditions were observed on mica (Supporting Information Figures S2a,b). Such Mg?*-
mediated attractive interactions are strong enough to constrain the scaffold segments and
DNA staples from reorganizing in 3D, thereby hindering DNA origami self-assembly. The
addition of monovalent cations was reported to weaken the Mg?+-mediated interactions and
increase the mobility of DNA nanostructures immobilized on mica due to charge screening
and competition for binding sites on the surface.? Indeed, SMFS showed that increasing the
concentration of Na* reduced the attractive interactions on the MUDA surface in the
presence of Mg2* (Figure 2e, green & purple curves, Figure 2f, & Supporting Information
Figures S1b,c). When [Na*] exceeded 0.1 M, the adhesion force was reduced to below the
detection limit of our SMFS (3.4 pN)?4! (Figure 2e, yellow and orange curves). Although the
Mg2+-mediated attractive interactions are weakened in the presence of added Na*, self-
assembly at the surface in a mixture of Na* and Mg?* was still hindered (Figure 2b, bottom)
in comparison to self-assembly in a homogeneous solution (Figure 2b, top). Folding under
salt conditions other than mentioned here was described in Supporting Information Note S2.

DNA Origami Folding under Na*. The results suggest that the conflicting requirements
of surface confinement and conformational freedom are difficult to meet simultaneously for
multicomponent supramolecular self-assembly, where extensive structural reorganization
of the components is necessary. The specific end-tethering of DNA scaffolds onto a
switchable surfacel® may prevent irreversible desorption while also mitigating attractive
surface interactions to retain conformational freedom. Thus, we sought to fold the tethered
scaffolds in a buffer that contains 1.0 M NaAc and 1 x Tris-Acetate-EDTA (TAE). This
monovalent cation buffer imparts significant conformational freedom to end-tethered DNAs
by allowing short-range repulsion between the DNA and the negatively charged MUDA
SAM.1617 Moreover, similarly concentrated Na*-containing buffer solutions have been used
in previous studies to fold untethered scaffolds.1® Indeed, under these conditions many of
the surface-tethered scaffolds were folded into complete structures (Figure 2c, bottom).
Furthermore, the folding yields of the surface-tethered scaffolds and untethered scaffolds
are indistinguishable at various time points (Figures 2c, 3) up to 3 hours (We also attempted
to fold structures for even longer period of time. While the overnight folding yield in solution
reaches ~79%, on-surface assembly drops to ~18%), like due to the degradation of SAM upon
overnight incubation in the buffer). However, while the folding yields of free scaffolds
remained relatively unchanged as the Na* concentration reached 2.0 M (Figure 2d, top), the
folding yield at the surface decreased (Figure 2d, bottom), suggesting that this high salt level



induced nonspecific surface interactions that hindered the folding (Supporting Information
Note S3).

