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Abstract

The origami mechanism has provided effective solutions to many engineering
problems related to structural reconfiguration through its transformable properties.
However, the transfer of the origami-based reconfiguration mechanism from
macroscale into nanoscale engineering remains a challenge due to the difficulties in
effectively implementing high-precision structural design and programming
various folding lines (crease patterns) of nanostructures. Here, we developed a
nucleic-based crease patterning method on a planar sheet of DNA wireframe
nanostructure (DNA wireframe paper) by harnessing the paper folding mechanism
and implemented eight reconfigurable folding types of DNA wireframe papers
using toehold-mediated strand displacement. The folding yield is optimized above
90% by increasing the binding probability and relieving the structural rigidity of
the crease. Based on its high yield secured, folding properties such as orthogonal
folding, repeatable folding and unfolding, and folding-based signal control were
designed and demonstrated through atomic force microscopy and fluorescence
measurements. Furthermore, environmental stimuli-responsive folding according to
pH value and UV illumination time was designed and successfully controlled.
Moreover, we adopt a hierarchical assembly strategy to program more complex
crease patterns and finally achieved 10 types of the intended folding of larger-scale
DNA papers polymerized in a quadruple area. With high yield, various
programmability, and large scalability, we expect our origami-based structural
reconfiguration methods for DNA assemblies to contribute to the advancement of

folding-based engineering applications in nanoscale.

Keywords: DNA nanotechnology, DNA origami, Wireframe assemblies, Origami
engineering, Structural reconfiguration, Finite element analysis
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Chapter 1. Introduction

Origami technology has been widely applied in various fields of macroscale
engineering such as aerospace!, robotics?, architecture® with its advantages of
effective shape change and corresponding functional implementation. In general, it
has a polymorphic characteristic that a single planar structure of a flexible sheet
could transform into numerous conformations by simply folding it along
programmed crease patterns (folding lines), and moreover, structural abilities to
reconfigure and deploy are naturally embodied through the fold and unfold
sequences®. However, despite these advantages of simple mechanisms and
desirable engineering properties, there have not been many studies that realize
origami mechanisms at the nano-level engineering due to its general difficulties to
implement the high-precision structural design and program various folds of the
nanostructures.

Programmable self-assembly of DNA strands, DNA origami technology;,
could be one of the appropriate solutions to addressing that problem in that it
enables the fabrication of nanometre-precise structures®®. Through the
development of prototyping software’ and experimental methods to build DNA
nanostructures with intended shapes® 101! and rigidities!? 3, it has become more
feasible to perform sophisticated structural designs of the desired form.
Furthermore, the advances in quantitative computational analysis'* ** not only
support the exquisite design of the DNA nanostructure through physical prediction
of the equilibrium configuration, but recent studies on the hierarchical assembly?®
17 have also enabled more complex structural design by polymerizing monomers
with respective shapes patterns.

However, compared to the development of the precise structural design of
DNA nanostructures, the reconfiguration system developed so far has limitations in
implementing origami technology that enables numerous fold configurations at the
nanoscale. First, a common way is to connect both sides of the DNA nanostructure
with strands®® 1% 20, Since they usually had high internal rigidity to fold due to their
densely designed sheet-type, they usually formed a tubular shape rather than
completely folded. To avoid the curved form and obtain the entirely folded state,
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various hinge systems have been introduced. In these systems, two tongs-like or
planar DNA assemblies were connected to each other and pivoted at the joint
consisting of single-stranded DNA (ssDNA), and their structural arms or leaves
could be adjusted at an intended degree or state (between open and closed) by
controlling mechanical properties? 22, binding interactions® 24, or stimulus-
responsive actuation based on the cationic?® % or acidic?’ concentrations. However,
since the folding line was determined in advance by the hinge designs, various
crease pattern designs were intrinsically limited in this system. Furthermore, while
some studies on a Bennett linkage?® or waterbomb-based?® mechanism
implemented its multifarious folded configurations of DNA assemblies through
effective hinge designs and precise kinematic analysis, their transformations were
still constricted by structurally engraved creases. Besides the hinge system, a
reconfigurable shape transition for a wireframe DNA structure that was generally
more bendable has also been studied®®. However, it was rather close to forming a
three-dimensional construction from the planar diagram, not a complete folding
mechanism.

Here, we designed DNA wireframe assemblies (DNA wireframe paper)
for the complete folding of nanostructures and demonstrated eight types of
reconfigurable folding patterns using a modular crease patterning method based on
single-stranded DNA (ssDNA) overhang and toehold-mediated strand displacement.
The high folding success rate above 90% was obtained by increasing the binding
probability between the overhangs and reducing the structural rigidity of the
folding line. Orthogonal folding, repeatable folding and unfolding, and folding-
based fluorescence signal control were successfully implemented as folding
properties, and beyond the strand displacement, various environmental folding
controls, such as pH-responsive structural reconfiguration and UV-based anti-
folding system, were introduced and demonstrated. Finally, by polymerizing four
original DNA papers, we synthesized a quadrupled DNA paper and realized 10

types of larger-scale and more complex folding patterns.



Chapter 2. Results

2.1. Design principle

In order to utilize a paper folding mechanism for reconfigurable DNA origami, we
need to construct a reference, paper-like structure with crease patterns (or folding
lines) about which it can be easily folded and unfolded. Toward this end, we
designed a DNA origami wireframe whose edges were formed along the target
crease patterns and the boundaries in paper folding (Figure 1a and Figures 2-3).
Edges consisted of two-helix bundles as they were stiff enough to maintain overall
structural integrity. Hereafter, we call this reference structure ‘DNA wireframe
paper’. To realize various folds in DNA wireframe papers (Figure 1b), we
incorporated ssSDNA overhangs denoted as crease handles into folding lines (Figure
1c) with two types: 3° (pink) and 5™ (orange) crease handles. The overhang part of
crease handles was composed of 8-nt-long ssDNA for bonding and 3-nt-long poly-
T bases for spacer (black) where ‘nt” denotes nucleotide. The folded state of DNA
wireframe papers was activated by adding glue strands with complementary
sequences to both crease handles. Each glue strand had a 5-nt-long toehold in its
terminal, and hence, the folded structure could be unfolded via the toehold-
mediated DNA displacement when releaser strands complementary to glue strands
were added.

We first experimentally demonstrated the feasibility of the proposed
folding mechanism by testing half-folding and unfolding of the square (SQ) DNA
wireframe paper (Figure 1d). It was drafted using PERDIX?! and only one pair of
DNA edges placed on both sides of the target folding line was modified to have six
3" and 5’ crease handles (Note 1 and Figure 4). The atomic force microscopy
(AFM) images confirmed it could be successfully constructed into the unfolded,
reference state. The heights of five peak points measured parallel to the folding line
ranged from 0.6 to 0.8 nm. Randomly half-folded structures observed were 2%
only. To fold the structure, we added glue strands ten times the concentration of
crease handle pairs and incubated them at room temperature for an hour. Almost
60% of DNA wireframe papers were half-folded as intended. The measured heights
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of five peak points were larger than 1.2 nm, suggesting the edges were laid over
each other and hence the structure was well folded in half. Finally, releaser strands
ten times more than glue strands were added and incubation at 37°C was applied
for an hour. They could successfully unfold the structure as the ratio of half-folded
DNA wireframe papers was decreased to 2% again and the heights of five peak
points were returned to their initial values. These results clearly show the
possibility to build reconfigurable DNA origami with reversibility through
programmable crease patterns in paper folding.

We further explored other types of folding of the SQ DNA wireframe
paper (Figure 5a and Figure 6). Each crease was labeled with H (half) and Q
(quarter) by the folding type. The AFM measurements confirmed that all eight
types of folded configurations could be successfully realized as intended (Figure 5b,
Figures 7-9, and Table 1). The equilibrium folded configurations in solution
estimated using FE analysis, SNUPI%, were similar to those observed on mica in
AFM (Figure 5¢, Figures 10-11, and Table 2). Agarose gel electrophoresis also
showed higher mobility of a more folded structure (Figure 5d and Figure 12).
These results suggested that the designed DNA wireframe papers were properly
folded and maintained in solution rather than accidentally folded when deposited

on mica and measured by AFM.
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Figure 1. Scheme of nanoscale folding and unfolding of DNA wireframe paper.
(&) Schematic representation of origami paper in macroscale (left) and DNA
wireframe paper composed of DNA edges in nanoscale (right). (b) Conceptual
illustration of transferring various folding lines from macroscale into nanoscale. (c)
Basic principles of folding and unfolding of DNA wireframe paper. Crease: two
types of crease handles, 3" and 57, were designed to be overhung from the DNA
edge and perpendicular to the plane of DNA paper. Folded: DNA wireframe paper
was folded by adding glue strands (green) complementary to both crease handles.
Unfolded: adding releaser strands (purple) fully complementary to the glue strand
activates unfolding reaction through toehold-mediated strand displacement. (d)
Experimental validation of folding mechanism with an example of half-folding of
the DNA wireframe paper. The heights of five peak points of a DNA wireframe
paper parallel to the folding line were measured by AFM and marked with reverse

triangles in the height plot. Scale bars, 100 nm.
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Figure 2. caDNAnNo blueprint of square DNA paper (SQ).