Because changes in the distribution of intermediate structures evolved from untethered??
and tethered scaffolds signify alterations in the folding pathways, we examined these
distributions to further elucidate the influence of surface interactions on DNA origami self-
assembly. The distinct types of intermediate structures evolved from the untethered
scaffolds (Figure 3, top) suggest that DNA origami folding can proceed via different pathways,
consistent with previous ex situ imaging studies of untethered DNA origami folding.2223
Moreover, the observation of many fragmented features suggests that folding domains may
grow concurrently within a single structure and the merging of such domains may be a
bottleneck in the self-assembly process. Notably, the intermediate structures and their
distributions are similar for untethered and tethered scaffolds at different time points
(Figure 3 top vs. bottom & Supporting Information Figure S6), indicating that surface
interactions have relatively small influences on the folding pathways under 1.0 M Na*
condition. However, this similarity breaks down for folding under 2.0 M Na* condition. While
the solution-phase folding proceeded similarly regardless of the increased salt concentration
(Figure 4, top), folding under 2.0 M Na* at the surface produced substantially more
fragmented intermediates than in 1.0 M Na* (Figure 4, bottom). This observation suggests a
likely cause for the lower folding yield at 2.0 M Na* observed in Figure 2d (bottom). The
higher ionic strength leads to more screening of electrostatic repulsion between DNA and
the SAM surface. Hence nonspecific interactions are stronger in 2.0 M Na* and are able to
trap the folded domains, hindering them from merging to form complete structures. A
similar argument could be made to explain for the observation that the population of
fragmented species declined more slowly over time for folding at the surface than in the
solution phase under 1.0 M Na* condition (Figure 3). This could be a consequence of the small
folded domains becoming transiently trapped by relatively weak attractive surface
interactions (Supporting Information Note S3) or the reduced conformational freedom of the
tethered end. Another notable difference was the aggregation of some tethered DNA
origamis, which might arise from the close proximity imposed by surface tethering. We
observed regions on the surface with a higher local density of scaffolds produced aggregation
of DNA origamis due to blunt-end stacking (Figure 5a, green arrows) or possible DNA staple
bridging between two neighboring scaffolds (Figures 5b,c, blue arrows). Such aggregation,
which was not observed in the folding of untethered scaffolds (Figure 2, top row),?* shows
that the constraint imposed by surface tethering promotes interactions between DNA
origamis. Additional differences between folding in the solution phase and at the surface are
mentioned in Supporting Information Note S4.
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Figure 3. Evolution of intermediate structures folded from untethered scaffolds vs. those
folded from surface-tethered scaffolds under 1.0 M Na*. Distribution of well-folded and
intermediate structures including their representative AFM images for untethered (top)
vs. tethered (bottom) scaffolds over different time points. Error bars represent standard
errors of the mean with N =5 - 11 samples per time point. Scale bars are 30 nm with a Z-
height range of 0 - 3.0 nm.
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Figure 4. Distribution of well-folded and intermediate structures including their
representative AFM images for both untethered and tethered scaffolds under 1.0 and 2.0
M Na* conditions. While folding in the solution phase is not sensitive to different salt
concentrations, 2.0 M Na* condition affects folding at the surface by increasing the
population of fragment species and reducing the population of complete structures
compared with 1.0 M Na* condition. Mean folding yields are similar for the complete
structures t(13) = 0.5, P > 0.1 and the fragmented structures t(13) = 0.6, P > 0.1 for
solution-phase folding. In contrast, mean folding yields are significantly different for the
complete structures t(8) = 16, ***P < 0.001 and the fragmented structures t(8) = 15,
Tt*P < 0.001 from folding at the surface. Error bars represent standard errors of the mean
with N =5 - 8 samples per salt condition. Scale bars are 30 nm with a Z-height range of
0-3.0 nm.




Figure 5. Local crowding of tethered DNA scaffolds promotes aggregation of DNA
origami structures. (a)-(c) Schematics (top) and representative AFM images
(bottom) display examples of blunt-end stacking (a, green arrows) and possible DNA
staple bridging across different folded structures (b & c, blue arrows). The Z-height
range of AFM images is 0 - 3.0 nm.

Sequence-Specific Seeding of DNA Origami Folding. Finally, our approach to growing
supramolecular complexes at surfaces potentially offers a means of encoding information
into the surface to control DNA self-assembly.#12.13 Here we performed a preliminary test to
assess if different scaffolds can be sequence-specifically captured by the anchor strands and
then folded simultaneously and orthogonally into corresponding structures on the same
surface. The surface was functionalized with either one or both of two distinct “seed” strands,
RSd and CSd (Figure 6, I), which were complementary to the 5’ ends of the scaffold strands,
RSc and CSc, respectively. When combined with the corresponding sets of staples, the RSc
and CSc scaffolds can be folded into the respective rectangular (RE) and cross-shaped (CS)
structures. After three different surfaces (RSd only, CSd only, and RSd + CSd) were incubated
with a solution containing both the RSc and CSc scaffolds (Figure 6, II), and then with a
solution containing both sets of DNA staples (Figure 6, III), we observed the emergence of
different DNA origami structures. RSd-seeded surfaces produced predominantly RE
origamis, while CSd-seeded surfaces led to CS origamis; the presence of both seeds led to a
mix of both RE and CS structures (Figure 6, IV-V). Hence, our approach to seeding the self-
assembly at surfaces provides a mechanism to express the information encoded in single
molecules (seed strands) into DNA nanostructures of designed size and geometry.
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Figure 6. Seeding distinct DNA origami shapes on the same surface. (a)-(c) Schematics
and representative AFM images showing the self-assembly of DNA origami rectangles
(RE) (a), DNA origami crosses (CS) (b), and both structures (c) on MUDA SAMs. Seeding
of DNA origamis starts with the insertion of anchor strands into SAMs (1), followed by the
selective capture of ssDNA scaffolds (II), which initiated the growth of DNA origamis (III)
shown with the corresponding representative AFM images (IV). The Z-height range for
AFM images is 0 - 3.0 nm. (V) Surface densities of completely folded structures on
different surfaces. Significantly more RE vs. CS species [t(16) = 9, ***P < 0.001] were
detected on SAMs decorated with RSd seeds (left), while fewer RE vs. CS species [£(16) =
11, **P < 0.001] were detected on SAMs decorated with CSd seeds (middle). However,
similar surface density of RE vs. CS species [t(14) = 1, P > 0.1] were detected on SAMs
decorated with both RSd and CSd seeds (right). Error bars represent standard errors of
the mean with N = 8 - 9 samples per group.



CONCLUSIONS

Our study of DNA origami self-assembly at surfaces highlights the importance of
understanding and managing interfacial interactions in forming complex supramolecular
structures at surfaces. Future improvements in the stability of SAMs,25 covalent anchoring of
scaffolds,” and reduction of nonspecific interactions?¢ could improve the yield for tethered
DNA origami nanostructures. Surface-seeded self-assembly may allow sophisticated
information encoded into specific interactions at the surface to direct the self-assembly of
complex surface architectures. Top-down methods that pattern anchor strands?7.28 can
initiate the site-specific growth of tethered DNA origamis in spatial proximity, which will
enable these structures to connect to form complex hierarchical structures that are difficult
to form in the solution phase. The seeded self-assembly can also be adapted for DNA bricks®
and algorithmic self-assembly of DNA.2° In addition, our approach may facilitate the self-
assembly of other types of building blocks, such as proteins,®> into complex 2D structures, as
the paradoxical demands of conformational freedom and surface confinement are likely a
general barrier.

METHODS

Preparation of Thiolated DNA Anchor Strands. All DNA anchor strands were
synthesized and then purified using reversed-phase high-performance liquid
chromatography by LGC Biosearch Technologies Inc. (Petaluma, CA, US). The DNA products
arriving in the lyophilized form were dissolved in ultrapure water (resistivity > 18.0 MQ - cm)
from the Barnstead Nanopure system (Thermo Fisher Scientific, Houston, TX, US) to make
200 uM stock solutions. The DNA solutions were stored at -20 °C. Additionally, the stock
solutions of the DNA anchor strands were backfilled with nitrogen gas (Airgas, Radnor
Township, PA, US) before storage. Because the anchor strands arrived in the disulfide forms,
they needed to be reduced to the thiol forms prior to molecular insertion into SAM defects.
A 1 pM of DNA anchor strand was incubated with 1 mM Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) (Millipore-Sigma, St. Louis, MO, US) in an aqueous solution to reduce
the disulfides. The solution was backfilled with nitrogen gas and kept in the dark for 30 min
at room temperature to minimize thiol oxidation. The anchor strands were then purified
with QIAquick nucleotide removal kit (QIAGEN Inc., Santa Clarita, CA, US) and were ready for
SAM insertion.

Generation and Amplification of dsDNA Scaffolds. All DNA primers were purchased
from Integrated DNA Technologies Inc. (Coralville, IA, US) in the lyophilized form. Stock
solutions of DNA primers were prepared and stored as mentioned above. The forward
primers were designed to contain a propyl spacer phosphoramidite (iSpC3) that prevents
the polymerase from copying over the sticky ends, which are used to hybridize with the
anchor strands.” They are also modified with an internal DeoxyUridine (ideoxyU) to enable
the downstream uracil-DNA glycosylase (UDG) reaction.3® The reverse primers were
phosphorylated at the 5’ end to enable exonuclease digestion.3! All dsDNA templates
including the circular M13mp18 RF I phage vector (Cat. # N4018S) and the linear pTXB1
vector (Cat. # N6707S), and all enzymes/accompanied buffers used in polymerase chain
reaction (PCR), template linearization, UDG cleavage, and digestion of complementary DNA
strands were purchased from New England Biolabs Inc. (Ipswich, MA, US). To use the phage



vector for PCR, circular M13mp18 RF I templates needed to be linearized. A 10 ng/uL
M13mp18 RF [ was mixed with 20 units of Eco Rl enzyme, 1 x Eco RI buffer (Cat. # R0101S),
and 200 pg/pL BSA (Cat. # B9000S) in a 50-uL aqueous solution, which 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, and cooled to 4 °C in an M] Mini Personal Thermal Cycler (Bio-Rad Laboratories
Inc., Hercules, CA, US). The linearized DNA templates were purified with the QIAquick PCR
Purification Kit (QIAGEN Inc., Santa Clarita, CA, US). The concentrations of our DNA samples
were calculated by measuring the optical absorption at 260 nm with a Nanodrop-1000
spectrophotometer (Thermo Fisher Scientific, Marietta, OH, US).