Gray and red-colored strands represent the edge and vertex staples, respectively.
The DNA wireframe assemblies were designed based on the dual DNA duplex
edge with a 7249-nt length of M13mp18 scaffold (blue) using PERDIX®,
Sequences of the unpaired region of vertex staples are all designed with thymine
(T). A scaffold loop was added in helix 56 to adjust the total length of the scaffold.
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a Square DNA paper (SQ)

Concentration of MgCl, [mM]

Scaffold >
Ladder  (M13mp18) 10 12 14 16 18 20
X B S —
|

Mg 12 mM

Figure 3. Synthesis of square DNA paper.

(a) Gel electrophoresis with Ethidium-Bromide stained 1.5wt% agarose gels for 90
min at 75 V by varying the cation concentration. Cation concentration of 12 mM
MgCl, (white box) was used to synthesize square DNA papers (SQ). (b)
Representative AFM images of SQ annealed with 12 mM MgCl.. Scale bars, 500

nm and 100 nm.
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Cross-section of DNA edge

2

spacer

Lo
s

=g

8 H -
'_T § o 13BP

z

B 1
S 8

Glue

(half -folded, SQ H1)

« Unfolded Half-folded = Others
100
1 el
80
9
p 60 .
XS]
©
S 40
- .
20 +
- Fo -
0 . 1 1 4 =
Initial Glue "> Releaser

Releaser ® (unfolded)

Figure 4. Crease handle design and experimental validation for half-folding

and unfolding of SQ.

(a) Schematic illustration of crease handle designs for half-folding. The overhang

direction of each crease handle was designed to be perpendicular to the crossover
direction of DNA edge. (b) Representative AFM images of three states of the DNA

wireframe papers. Scale bars, 1 um. (c) The fraction of shapes at three states was
described. (d) Exemplary AFM images of half-folding of SQ. Scale bar, 100 nm.
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Figure 5. Implementation of various folding of DNA wireframe paper.

(a) Various folding patterns of square DNA wireframe papers (SQ). H: half-folding,
Q: quarter-folding, and suffixal number: folding number. (b) Schematic illustration
and representative AFM images of folded SQ after adding glue strands (green
arrow). The pink and orange edges represented the DNA edges modified with 3
and 5° crease handles, respectively. Scale bars, 50 nm. (c) Equilibrated
configurations of folded SQ estimated by finite element analysis in SNUPI%, (d)
Gel electrophoresis with Ethidium-Bromide (EtBr) stained 1.5wt% agarose. Higher

mobility of the band was observed for a more folded structure. L: ladder.
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Figure 6. Detailed crease pattern of SQ folding.

Sky blue and blue edges indicate the modified DNA edges having 3" and 5° crease
handles that bind with gluel strands (G1), respectively. Pink and yellow edges
indicate the modified DNA edges having 3™ and 5° crease handles that bind with
glue2 strands (G2), respectively. The downward direction of crease handles

represents the crease handles for mountain fold (M) (see 5th crease pattern).
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Figure 7. Exemplary AFM images of SQ folding (1).

Scale bars, 100 nm.
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SQ H1

SQ H2

SQ H3

Figure 10. FE analysis results of equilibrated configurations of SQ folding (1).

Complete binding between glue strands and designed crease handles was assumed.
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Figure 11. FE analysis results of equilibrated configurations of SQ folding (I1).

Complete binding between glue strands and designed crease handles was assumed.
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Folded SQ

Ladder  SQ(Mg12) H1 H2 H3 Q1 Q12 Q13 Q123 Q1234

- R

RF =1

S G S S S———

Relative 0.675 0.775 0.800 0.788 0.712 0.725 0.725 0.750 0.750
front (RF)

Figure 12. Gel electrophoresis of folded SQ.

Gel electrophoresis with Ethidium-Bromide stained 1.5wt% agarose gels for 90
min at 75 V to compare the migration of folded square DNA wireframe papers
(SQ). Each value of relative front (RF) was measured from the relative distance
between the entrance and the band position of the gel using Image Lab v5.1
program (Bio-Rad). Agarose gel electrophoresis showed higher mobility of a more

folded structure.
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Table 1. Folding yield of DNA wireframe paper.

* Single folding

Number Number of DNA structures
Name Numb_er of gap Yield (%) Standard
of pair (state) Folded Others Total error (%)
SQ ref 0 nick 256 24 280 91.4 1.60
nick 343 165 508 67.5 171
1-gap 404 120 524 77.1 1.61
' 3-gap 457 137 594 76.9 1.52
5-gap 485 112 597 81.2 1.44
nick 227 35 262 86.6 1.96
1-gap 337 47 384 87.8 1.57
SQ H1 2
3-gap 378 58 436 86.7 151
5-gap 417 51 468 89.1 1.36
nick 91 14 105 86.7 3.09
1-gap 140 19 159 88.1 2.41
’ 3-gap 267 34 301 88.7 1.72
5-gap 176 13 189 93.1 1.78
1 - 119 192 311 38.3 1.70
SQ H2 2 - 393 75 468 84.0 1.55
3 - 445 29 474 93.9 1.07
1 - 69 190 259 26.6 142
SQH3 2 - 272 87 359 75.8 197
3 - 407 88 495 82.2 1.56
1 nick 126 47 173 72.8 2.89
2 nick 270 71 341 79.2 1.96
SQ Q1 nick 291 40 331 87.9 1.68
3 1-gap 512 67 579 88.4 1.25
5-gap 468 97 565 82.8 1.44
99 #Jx_'i e



Table 1 (continued).

* Multiple quarter-folding (1-pair and nick)

Narme Number of DNA structures vield Standard
SO | o1 | 01z | 013 | 0123 | Q1234 | Others | Total | () | &mor ()
SQ Q1 30 126 4 4 0 0 9 173 72.8 2.89
SQ Q12 32 122 | 150 4 1 0 42 351 42.7 1.73
SQ Q13 24 | 115 3 102 6 0 36 286 35.7 1.69
SQ Q123 9 38 57 27 74 0 16 221 335 1.84
SQ Q1234 5 15 21 22 59 25 33 180 13.9 0.96
* Orthogonal folding (H1: 3-pair and nick, H2: 3-pair)
Name State Number of DNA structures Yield Standard
0,
SQ | HL | H2 | Q1 | others | Toml | O | emorCe)
no
al 242 7 7 28 9 293 82.6 2.01
Orthogonal ue
SQ
luel 1 4 2 11 471 2 .87
(H1, H2) Glue 453 96 0.8
Glue2 5 1 369 3 17 395 93.4 1.21
* Repeatable folding (H1: 3-pair and nick & Gel extraction)
Name State Number of DNA structures Yield Standard
sQ H1 Others Total (%) | error (%)
Unfolded 128 7 23 158 81.0 2.81
SQ H1
Folded 0 761 19 780 97.6 0.55
3 -
23 -':l'\-\._i "';'. -1



Table 1 (continued).

* Folding-dependent signal control (H1: 3-pair and nick, H2: 3-pair)

Number of DNA structures

Yield Standard
Name State o error (%)
Folded Unfolded Others Total (%) °
Initial 17 (H1) 265 60 342 775 1.99
SQ H1 Glue 276 (H1) 0 5 281 98.2 0.78
Releaser | 11 (H1) 178 23 212 84.0 2.31
Initial 23 (H2) 397 75 495 80.2 1.60
SQ H2 Glue 549 (H2) 4 31 584 94.0 0.95
Releaser 36 (H2) 349 70 455 76.7 1.74
* 2-pair of reporters and quenchers was used.
* Mountain and valley fold (H1: 3-pair and nick)
Number of DNA structures Yield Standard
Name State (%) error (%)
H1 Unfolded Others Total
Mountain 213 3 1 217 98.2 0.80
SQ H1
Valley 276 0 5 281 98.2 0.78
* 2-pair of reporters and quenchers was used.
* pH-responsive folding and unfolding (3-pair)
Number of DNA structures Yield Standard
Name State (%) error (%)
Folded Unfolded Others Total
pH 5.95 398 7 37 440 90.1 1.35
pH 6.67 318 24 37 379 83.9 1.73
pH 7.29 208 74 37 319 65.2 2.15
SQ H1
pH 7.68 79 194 29 302 26.2 1.29
pH 8.11 6 200 24 230 2.61 0.17
pH 8.41 6 238 46 290 2.07 0.00

* 2-pair of reporters and quenchers was used.
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Table 1 (continued).