For PCR amplification, either 50 pg/uL of linearized M13mp18 RF I or 1 ng/ pL of linear
pTXB1 dsDNA template was mixed with 200 nM of forward/reverse primers and OneTaq
1 x master mix with standard buffer (Cat. # M0482S) in a 50-uL aqueous solution. The
dsDNA scaffolds were PCR-amplified in the M] Mini Personal Thermal Cycler according to
the following thermal program: 95 °C for 3 min, [95 °C for 3 s, 53 °C for 45 s, 72 °C for 4 min
(for 3655 bp from M13mp18 RF I), 2 min 30 s (for 1031 bp from M13mp18 RF I), or 3 min
30 s (for 2581 bp from pTXB1)] x 34 cycles, 72 °C for 10 min, and holding indefinitely at 4
°C. The PCR products were then purified with the QIAquick PCR Purification Kit. The 3655- &
2581-bp scaffolds were used for folding 76 x 47 nm? DNA rectangles and 65 x 59 nm? DNA
crosses, respectively.

Generation of ssDNA Scaffolds. To remove complementary DNA strands from
PCR-amplified dsDNA scaffolds, ~30 nM (for M13mp18 RF I) or 80 nM (for pTXB1) of dsDNA
scaffold was mixed with 40 units of lambda exonuclease, and 1 x lambda exonuclease
reaction buffer (Cat. # M0262S) in a 50-pL aqueous solution. The mixture was incubated at
37 °C for 6 h to digest the complementary strands,3! heated up to 75 °C for 10 min to
denature the enzymes, and cooled to 4 °C in the M] Mini Personal Thermal Cycler. The
enzyme-digested ssDNA scaffolds were then purified with the QIAquick PCR Purification Kit.
Due to the incomplete exonuclease digestion, we also observed the remaining undigested
dsDNA scaffolds as seen in Figures 1C; 2B, C, D (bottom row); 54, B, C; and 6(1V).32-34

DNA Origami Folding of Untethered Scaffolds in the Solution Phase. Each DNA staple
(Integrated DNA Technologies Inc., Coralville, 1A, US) arrived as 100 pM in 10 mM Tris
(tris(hydroxymethyl)aminomethane), 0.1 mM ethylenediaminetetraacetic acid (EDTA)
solution in 96-well plates. The DNA staples were then mixed together in an aqueous solution
containing 40 mM Tris-acetate, 1 mM EDTA, pH 83 (1 x TAE) (Fisher Scientific,
Mfr.# FLBP13321, Houston, TX, US) to make stock solutions of 1 pM and stored at -20 °C.
Folding was carried out by incubating an aqueous solution of 5 nM untethered DNA scaffold,
25 nM for each DNA staple, 1.0 M NaAc, 1 x TAE, and 40% formamide?#* for a specified time
duration in the dark at room temperature. The reaction volume was 30 or 50 pL. The same
folding procedure was used for folding experiments under different salt conditions.

Preparation of Mica Substrates. Highest grade V1 20-mm mica discs (Ted Pella Inc,,
Redding, CA, US) were freshly cleaved with a packaging tape and incubated with an aqueous
solution of either 5 mM NiAc, 0.1 x TAE or 20 mM NiAcz, 0.1 x TAE if folding was done in
MgAc; or NaAc, respectively for 2 min. When the folding solution was added to mica
substrates, an aqueous solution of 12.5 mM MgAcz, 0.1 x TAE (folding in MgAc;) or 20 mM
NiAcz, 0.1 x TAE (folding in NaAc) was also immediately added. After 1-min incubation, the



substrates were incubated with the same respective aqueous solution for another 1 min and
then placed in the imaging buffer (5 mM NiAcz, 0.1 x TAE).