* UV-responsive unfolding (3-pair & PC-glue)

uv Number of DNA structures Yield Standard
Name 1§ jumination (%) | error (%)
Folded | Unfolded | Others Total 0
0 min 165 18 11 194 85.1 2.36
1 min 169 20 6 195 86.7 2.27
5 min 87 62 21 170 51.2 2.74
SQ H1
10 min 18 101 32 151 11.9 0.91
15 min 6 115 18 139 4.32 0.36
30 min 9 258 18 285 3.16 0.18
0 min 109 26 14 149 73.2 3.11
SQ H2
15 min 16 146 10 172 9.30 0.68
0 min 180 14 12 206 87.4 2.16
SQ Q1
15 min 9 144 3 156 5.77 0.45
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Table 2. Main parameter of finite element analysis.

Option Abbreviation Value Unit
1. Base-pair (BP) and crossover (CO) steps
- Coefficient function BP_CF_IND Order 1 -
2. Single-stranded DNA (ssSDNA)
- Contour length per nucleotide SS LC1 0.67 [nm/nt]
- Persistence length SS LB 0.74 [nm]
- Stretching rigidity when stretched SS EA H 710 [PN]
- Stretching rigidity when relaxed SS EA L 5 [PN]
- Coefficient function SS_CF_IND Order 1 -
3. Electrostatic interaction (ES)
- Temperature ES TEMP 300 [K]
- Mg concentration ES MG 20 [mM]
- Cutoff distance ES_R_CUT 20 [nm]
- Coefficient function ES_CF_IND Quadratic -

Prior to the FE analysis, the partition and relocation methods for DNA wireframe

assemblies were applied. For other parameters, in general, the default value

described in SNUPI%? was used.
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Table 3. Staple sequence for constructing DNA wireframe paper.

» Square DNA paper (scaffold = M13mp18, edge =, vertex ®)(H: helix)

Name Sequence (5'—3")
E01-1_H00 ACTATGGTTGCTTTCGTGGCGAGAAAGGAAGGGAAGGCGCGT
E01-2_H00 ATGCGCCGCTACAGGAAAGCGAAAGGAGCGGGCGCGCGCTTA
E01-3_H00 CCACCACACCCGCCTAGGGCGCTGGCAAGTGTAGCGGTCAGGGTGAGA
E01-4_H01 AAGGCCGGAGGTAAAGATTCAAAACGCTGCGCGTAA
E01-5_H00 CCTGAGTAATGTGTAGACAGTCAAATCACCATCAATGCAATG
E01-6_HO00 TCATATATTTTAAATATGATATTCAACCGTTCTAGAGAACCC
E02-1_H02 AGAAGCCTTTATTTAAATTAAGCAATAAAGCCTCATTGCGGG
E02-2_H02 ACCCTGTAATACTTGAGCATAAAGCTAAATCGGTTGTACCTTGCTCCT
E02-3_H03 TTTGATAATAGAGAGTACCTTTAAAAAAACATTATG
E02-4_HO02 CAACAGGTCAGGATGAGGTCATTTTTGCGGATGGCCAAACTC
E03-1_H04 TTTAATTCGAGCTTCCCTGACTATTATAGTCAGAAATCGCGT
E03-2_H04 GAAAGACTTCAAATGCAAAGCGGATTGCATCAAAAAGATTCGATTAAA
E03-3_H05 GGGATTTTGAGCTAAACAGGAGGCAAGAGGAAGCCC
E03-4_H04 TAGAATCAGAGCGGAGACAGGAACGGTACGCCAGATCCTCGT
E04-1_H06 AACGAGAATGACCATAGACTGGATAGCGTCCAATATTCAGAA
E04-2_H06 AATGCTTTAAACAGCTGCGGAATCGTCATAAATATTCATTTACATTTT
E04-3_H07 GACGCTCACGCTCATGGAAATACCGAATCCCCCTCA
E04-4_HO06 TGCAACAGGAAAAAATCGTCTGAAATGGATTATTTCAGCCAT
E05-1_H08 CGGCCTTGCTGGTACCTTATAAATCAAAAGAATAGAAACTAT
E05-2_H08 GAGTAGAAGAACTCCCCGAGATAGGGTTGAGTGTTCTTGCCT
E05-3_H08 TAGTAATAACATCAGTTCCAGTTTGGAACAAGAGTCTTTGAT
E05-4_HO08 TTGTAGCAATACTTCCACTATTAAAGAACGTGGACTTAACCG
E05-5_H08 GTCCATCACGCAAATCCAACGTCAAAGGGCGAAAAAGAGTCT
E05-6_H08 GGCCACCGAGTAAAACCGTCTATCAAGCACTAAATTCAGTGA
E06-1_H10 AAGAAGTTTTGCCATAATGCTGTAGCTCAACATGTTTTGCAA
E06-2_H10 AATAGCGAGAGGCTTTTAAATATGCAACTAAAGTAAAACCAA
E06-3_H10 CCAGACGACGATAACGGTGTCTGGAAGTTTCATTCTCGTTTA
E06-4_H10 CACTATCATAACCCCATATAACAGTTGATTCCCAAAGAGCAA
EO07-1_H12 GATACATAACGCCATATACCAGTCAGGACGTTGGGTAATGCA
EQ07-2_H12 ATACCACATTCAACAAGAAAAATCTACGTTAATAATTTAGGA
E07-3_H12 TTCATCAGTTGAGAAACGAACTAACGGAACAACATTATTAAAGCGTAA
E07-4_H13 GAATACGTAACCCTTCTGACCTGACAGGTAGAAAGA
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E07-5_H12

GCCAACAGAGATAGGGCACAGACAATATTTTTGAACATTCTG

E07-6_H12 AGTAATAAAAGGGATGGCTATTAGTCTTTAATGCGCACGACC
E08-1_H14 TGTGAATTACCTTAGAATAAGGCTTGCCCTGACGATAATCAT
E08-2_H14 TTTAATTTCAACTTGAAACACCAGAACGAGTAGTAAATTGAAAACATA
E08-3_H15 GCGATAGCTCCCTTAGAATCCTTGGGCTTGAGATGG

E08-4_H14 CTATTAATTAATTTTTAGATTAAGACGCTGAGAAGATCGTCG
E09-1_H16 TCAATATATGTGAGAACAAACATCAAGAAAACAAAACATAAA
E09-2_H16 TTAATGGAAACAGTATTAATTACATTTAACAATTTCATTTATAAAACA
E09-3_H17 GAGGTGAGGAACCACCAGCAGAAGGAATTACCTTTT
E09-4_H16 TAAAAATACCGAACGCGGTCAGTATTAACACCGCCTCGCCAT
E10-1_H18 ATTCATTTCAATTACCTTTTACATCGGGAGAAACAGCGAATT
E10-2_H18 AAAATCGCGCAGAGATAACGGATTCGCCTGATTGCTTTGAAGAAGTAT
E10-3_H19 TAGACTTTATACATTTGAGGATTTATACCAAGTTAC

E10-4_H18 GCCGTCAATAGATAACAAACAATTCGACAACTCGTGATTAGA
E11-1_H20 TATCTAAAATATCTCGGGGAGAGGCGGTTTGCGTAGGAAGGT
E11-2_H20 TTGAAAGGAATTGATTGGGCGCCAGGGTGGTTTTTTCAACAG
E11-3_H20 GGTCAGTTGGCAAACTTTTCACCAGTGAGACGGGCAATATCT
E11-4_H20 TCAAACCCTCAATCAACAGCTGATTGCCCTTCACCTCAAATA
E11-5_H20 CACCTTGCTGAACCGCCTGGCCCTGAGAGAGTTGCAAAGCAT
E11-6_H20 CAAATGAAAAATCTAGCAAGCGGTCCACGCTGGTTCCAGCAG
E12-1_H22 TCAGGTTTAACGTCAATCATAGGTCTGAGAGACTATAGATTT
E12-2_H22 ATAAAGAAATTGCGCCTTTTTAACCTCCGGCTTAGAACAGAA
E12-3_H22 TTATTTGCACGTAAGTTGGGTTATATAACTATATGATCAAAA
E12-4_H22 TTAGAACCTACCATTAAATGCTGATGCAAATCCAAGGAAGGG
E13-1_H24 ATAATCCTGATTGTTCCTGTGTGAAATTGTTATCCCATCAAT
E13-2_H24 AGATGATGGCAATTGCTCACAATTCCACACAACATGATTATC
E13-3_H24 ATCATCATATTCCTACGAGCCGGAAGCATAAAGTGCGGAATT
E13-4_H24 ACCACCAGAAGGAGTAAAGCCTGGGGTGCCTAATGCAAAGAA
E13-5_H24 ATCATTTTGCGGAAAGTGAGCTAACTCACATTAATTAACATT
E13-6_H24 TTTAAAAGTTTGAGTGCGTTGCGCTCACTGCCCGCTATTAAT
E14-1_H26 ATCCAATAAATCATAGGCTCCAAAAGGAGCCTTTACATTAAC
El14-2_H26 ACTAATAGTAGTAGATTGTATCGGTTTATCAGCTTCAATTCT
E14-3_H26 TGAAAAGGTGGCATGCTTTCGAGGTGAATTTCTTACGCGAGC
E14-4_H26 ATTTTCATTTGGGGAACAGCTTGATACCGATAGTTTAGCTAT
E14-5_H26 GTCAATAACCTGTTGCGCCGACAATGACAACAACCGCAAATG
E14-6_H26 ATTAGATACATTTCATCGCCCACGCATAACCGATATTTGACC
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E15-1_H28