Preparation of Dynamic SAMs. All chemical reagents and buffer solutions were
purchased from Fisher Scientific (Houston, TX, US) unless otherwise stated. To ensure
reasonable cleanliness, all glassware was cleaned with piranha solutions prior to use.
CAUTION: piranha solutions (3:1 (v/v) sulfuric acid to hydrogen peroxide) are highly
corrosive and react violently with organic compounds. Proper personal protective
equipment is needed. Well-ordered SAMs on Au beads (Scientific Instrument Services Inc.,
Ringoes, NJ, US) with single-crystal facets were prepared following previously reported
protocols.1617.35 The substrates were rinsed and sonicated with acetone for 1 min and with
methanol for another 1 min. After immersing in hot (120 °C) nitric acid for 25 min, the
substrates were rinsed thoroughly with ultrapure water and blown dry with filtered air.
Hydrogen gas was used to flame anneal the Au beads, which were then immersed in an
ethanolic solution containing 10% acetic acid by volume and 1-2 mM of MUDA (Millipore-
Sigma, St. Louis, MO, US). The thiol solution was then backfilled with nitrogen gas (Airgas,
Radnor Township, PA, US), sealed with parafilm, and kept in the dark for 16-24 h at room
temperature to minimize thiol oxidation.

DNA Anchor Strand Insertion, ssDNA Scaffold Hybridization, and Formamide-
Assisted Folding at the Surface. After SAM formation, the substrates were quickly rinsed
and sonicated with an ethanolic solution containing 10% acetic acid by volume for 5 sec.
After thorough rinsing with ultrapure water and blowing dry with filtered air, the substrates
were placed in a home-made polytetrafluoroethylene liquid cell on an AFM stage and rinsed
with a 1 x TAE solution several times. Insertion of anchor strands was then carried out by
incubating the MUDA SAM with an aqueous solution containing 1.0 uM of purified, thiolated
DNA strand, 50 mM NaAc, 1 x TAE, and 1 mM TCEP for 20-30 min. The substrates were then
rinsed 3 times with a 1 x TAE solution by pipetting the solution up/down, directly on the Au
beads several times. Following the insertion step, an aqueous solution of 1.0-2.0 nM ssDNA
scaffold, 1.0 M NaAc,and 1 x TAE was incubated with the Au beads for 30 min. The substrates
were then rinsed 6 times with a 0.8 M NaAc, 1 x TAE solution (rinsing buffer). Following the
rinsing, the substrates were incubated with an aqueous solution containing 25 nM for each
DNA staple, 1.0 M NaAc, 1 x TAE, and 40% formamide for a specified amount of time in the
dark at room temperature to initiate the folding of the surface-tethered scaffolds. The
substrates were then rinsed 3 times with the rinsing buffer and immersed in the imaging
buffer for AFM characterization. This same procedure was also used to conduct folding
experiments under other salt conditions.

Formamide-Annealed Folding at the Surface. This procedure was used for surface-
seeded folding of DNA rectangles and crosses at MUDA SAMs. Insertion of DNA anchor
strands, ssDNA scaffold hybridization, and formamide-assisted folding on MUDA SAMs were
prepared according to the instruction given in the previous paragraph. The substrates were
then rinsed 3 times with the rinsing buffer and incubated with another folding solution (1.0
M NaAc, 1 x TAE) of lower formamide percentages (e.g. 35%) and higher DNA staple
concentration (50 nM/staple) for a specified time duration. This step was repeated one more
time with another folding solution of 30% formamide and 50 nM for each DNA staple. After
rinsing 3 times with the rinsing buffer, the substrates were immersed in the imaging buffer
for AFM characterization. For each rinse after ssDNA scaffold hybridization and folding, the
solution was pipetted to the side of the Au bead and immediately withdrawn to minimize



possible damages to surface-hybridized DNAs arising from the physical rinsing step. To
remove excess sSSDNA scaffolds nonspecifically adsorbed on SAMs, 1 x TAE buffered solution
with a lower salt concentration (0.2 M instead of 0.8 M NaAc) was used (See Note S3).

Important Note to Surface Treatment. All solution incubation steps were done at room
temperature (23 °C) and in the dark to minimize thiol oxidation. It is essential that the Au
beads are continuously exposed to an aqueous solution during DNA insertion, scaffold
hybridization, and folding steps. For example, when the reaction solution is removed, the
substrate is immediately immersed in the rinsing solution.

AFM Imaging. All AFM images were collected under the imaging buffer at room
temperature. The AFM probes (Model SNL-10, Bruker Nano Inc., Santa Barbara, CA, US) with
nominal spring constants of 0.35 (tip A) or 0.24 (tip C) N/m were used for tapping-mode
imaging with our NTEGRA AFM (NT-MDT America, Tempe, AZ, US). All images were collected
using the Nova software (version 1.1.0.1903) at a resolution of 512 x 512 pixel?, a scan rate
of 0.7-1.3 Hz, a driving frequency of 13-15 kHz, and a driving amplitude of ~30 - 50 nm.

AFM Image Analyses and Challenges. All images were processed with WSxM software
version 5.0.3¢ The folding yield was analyzed manually using Gimp version 2.8 (a free online
software).3” The intermediate structures were counted based on their distinct shapes and
then grouped into different shape categories (Table S1 & Figure S11). Any surface features
with dimension < 15 x 15 nm? were not counted because they did not adopt any well-defined
shape belonging to our shape categories. Moreover, any surface features with topographical
height > 2.5 nm were not counted (and regarded as surface contaminations) unless their
shapes could be recognized as belonging to our shape categories. As seen in Figure 5C,
aggregation of folded /partially folded structures on the surface could cause one structure to
lay on top of neighboring structures yielding a topographical height > 2.5 nm. As a result, the
structures on the top might not be strongly immobilized under Ni?* and thus difficult to
identify. However, in cases where the shape of the top structures could be visualized, they
were counted and categorized. Additionally, fragments of structures could appear to belong
to the same scaffolds or they could stem from different scaffolds lying next to each other on
the surface. If the structures could be well-differentiated from their neighbors, they would
be placed into one of the shape categories. Otherwise, they would not be counted. Thus,
counting and categorizing intermediate structures from their aggregation on surfaces might
contribute some errors to the overall folding yield estimation. We are currently developing
an imaging recognition algorithm to assist with detecting and segmenting the specific shapes
of intermediate structures to improve our capability of quantifying the folding yield on
surfaces.

Preparation of DNA Anchor Strands and Scaffold Sticky Ends for Hydrazone
Crosslink in SMFS Experiments. The interstrand hydrazone-crosslinking follows a
previously established protocol.3° DNA anchor strands were designed to carry an internal
deoxycytidine (dC), which was modified with an amine group. 40 uM of anchor strands was
mixed with 0.3 M NaHSOs, 0.1 M phosphate buffered saline (PBS) ([NaCl] = 0.005 M, pH 5.0),
and 4.0 M hydrazine in a ~25-pL aqueous solution. The solution was backfilled with nitrogen
gas, heated at 50 °C for 3 h to modify the dC moiety with an amine group, and then cooled to
4 °C in the M] Mini Personal Thermal Cycler. After the amine modification, the reaction
solution was mixed with a 75-uL. aqueous solution containing 0.1 M Tris hydrochloride,



0.01 M triethylamine, and 0.001 M EDTA to quench any remaining unreacted reactants. The
sample was then purified with the QIAquick nucleotide removal kit.

The sticky ends of PCR-amplified dsDNA scaffolds carry a dU moiety, which could be
cleaved by UDG enzymes to generate an abasic site. 30 nM (for M13mp18 RF I) or 150 nM
(for pTXB1) of PCR-amplified dsDNA was mixed with 5 units of UDG enzyme and 1 x UDG
Reaction Buffer (Cat. # M0280S) in a 50-pL aqueous solution, which was incubated at 37 °C
for 1 h to create the abasic sites, and then cooled to 4 °C in the M]J Mini Personal Thermal
Cycler. The modified dsDNA scaffolds were purified with the QIAquick PCR Purification Kit.