ATTACCCAAATCAACGGTCAATCATAAGGGAACCGGATATTC

E15-2_H28 CTTGACAAGAACCGAACTGACCAACTTTGAAAGAGGAGTAAT

E15-3 H28 CTGACCTTCATCAAGACAGATGAACGGTGTACAGACCAGGAAATACCG
E15-4_H29 ACCGTGTGTAAATTTAATGGTTTGCGCATAGGCTGG

E15-5_H28 TTCATCTTCTGACCATAAATAAGGCGTTAAATAAGAGTTAAT

E15-6_H28 TTCAAATATATTTTAATAAACACCGGAATCATAATAAACTTT

E16-1_H30 TGGTAATAAGTTTTATCAGGTCATTGCCTGAGAGTAGTGTAC
E16-2_H30 TTTGATGATACAGGCTGGAGCAAACAAGAGAATCGCATGGCT
E16-3_H30 CAGTAAGCGTCATAATGAACGGTAATCGTAAAACTACCGTTC
E16-4_H30 CAGTCTCTGAATTTAGCATGTCAATCATATGTACCGAAAGCG
E16-5_H30 TTAAAGCCAGAATGCCGGTTGATAATCAGAAAAGCATCCTCA
E16-6_H30 TCACAAACAAATAACCCAAAAACAGGAAGATTGTATTGATAT
E17-1_H32 ATTGACAGGAGGTTCCGCCACCCTCAGAACCGCCACGCCAGC
E17-2_H32 ACCACCAGAGCCGCCCCTCAGAGCCACCACCCTCAGAGCCCGTCGAGA
E17-3_H33 GGGTTGATCCAGGCGGATAAGTGCGCCACCAGAACC

E17-4_H32 GGTTTTGCTCAGTAATAAGTATAGCCCGGAATAGGTTAGCGG
E18-1_H34 TAAGAGGCTGAGACGATTTTGCTAAACAACTTTCAAAAGTAT
E18-2_H34 TATTCTGAAACATGACAGTTTCAGCGGAGTGAGAAAACCTAT
E18-3_H34 CCTGCCTATTTCGGTAGAAAGGAACAACTAAAGGAAATGCCC
E18-4_H34 CCGTATAAACAGTTATTGCGAATAATAATTTTTTCACAGTGC

E19-1_H36 TCTTTCCAGACGTTCGTCACCAGTACAAACTACAATTTGTCG
E19-2_H36 TAACGATCTAAAGTCGCCTGTAGCATTCCACAGACAGCCCCAGCAGCG
E19-3_H37 AAAGACAGGCGGGATCGTCACCCTTCATAGTTAGCG

E19-4_H36 TAAAGGCCGCTTTTCATCGGAACGAGGGTAGCAACAGGGAGT
E20-1_H38 GCCCAATAGGAACCTTTAGTACCGCCACCCTCAGAATAGCAA
E20-2_H38 CCTCATTTTCAGGGACCGCCACCCTCAGAACCGCCACCCTACCATTAG
E20-3_H39 CAAGGCCGCACCAGTAGCACCATTCAGAGCCACCAC

E20-4_H38 AGAGCCAGCAAAATGAAACGTCACCAATGAAACCAGGGAATT
E21-1_H40 AAGGTGAATTATCAGAATAAGTTTATTTTGTCACATTCATTA

E21-2_H40 ATTGACGGAAATTAATCAATAGAAAATTCATATGGGGTAAAT
E21-3_H40 ATTGAGGGAGGGAATTTACCAGCGCCAAAGACAAAAGGGCAAGGCACC
E21-4_H41 AACCTAAAACGTAATGCCACTACGGACATTCAACCG

E21-5_H40 TAAACGGGTAAAATACGAAAGAGGCAAAAGAATACTTTCCAT
E21-6_H40 TTTTCATGAGGAAGACTAAAACACTCATCTTTGACAAAGACT
E22-1_H42 AGGTGGCAACATATGGTTTTGAAGCCTTAAATCAATACATAA
E22-2_H42 ACGTAGAAAATACAGATTAGTTGCTATTTTGCACCTTAGCAA
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E22-3_H42

TATTACGCAGTATGCAGCTACAATTTTATCCTGAAGACTCCT

E22-4_H42 ACTGGCATGATTAATCTTACCAACGCTAACGAGCGCAAAAGA
E23-1_H44 AGGAAACCGAGGAAGAAACAATGAAATAGCAATAGTACCAGA
E23-2_H44 TAGCCGAACAAAGTCTATCTTACCGAAGCCCTTTTTAAGAATAAATTG
E23-3_H45 TGTCGAAATTTGTATCATCGCCTGAAAGTAAGCAGA

E23-4_H44 AAGTACAACGGAGATCCGCGACCTGCTCCATGTTACGAAACA
E24-1_H46 CCACAAGAATTGAGAAGCGCATTAGACGGGAGAATAGATAAC
E24-2_H46 CGCTAATATCAGAGTAACTGAACACCCTGAACAAAGTCAGCCAACGCT
E24-3 H47 CAACAGTATCTTACCAGTATAAAGAGGGTAATTGAG

E24-4_H46 TGCGTTATACAAATGGGCTTAATTGAGAATCGCCATATCATA
E25-1_H48 AGCAGCCTTTACAGCAGTTACAAAATAAACAGCCATGAAAAT
E25-2_H48 TTTAACGTCAAAAATATTATTTATCCCAATCCAAATAAGAAGAAACCA
E25-3_H49 ATCAATAATAATTTACGAGCATGTAACGATTTTTTG

E25-4_H48 ATAATATCCCATCCTCGGCTGTCTTTCCTTATCATAAGAAAA
E26-1_H50 ACGCGCCTGTTTATTATTACGCCAGCTGGCGAAAGATGCAGA
E26-2_H50 AACATGTTCAGCTAGGGGATGTGCTGCAAGGCGATAATAAAC
E26-3_H50 GTCCAGACGACGACTAAGTTGGGTAACGCCAGGGTTAATTCT
E26-4_H50 GACAAAAGGTAAAGTTTCCCAGTCACGACGTTGTAAAGTACC
E26-5_H50 AATAAGAGAATATAAAACGACGGCCAGTGCCAAGCAGCCAGT
E26-6_H50 CAGAGGCATTTTCGTTGCATGCCTGCAGGTCGACTATTTAGG
E27-1_H52 GGAACCAGAGCCACTTTTTGTTAAATCAGCTCATTAATCACC
E27-2_H52 CTTTTCATAATCAATTTTAACCAATAGGAACGCCATTGCCAT
E27-3_H52 CCCCTTATTAGCGTTCAAAAATAATTCGCGTCTGGTCATAGC
E27-4_H52 ATCGGCATTTTCGGCCTTCCTGTAGCCAGCTTTCACGTTTTC
E27-5_H52 GTCAGACTGTAGCGTCAACATTAAATGTGAGCGAGCTTTAGC
E27-6_H52 AGAATCAAGTTTGCTAACAACCCGTCGGATTCTCCTAGCGAC
E28-1_H54 ACGCGAGGCGTTTTGGGCGCATCGTAACCGTGCATTCTAAGA
E28-2_H54 GGCTTATCCGGTATCTGCCAGTTTGAGGGGACGACTATAGAA
E28-3_H54 GCAAGCAAATCAGAGACAGTATCGGCCTCAGGAAGCCCAATA
E28-4_H54 GAATCATTACCGCGATCGCACTCCAGCCAGCTTTCATCGTAG
E28-5_H54 CCGTTTTTATTTTCCGGCACCGCTTCTGGTGCCGGAAGCAAG
E28-6_H54 CACTCATCGAGAACAAACCAGGCAAAGCGCCATTCAGTACCG
V01-1_HO00 GCACGTTTTTTTTTAACGTGCTTATCCT

V01-2_HO05 GAGAAGTTTTTTTTGTTTTTATAACGGAACCCTAAAGG

V01-3_HO09 GAGCCCCCGATTTTTTTAGAGCTTGACGGGGAAAGCCGGCGAAGACGA
V02-1_H09 ATGGTGGTTCCGAAATCGGCAAAATCATATCCAGAATTTTTTTTATATTA
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V02-2_HO06 CCGCACATTGGCAGATTTTTTTTTCACCAGTCACGAACTGATAGTTTTTTTCCCTAA
V02-3_H16 AACATGCAACAGTGCTTTTTTTCACGCTGAGAGTGCCCCAGCAGGCGAAAATCCTGTTTG
V03-1_H20 AGCACTTTTTTTTACAACTAATAATTAA

V03-2_H19 ATCCTTTTTTTTTTGCCCGAACGTTTTCCAGTCGGGAA

V03-3_H25 ACCTGTCGTGCCATTTTGCTGCATTAATGAATCGGCCAACGCGTTAGG

V04-1_H31 CTATTTTTGAGAGATCTACAAAGGCTAACGGGGTCATTTTTTTTGCCTTG

V04-2_H03 AGCACAACGCAAGGATTTTTTTTTAAAAATTTTTCTGATAAATTAATGCCGGAGAGGGTAG
V04-3_H34 AGTAACGTTGAAAATTTTTTTTCCAAAAAAAACAGGCAAGGTTTTTTTAGAATT
V05-1_H14 TTTTAATTTTTTTACTGGCTCATAAAGGAATTATTTTTTTTAGGCATAGTATTCTGC
V05-2_H37 CAGAGGTTTTTTTCTTTGAGGACTCCCCAGCGATTTTTTTTTATACCAAGCGCTTAG
V05-3_H45 CCGGAATTTTTTGAGGCGCAGACGTAACAAAGTTTTTTTCTCATTCAGTTGCGA
V05-4_H11 GAACGTTTTTTTAGTAGATTTAGTATTCGGTCGCTTTTTTTTGAGGCTTGCGGCTA
V06-1_H25 AATTCGTAATCATGGTCATAGCTGTTTTGGATTATATTTTTTTTTCTGAA

V06-2_H22 TAATTCGCAAGACAATTTTTTTAGAACGCGAGATACTAGAAAAATTTTTTTGCCTGT
V06-3_H46 TTAGTATTTAACAACTTTTTTTGCCAACATGTACTAGAGGATCCCCGGGTACCGAGCTCG
V07-1_H32 AGGTCATTTTTTTTGACGATTGGCCTAAGCAAATATTTA

V07-2_H52 GAACCTTTTTTTTCCCTCAGAGGAGGC

V07-3_H31 AATTGTAAACGTTTTTTAATATTTTGTTAAAATTCGCATTAAACACCG

V08-1_H55 ATGGGATAGGTCACGTTGGTGTAGATAGCGAACCTCTTTTTTTACTTGCGGGAAAAAG
V08-2_H42 AAACGCTTTTTTTAGACACCACGCCGTCACCGATTTTTTTTTGAGCCATTTTCGAT
V08-3_H39 AGCAGCTTTTTTTACCGTAATCAGGTGGGAACAAACGGCGGATTGACCGTA
V09-1_H50 ATAGATTTTTTTTAGTCCTGAACTCCAA

V09-2_H49 GAACGGTTTTTTTGTATTAAACCAGCCATTCAGGCTGC

V09-3_H55 GCAACTGTTGGGATTTTAGGGCGATCGGTGCGGGCCTCTTCGCCAACA

V10-1_H04 GAACCTTTTTAGACCGGAAGTTAGAGCTTAATTTTTTGCTGAATAGAGGG

V10-2_H10 GGTAATTTTTTGTAAAATGTTTAAATCAAAAATTTTTCAGGTCTTTACAAAGC
V11-1_H16 ACCTTTTTTTGCTTCTGTAAAGTCAATAGTGTTTTAATTTATCAAAGATG

V11-2_H22 AATATATTTTTAGTAACAGTACCTGAGCAAAATTTTTAAGATGATGATGAATA
V12-1_H34 AGAGATTTTTAGGATTAGGATGTATCACCGTTTTTACTCAGGAGGCATGT

V12-2_H38 ACCGTATTTTTCACTGAGTTTAGTAAATGAATTTTTTTTCTGTATGGTCCTCA
V13-1_H44 TAATATTTTTACGGAATACCTCTTTCCAGAGTTTTCCTAATTTGCAGAGA

V13-2_H48 ATAACATTTTTAAAAACAGGGTTAAGCCCAATTTTTTATAAGAGCAAACGCAA
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Note 1. Design of DNA wireframe nanostructure.

Draft for the square DNA wireframe paper (SQ) was designed using PERDIX3,
The SQ was composed of 9 vertices, 16 edges with 104 BP and 12 edges with 146
BP, and 16 faces. Edges were designed based on a dual DNA duplex with
antiparallel double crossover. The name of edges (E) and vertices (V) were labeled
as shown in the figure below. A scaffold loop was added to adjust the total length
of the scaffold, and edge staples were modified to have the direction of nicks
perpendicular to the plane. Detailed caDNANo design and sequences were

described in Figure 2 and Table 3.

Dual DNA duplex edge based on antiparallel double crossover (e.g. E25)
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2.2. Yield optimization

The estimated yield based on AFM images (Figure 13) was below 70% for the
folding patterns in the previous section (Table 1). This relatively low yield was
because the number of crease handle pairs was insufficient and the edges were too
stiff. To enhance the yield of folded structures, we explored the effect of the
number of crease handle pairs and the stiffness of edges on the structural yield.

First, we varied the number of crease handle pairs controlling the binding
probability between glue strands and crease handles (Figure 14a). In the case of H2
folding which showed the lowest yield with a single pair of crease handles, the
yield increased drastically from 38.3% to 84.0% and eventually 93.9% when the
number of crease handle pairs increased from one to two and three, respectively
(Figure 14c, Figure 15, and Table 1). The yields of Q1 and H1 foldings were
improved from 72.8% to 87.9% and from 67.5% to 86.7%, respectively, when
three pairs were used (Figure 14c and Figures 15-20). Hence, the use of a sufficient
number of crease handle pairs would be important to implement a paper folding
mechanism with a high yield.

For further enhancement, we investigated the influence of the edge
stiffness as well. In the SQ DNA wireframe paper designed by PERDIX, most
vertices where wireframe edges meet have unpaired single-stranded parts. However,
the vertices at the middle of outer boundaries have a nicked double helix making
them stiffer than other vertices (Figure 14d, black box), which may deteriorate the
success rate of folding about them. Hence, we systematically reduced their bending
stiffness by replacing a nick with a gap of different lengths through the modular
change of staple strands around the nick position®, First, its effect was examined
with H1 folding where two stiff vertices were involved. In total, 9 structures were
additionally constructed by considering four gap lengths (1-, 3-, and 5-nt-long
gaps) for three cases in the number of crease handle pairs (Figure 14e and Figure
21). 5-gap designs showed the highest yield for all cases in the number of crease
handle pairs as it was improved from 67.5%, 86.6%, and 86.7% to 81.2%, 89.6%,
and 93.1% for one, two, and three pairs, respectively (Figures 16-18 and Table 1).
Note that the softening of these vertices using gaps did not affect overall structural
integrity as the unfolded portion of 5-gap designs without glue strands was

.
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maintained near 80%, similar to original, non-gap designs (Figure 22). Hence, the

modulation of the vertex stiffness locally using gaps would be an effective way of

enhancing the folding yield without hurting the overall structural integrity of DNA
wireframe papers.

To quantitatively compare the effect of the edge stiffness, we estimated
the strain energy of folded structures using SNUPI®2 (Figure 14f and Note 2). As
expected, the normalized flexural rigidity globally decreased as the length of the
gap increased, and eventually, the value of 5-gap was measured to be about 30% of
those of nick. Furthermore, we simply designed a cost model for the elastic energy
required for folding using the polymer theory, and the results supported our
prediction of yield improvement by the gap (Note 3).

Finally, based on these findings, we then investigated the optimal yield for
other cases of single folding (Figure 14g and Table 1). It was measured for SQ with
93.1% of H1 (3-pair and 5-gap), 93.9% of H2 (3-pair), and 88.4% of Q1 (3-pair
and 1-gap). Through the observation for the increased yield of randomly more
quarter folded SQ, the slightly lower yield of SQ Q1 with 5-gap than 1-gap could
be explained (Figure 23).
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Raw image

Figure 13. The procedure of estimating folding yield based on AFM image.