Preparation of AFM Probes for SMFS Experiments. Several Au-coated Si AFM tips
(Model NPG-10, Bruker Nano Inc., Santa Barbara, CA, US) were cleaned by first exposing the
tips to the ultraviolet (UV) radiation for 20 min to remove organic contaminants and then
immersing them in hot ethanol at 77-78 °C for another 20 min to reduce oxidized Au due to
the UV exposure. To decorate the Au-coated tips with DNAs, they were incubated with an
aqueous solution containing 50 nM purified, thiolated DNA anchor strand, whose cytosine
base has been amine-modified (See the previous paragraph), 50 mM NaAc, 2 mM MgAcz, 1 x
TAE, and 2 mM TCEP in a Teflon beaker for 1 h, followed by rinsing 3 times with the 1 x TAE
solution. The tips were then immersed in a 1 mM ethanolic solution of 11-
mercaptoundecanol (MCU) (Millipore-Sigma, St. Louis, MO, US) for 2 h. “Backfilling” the tips
with MCU was used to minimize nonspecific adsorption of DNAs on Au surfaces from the
previous step.3® Following MCU backfill, the tips were rinsed 3 times with the 1 x TAE
solution and then incubated with an aqueous solution of 50 nM 1031-bp dsDNA scaffold,
whose sticky end composed of an abasic site (See the previous paragraph), 1M NaAc, 2 mM
MgAcz, 1 x TAE, and 1 mM SDS in a Teflon beaker for 1 h. The dsDNA scaffolds used here
were 1031 bp in length and PCR-amplified from the linearized M13mp18 RF I dsDNA
template. After scaffold hybridization, the tips were then rinsed 3 times with the rinsing
buffer and placed in a beaker containing the 0.05 M PBS ([NaAc] = 0.1 M, pH 5.0) solution,
which was heated up to ~50 °C for 10 min on a hot plate to form the interstrand crosslink
between DNA anchor strands and scaffolds.3? The whole setup was then cooled to room
temperature.

Measuring DNA-SAM Interactions with SMFS. The substrates (Au bead or mica) were
prepared by following the procedures described above. The dsDNA-modified Au tips were
used with Keysight 5500 AFM (Keysight Technologies, Santa Rosa, CA, US) under contact
mode for SMFS measurement. A loading rate of applied forces on the cantilever, ranging from
300 to 500 pN/s and an approach/retract velocity of 400-500 nm/s, were used to measure
DNA adhesion forces on MUDA SAMs or mica substrates under different buffer/salt
conditions. A complete tip approach/retract cycle is ~3 s. Force-distance curves were
collected with PicoView 2.0 (Keysight Technologies, Santa Rosa, CA, US).

The adhesion force between the DNA scaffold and the surface is proportional to the
deflection of the AFM cantilever via Hooke’s law:

F=k Xs xXv (1)
Where k is the spring constant, s is the tip deflection sensitivity, and v is the tip deflection in
volts (V). The deflection sensitivity was measured by taking the inverse of the slope of the
force-distance curves (nm/V), and the spring constant was calibrated by the thermal noise
method3? using LabView (National Instruments, Austin, TX, US):



kpT
= <az?> (2)

where kg is the Boltzmann’s constant, T is the temperature, and AZ is the deflection of the
cantilever. Force-distance curves for tip retraction showing single plateau or multiple
plateaus were used to extract the tip deflection. A MATLAB (MATLAB Inc., Waltham, MA, US)
built-in function named edge detection was used to find the boundaries of the plateaus,
which was then used to determine the distance between the two plateau edges
corresponding to the length of DNAs interacting with the surface. Moreover, the plateau
average height in each force-distance curve was used to determine the tip deflection and the
adhesion force according to the equation (1) above. Any plateau lengths < 20 nm were
excluded as they may arise from brief contact at the distal ends of dsDNAs or nonspecific
adsorption of dsDNAs on the AFM tips. An ideal force plateau should be ~335 nm in length,
as this corresponds to the contour length of the 1031-bp DNA. However, such ideal length
was rarely observed in our experiments; the observed force plateaus were generally < 300
nm in length depending on the applied loading rate, the DNA conjugation chemistry, and the
tip geometry. Occasionally, multiple plateaus were observed suggesting that several tip-
anchored DNA molecules were peeled off the surface sequentially (Figure S2g). As a result,
only the last force plateau was quantified.

Statistical Analyses. Data from SMFS measurements and AFM folding yield experiments
were analyzed by one-way analysis of variance, followed by Tukey's multiple group
comparisons. Individual group comparisons for SMFS and AFM data were also analyzed by
two-tailed, unpaired Student's t-tests. All statistics were implemented using GraphPad Prism
(GraphPad Software Inc., San Diego, CA, US). Data for SMFS measurements and AFM
experiments are reported as means * standard deviations and standard errors of the means,
respectively, with probabilities of P < 0.05 considered statistically significant.
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