(a) Image process for estimating the folding yield with an example of SQ Q1. All
particles in the raw AFM image (left) were systematically numbered (middle),
filtered depending on their size to remove aggregated particles, and renumbered
using customized MATLAB codes (right). Scale bars, 1 um. (b) Partially displayed
or irregularly shaped particles were excluded from the yield estimation (red
diagonal cancel lines). Individual images with white and red numbers indicate the

monomers with intended and unintended shapes, respectively. Scale bar, 100 nm.

35 2 M E g



Crease patterns b 1-pair 2-pair 3-pair c 1-pair  2-pair  3-pair

' ~ o~ 100
i i | z
(nd | i T o T 1
| | | 80 I
: 4 I
H1 I
’ ’ /’ 60
4 2 o 9
s % s
4 3 a 2
40 I
H2
7S & o
LN [N 20
N o LN
0
Q1 H1 H2 Q1
d e ) g -
v nick = 1-gap =3-gap - 5-gap Optimized
= stiff 100 —}- o 100
/ - ey ot F o
et i ST T B i =
N i« B 80 oo ; o 8o
\ \ & 5 o _ & A ' i
L"»\# = B ,)\ﬂ < i3 70
Lt nick ~ 5-gap = 60 = = 60
I £ H 5.gap £
k] o 50
f £ 40 $ 40
Stiff Free vibration
2 10 [ D : 93.1%
2308 S w § 30
g s 06 M m .. M4 e 20 B 20
55 04
Z3 02 ! é 10
= 00 1st mode crease 0 " " L AAAAAAAAAA -4 0 - -
nick 1-gap 3-gap 5-gap 1-pair 2-pair 3-pair H1 H2 Q1

Figure 14. Optimization of folding yield.

(a) Crease patterns of H1, H2, and Q1 fold with the increasing number of crease
handle pairs. (b) Representative AFM images of H1, H2, and Q1 with the different
number of pairs after adding glue strands. Scale bars, 100 nm. (c) Folding yield of
H1, H2, and Q1 according to the number of pairs. (d) Modular gap design on four
nick vertices of SQ (black box). (e) Folding yield of H1 according to the number of
pairs and gaps. (Inset) SQ H1 with 3-pair and 5-gap represented the best yields of
93.1% in AFM images. Scale bar, 100 nm. (f) The normalized flexural rigidity of a
DNA paper with gaps from nick (0-gap) to 5-gap. The flexural rigidity of plate
theory was derived from the free vibration analysis using SNUPI®? and normalized
based on the value of nick (Note 2). (g) The optimal yield results of SQ H1, H2,
and Q1 folding by varying the number of pairs and gaps. (c, €, g) At least three
AFM measurements were conducted to estimate the yield and standard error.
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Figure 15. Representative AFM images of SQ H2 (pair).

(a) Representative AFM images of SQ H2 with three different numbers of crease
handle pairs from one to three. Scale bars, 1 pum. (b) Crease patterns of
corresponding SQ H2. Pink and orange edges represent DNA edges modified with
3" and 5° crease handles, respectively. (c) The fraction of H2, SQ (unfolded), and
Others estimated by AFM measurements. At least three AFM measurements were

conducted to estimate the folding yield and standard error. Detailed data were
described in Table 1.
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a SQ H1 (1-pair)

1-gap = (77.1%)

5-gap

(81.2%)

Figure 16. Representative AFM images of SQ H1 (1-pair, gap).

(a) Crease pattern of SQ H1 with single pair of crease handles and different lengths
of gaps on the four vertices (black box). (b) Representative AFM images of SQ H1
1-pair with nick, 1-, 3-, and 5-nt long gaps. At least three AFM measurements were

conducted to estimate the folding yield and standard error. Scale bars, 1 um.
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a SQ H1 (2-pair)

i
DED
@

b Nick = (86.6%) 1-gap = (87.8%)

Figure 17. Representative AFM images of SQ H1 (2-pair, gap).

(a) Crease pattern of SQ H1 with two pairs of crease handles and different lengths
of gaps on the four vertices (black box). (b) Representative AFM images of SQ H1
2-pair with nick, 1-, 3-, and 5-nt long gaps. At least three AFM measurements were

conducted to estimate the folding yield and standard error. Scale bars, 1 um.
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a SQ H1 (3-pair)

1-gap = (88.1%)

o

3-gap ™ (88.7%) 5-gap = (93.1%)

Figure 18. Representative AFM images of SQ H1 (3-pair, gap).

(a) Crease pattern of SQ H1 with three pairs of crease handles and different lengths
of gaps on the four vertices (black box). (b) Representative AFM images of SQ H1
3-pair with nick, 1-, 3-, and 5-nt long gaps. At least three AFM measurements were

conducted to estimate the folding yield and standard error. Scale bars, 1 um.
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Figure 19. Representative AFM images of SQ H3 (pair).

(a) Representative AFM images of SQ H3 with three different numbers of crease
handle pairs from one to three. Scale bars, 1 pum. (b) Crease patterns of
corresponding SQ H3. Pink and orange edges represent DNA edges modified with
3" and 5" crease handles, respectively. (c) The fraction of H3, SQ (unfolded), and
Others estimated by AFM measurements. At least three AFM measurements were
conducted to estimate the folding yield and standard error. Detailed data were
described in Table 1.
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Figure 20. Representative AFM images of SQ Q1 (pair, nick).

(a) Representative AFM images of SQ Q1 with three different numbers of crease
handle pairs from one to three. Scale bars, 1 pum. (b) Crease patterns of
corresponding SQ Q1. Pink and orange edges represent DNA edges modified with
3" and 5° crease handles, respectively. (c) The fraction of Q1, SQ (unfolded), and
Others estimated by AFM measurements. At least three AFM measurements were
conducted to estimate the folding yield and standard error. Detailed data were
described in Table 1.
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Modular gap design of staple strands on the nick

a0

Scaffold

a0

a2

a2

a2
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b1

1-gap

2-gap
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4-gap
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Figure 21. Modular gap design on vertices SQ.

(a) Composition of vertices of square DNA paper (left), stiff regions with nick
(middle), and flexible regions with unpaired 4-nt long ssDNA (right). (b) The
modular design of staple strands to replace nick (red dot) with gaps of various

lengths. The suffixal number represents the gap length of the staple. Various length

of the total gap was modularly obtained by adding two shorter lengths of staples

than those of nick, expressed as Gap (m-+n)=a(m)-+b(n).
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Figure 22. Gap effect on the structural integrity of SQ.

(a) Representative AFM images of SQ H1 3-pair with nick and 5-gap, respectively,
before adding glue strands. Scale bars, 1 um. (b) Fraction of H1, SQ (unpaired), Qn
(single and multiple quarter-folding), and others. When 5-gap was applied on four
vertices of SQ, the yield of SQ maintained near 80% similar to nick, which
confirmed the structural integrity of SQ even with gaps.
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Figure 23. Additional quarter-folding of SQ by applying gap.

(a) Representative AFM image for SQ Q1 3-pair with 5-gap. Scale bars, 1 pm. (b)
Crease pattern of SQ Q1 3-pair with four structural motifs for gap (black box). (c)
Fraction of Q1, Qn (multiple gquarter-folding), and Others of SQ Q1 3-pair for the
cases of nick, 1-gap, and 5-gap. When gaps were applied, the Qn fraction increased
from ~4.5% of nick to ~5.9% of 1-gap and finally doubled to ~9.8% while the
folding yield (Q1) slightly decreased. Considering that the combined portions of
Q1 and Qn were similar over 90% for 1-gap and 5-gap, and intended quarter-
folding by designed crease handles (Q1) could not prevent other quarter-folding by
gap unlike H1 gap cases, the slightly lower folding yield of SQ Q1 with 5-gap than
1-gap could be explained. (d) Exemplary AFM images of Qn shown in the image
of 5-gap in (a). Scale bar, 100 nm.
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Note 2. The flexural rigidity of DNA wireframe paper.

In the Kirchhoff-Love plate theory®, the governing equation of isotropic and
homogeneous plate of constant thickness was derived with zero external force as

DV?V2w + 2phvi =0, where the w is the transverse displacement of place, h is the

half of the plate thickness, p is the density, V? is the Laplacian operator, and D
represents the flexural rigidity defined by D =Eh®/12(1-v?) with the elastic

modulus (E), and the Poisson’s ratio (v), respectively. The separation of the spatial
and temporal variables of the governing equation yields the proportional relation
between natural frequency and the plate bending stiffness in the free vibration as

D/ p=w’a® | > for the square plate where « is the square width, w is natural

frequency, and 3 is the numerically determined constant for the lowest mode as
B~13 for the rectangular plate®. This suggests that the bending stiffness of a DNA
wireframe paper can be estimated by its natural frequency by assuming the
structure as square plates. Also, the bending stiffness of DNA wireframe paper
consisting of different structural motifs (nicks or gaps) can be quantitatively

compared using the eigenvalues corresponding to the lowest bending mode shape

(A), which were related to the natural frequency as A=w?. The bending mode
shapes and eigenvalues of the DNA structures were calculated by performing the
normal mode analysis in SNUPI®2, The calculated rigidity of each structure with
the corresponding gap was normalized to the value of the nick as shown in the
figure below.

ESQ

IIlL

nick 1-gap 2-gap 3-gap 5-gap
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Note 3. Elastic energy cost of folding DNA wireframe paper.

In the DNA wireframe paper, the elastic energy cost (E) for each folding could be
estimated from the general expression of the elastic polymer model. Assuming a
single DNA helix as a rod cylinder, the derivative of the energy with the contour
length (s) on the vertices along the target crease could be expressed as

dE =%kBT(AﬂZ +Bu? + Cw’ + 2Duw)ds
where s is the contour length, B is the bend vector as S(s)=dé/ds for the bend
angle (8), u is stretch as u(s)=A(ds)/ds, w represents the twist density as
w(s)=d¢/ds for the twist angle (¢), and AkgT, BkgT, CkgT, and DkgT

are bend stiffness, stretch stiffness, twist stiffness, and twist-stretch coupling,

respectively.
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Considering the simplified rod model with bend and twist, the total elastic

energy cost of the crease point (E,) for the total contour length (L, ) could be

derived as below.

E, =%kBTj0L‘°‘ (AB? +Ca)2)ds=%kBT IORgds[A(%j +C(L[ij J

ot

K. T
E,(A.C.0.¢) ="

(AG? +C¢?)

ot

where R is the radius by the bend deformation.
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The energy cost of the folding line (E;) could be simply modeled
assuming that the energy would be proportional to the length (I) of the line, then

finally, the total elastic energy cost is obtained by adding two energy costs E,

and E,.

keT
E,(AC.0.4)=E, +E ="

(AG? +C¢%) +al

ot

where a is an arbitrary proportional factor.
It is notable that the elastic energy would cost less for the same folding

line by reducing the bend and twist rigidity, A and C, of the vertices using gap®.
E(Ahick ’Cnick) > E(Agap 'Cgap)

Based on this result, we reduced the rigidity of vertices along the target
crease by applying gaps instead of nick of the original design and successfully
obtained the increment of the folding yield.
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2.3. Folding properties

With optimized designs, we investigated various folding properties of DNA
wireframe papers: orthogonal folding, repeatable folding and unfolding, and
folding-based signal control. First, we explored the orthogonal folding by
embedding both H1 and H2 folding patterns on the SQ DNA wireframe paper
(Figure 24a). Glue strands for H1 and H2 foldings were designed to have
complementary sequences to corresponding crease handles but be orthogonal to
each other (Table 4). Without any glue strand, the unfolded state was dominant
(82.6%) in AFM images (Figure 25 and Table 1). It could be successfully
reconfigured into the folded state H1 (96%) and H2 (93%) by adding
corresponding glue strands (gluel and glue2, respectively). This high-yield
orthogonal folding property would enable us to implement multiple and more
complex reconfigurations on a single DNA wireframe paper.

Next, we checked the repeatable folding and unfolding of DNA wireframe
papers using H1 folding design by adding alternately glue and releaser strands
(Figure 24b). Agarose gel electrophoresis confirmed the repeatability of folding
and unfolding through clear migration differences when glue or releaser strands
were added. The initial band position of the unfolded state descended to a lower
band position of the folded state as glue strands were added. It ascended back to the
original position if we added releaser strands. AFM images obtained for each gel
band (Figure 26) additionally verify properly folded and unfolded shapes. For the
unfolded state, 81% unfolded SQ structures were observed, whereas, for the folded
state, 97.6% H1 structures were found (Table 1). No significant degradation of the
structural integrity was observed during folding and unfolding processes.

Orthogonality and repeatability of folding would offer a versatile way of
programming the derived folding properties into DNA wireframe papers. To
illustrate, we studied the folding-based control of fluorescent signals. We attached
two quenchers (Q, EBQ) and fluorescence reporters (R, Cy3) on four inner vertices
of the SQ with H1 and H2 folding patterns (Figure 24c and Figure 27). It was
designed such that both quencher-reporter pairs became in close proximity with H1
folding while only one pair was quenched with H2 folding, leading to a folding-

dependent change in fluorescent signals. Time-resolved fluorescence
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measurements were conducted for 140 min in total consisting of three phases;
Phase | (initial state), Phase Il (folded state with glue strands), and Phase 111
(unfolded state with releaser strands) (Figure 4c). In Phase I, the normalized
intensity level was maintained around 1.0 with minor fluctuations. After adding
glue strands in Phase 11, the normalized intensity decreased quickly and converged
to around 0.25 and 0.65 with H1 and H2 foldings, respectively. As expected, H1
folding exhibited an approximately two-fold reduction in the fluorescent intensity
compared to H2 folding. For both cases, the convergence was reached in about 10

min with the on-rate of 4.4x10°(M-s)™ estimated from our kinetic model, which

was similar to that of DNA nanostructure polymerization3* * (Note 4). When
releaser strands were added in Phase 11, the normalized intensity increased slowly
and finally converged to around 0.95 with the unfolding reaction time of about 40
min. AFM measurements in each phase also confirmed successful folding and
unfolding consistent with the intensity profiles (Figure 28 and Table 1).

Finer tuning of the signal could be also possible by controlling the
distance between quenchers and reporters by using mountain and valley folds for
the same crease line. These folds were enabled by choosing the overhang direction
of crease handles with respect to the surface to which quenchers and reporters
attached (Figure 24d and Figure 29). With the mountain fold, relatively higher
fluorescence intensities were expected due to slightly lower proximity between
guenchers and reporters (ideally two layers of double-stranded DNA apart) than the
valley fold. Measured time-resolved intensities for 15 minutes revealed the
difference in the normalized intensity of approximately 0.1 between the mountain
and valley folds. AFM measurements confirmed that these folds could be realized
with a high yield (Figure 30 and Table 1).
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Figure 24. Validation of folding properties.

(a) Orthogonal folding. Top: schemes of orthogonal folding of the SQ having both
H1 and H2 crease patterns. Two types of orthogonal crease handle pairs and
corresponding glues, sky blue-blue (gluel, dark green) and pink-orange (glue2,
green), were designed. The dominant state of SQ (unfolded) was reconfigured into
H1 by adding gluel and H2 by glue2. Representative AFM image for each
dominant state. Scale bars, 50 nm. (b) Repeatable folding and unfolding. Top:
schemes of repeatable folding and unfolding of SQ with a H1 pattern. Bottom: gel
electrophoresis with EtBr stained 0.8wt% agarose to compare the migration during
the repeatable folding and unfolding processes. AFM measurements were
conducted after gel extraction to validate the shapes of the unfolded (U, purple
box) and folded (F, green box) states in bands. Scale bars, 100 nm. (c) Folding-
based signal control. Top: expected luminous states in initial, folded, and unfolded
states. Two quenchers (Q, EBQ) and fluorescence reporters (R, Cy3) were placed
at the end of the strand overhung from the inner vertices of the SQ (Figure 27).
Bottom: Time-resolved normalized fluorescence intensity as measured in solution

for a total of 140 min. Solid lines: forward reaction rates (k) were fit from our

kinetic model (Note 4). SQ H1 (gray): k,, =4.35x10*(M-s)™"and SQ H2
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(vellow): k,, =4.44x10%(M-s)™". Representative AFM images of corresponding

phases. Scale bars, 100 nm. (d) Mountain and valley folds. Top: diagram of
mountain and valley folds of SQ H1. Two quenchers and reporters (R, Cy3) were
placed at the end of the overhang strand in the same direction as the valley fold.
Bottom: estimated folding yield of mountain and valley folds. The time-resolved
normalized fluorescence intensity as measured in solution for a total of 15 min
after reaching the convergence of folded state. (c-d) The fluorescence intensity was

normalized to compensate for the dilution effect.
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Figure 25. Representative AFM images of orthogonal folding.

Sky blue and blue edges indicate the modified DNA edges having 3" and 5° crease
handles that bind with gluel strands (dark green), respectively. Pink and yellow
edges indicate the modified DNA edges having 3" and 5 crease handles that bind

with glue2 strands (green), respectively. Scale bars, 1 um.
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Agarose 0.8wt%

Figure 26. Representative AFM images and gel electrophoresis of repeatable
folding and unfolding.

Gel electrophoresis with EtBr stained 0.8wt% agarose was conducted for 90 min at
75 V. Step 1: SQ H1 (3-pair). Step 2: two times of glue strands to the concentration
of crease handle pairs of SQ H1 (3-pair) were added and incubated at room
temperature overnight. Step 3: 20 times of releaser strands to the concentration of
crease handle pairs were added and incubated at 37°C for an hour. Step 4: 20 times
of glue strands to the concentration of crease handle pair were added and incubated
at room temperature overnight. (Since 18 times of unbound releaser strands
remained in step 3, the final concentration of glue strands in step 4 would be two
times the concentration of crease handle pairs). Step 5: 200 times of releaser
strands to the concentration of crease handle pairs were added and incubated at
37°C for an hour. AFM measurements were conducted after taking gel extraction

and filtration for the bands (purple and green box). Scale bars, 1 um.
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Figure 27. Design of folding-dependent fluorescence signal control.

(a) Crease pattern of SQ H1 3-pair with two quenchers (Q) and reporters (R). Both

reporters would be quenched by induced proximity after adding glue strands (detail

in c¢) and recovered after adding releaser strands. (b) Crease pattern of SQ H2 3-

pair with two quenchers and reporters. Only a single reporter would be quenched

after adding glue strands (detail in d) and recovered after releaser strands. (c)

Schematic illustration of quenched reporter of SQ H1. (d) Schematic illustration of

guenched reporter of SQ H2.
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Figure 28. Representative AFM images of folding-dependent signal control.
(a) Phase I: initial state. Phase IlI: glue strands were added. Phase IlI: releaser

strands were added. All AFM images were obtained after the fluorescence intensity

of each phase was fully converged. Color dots represent the states of the two

reporters (Cy3), orange = emit and gray = quenched. Scale bars, 1 um. (b) Fraction
change of SQ H1 and SQ H2 according to the phase (SQ: unfolded).
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Figure 29. The crease handle design of mountain and valley fold.

(a) Conceptual design of valley fold with an example of SQ H1 (3-pair). (b)
Conceptual design of mountain fold with an example of SQ H1 (3-pair). Based on
the crossover direction (box 1), the overhang positions of crease handles on DNA
edges were designed to protrude perpendicular to the plane of DNA paper (box 2)

with a positive z-direction for valley fold and a negative z-direction for mountain

fold.
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Figure 30. Representative AFM images of mountain and valley fold of SQ H1.
(a) Representative AFM image and crease pattern of mountain fold. (b)
Representative AFM image and crease pattern of valley fold. Scale bars, 1 um.
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Table 4. Staple sequence for structural folding and unfolding.

* Glue and releaser strands (toehold)

Name Sequence (5°—3")
Glue2 (Glue) CGATGCACACACCTCAGCAGC
PC-Glue CGATGCACACACC [PC] TCAGCAGC

Releaser2 (Releaser)m

GCTGCTGAGGTGTGTGCATCG

Gluel m

AACGATGCACCTTAGCGCCCT

Releaserl m

AGGGCGCTAAGGTGCATCGTT

¢ Crease handles of SQ: ™ &

(glue2) and m & m (gluel) (overhang, spacer)

Name

Sequence (5°—3")

5" crease handle

GGTGTGTGTTT (edge sequences)

3" crease handle

(edge sequences) TTTGCTGCTGA

5" crease handle B

GCATCGTTTTT (edge sequences)

5" crease handle ®

(edge sequences) TTTGCTAAGGT

* pH-responsive crease handles (sSDNA:

, Hairpin: m)(triplex, spacer)

Name Sequence (5" —3")
3" ssDNA (edge sequences) TTTCTTTCTTCTTCTTCTCTCTC
o (edge sequences)
3" hairpin
TTTCTCTCTCTTCTTCTTCTTTCTTTTGAAAGAAGAAGAAGAGAGAG

* Reporter (Cy3 @) and quencher (EBQ ®) staples (overhang, spacer)

Glue strands

Name

Sequence (5" —3")

V10-1(3) @

(V10-1 sequences) TTTGCTGCTGA [EBQ]

Vi2-1(3) @

(V12-1 sequences) TTTGCTGCTGA [EBQ]

V11-1 (5Y)

[Cy3] GGTGTGTGTTT (V11-1 sequences)

V131 (5)

[Cy3] GGTGTGTGTTTT (V13-1 sequences)
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Table 4 (continued).

The pH-responsive triplex
Name Sequence (5'—3")
V10-1(3) @ (V10-1 sequences) TTTICTTTCTTCTTCTTCTCTCTC
V12-1(3) @ (V12-1 sequences) TTTCTTTCTTCTTCTTCTCTCTC
V11-2 (V11-2 sequences)
(vertex-hairpin) TTTCTCTCTCTTCTTCTTCTTTCTTTTGAAAGAAGAAGAAGAGAGAG
V13-2 (V13-2 sequences)
(vertex-hairpin) TTTCTCTCTCTTCTTCTTCTTTCTTTTGAAAGAAGAAGAAGAGAGAG

* Modular composition of gap

Modular gap nick 1-gap 2-gap 3-gapm™ 5-gap
a a0 a0 a2 a2 a2
b b0 b1l b0 b1l b3 m

 Gap staples of SQ vertices

Name Sequence (5" —3")
V02-1 a0 ATGGTGGTTCCGAAATCGGCAAAATCATATCCAGAATTTTTTTTATATTA
V04-1 a0 CTATTTTTGAGAGATCTACAAAGGCTAACGGGGTCATTTTTTTTGCCTTG
V06-1 a0 AATTCGTAATCATGGTCATAGCTGTTTTGGATTATATTTTTTTTTCTGAA
V08-1 a0 ATGGGATAGGTCACGTTGGTGTAGATAGCGAACCTCTTTTTTTACTTGCGGGAAAAAG
V02-3 b0 AACATGCAACAGTGCTTTTTTTCACGCTGAGAGTGCCCCAGCAGGCGAAAATCCTGTTTG
V04-2 b0 AGCACAACGCAAGGATTTTTTTTTAAAAATTTTTCTGATAAAT TAATGCCGGAGAGGGTAG
V06-3 b0 TTAGTATTTAACAACTTTTTTTGCCAACATGTACTAGAGGATCCCCGGGTACCGAGCTCG
V/08-3 b0 AGCAGCTTTTTTTACCGTAATCAGGTGGGAACAAACGGCGGATTGACCGTA
V02-3-b1 AACATGCAACAGTGCTTTTTTTCACGCTGAGAGTGCCCCAGCAGGCGAAAATCCTGTTT
V04-2-b1 AGCACAACGCAAGGATTTTTTTTTAAAAATTTTTCTGATAAATTAATGCCGGAGAGGGTA
V06-3-b1 TTAGTATTTAACAACTTTTTTTGCCAACATGTACTAGAGGATCCCCGGGTACCGAGCTC
V08-3-b1 AGCAGCTTTTTTTACCGTAATCAGGTGGGAACAAACGGCGGATTGACCGT
V02-1-a2 GGTGGTTCCGAAATCGGCAAAATCATATCCAGAATTTTTTTTATATTA
V04-1-a2 ATTTTTGAGAGATCTACAAAGGCTAACGGGGTCATTTTTTTTGCCTTG
V06-1-a2 TTCGTAATCATGGTCATAGCTGTTTTGGATTATATTTTTTTTTCTGAA
V08-1-a2 GGGATAGGTCACGTTGGTGTAGATAGCGAACCTCTTTTTTTACTTGCGGGAAAAAG
V02-3-b3 ® AACATGCAACAGTGCTTTTTTTCACGCTGAGAGTGCCCCAGCAGGCGAAAATCCTGT
V04-2-b3 m AGCACAACGCAAGGATTTTTTTTTAAAAATTTTTCTGATAAATTAATGCCGGAGAGGG
V06-3-b3 m TTAGTATTTAACAACTTTTTTTGCCAACATGTACTAGAGGATCCCCGGGTACCGAGC
\V08-3-b3 m AGCAGCTTTTTTTACCGTAATCAGGTGGGAACAAACGGCGGATTGACC
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Note 4. Kinetic model of folding DNA wireframe paper.

The unfolded state (U) of DNA wireframe paper was transformed into the folded
state (F) by adding glue strands (G). Corresponding kinetics of the folding reaction

can be expressed with the forward reaction rate, k_., and the reverse reaction rate,

on’

K. » as the following equation.

k

[U]+16] = [F]

off

O K UG~k [F]

The concentration of the unfolded structures and glue strands at time t
could be substituted using the initial concentration of DNA nanostructures ([U],),
the number of crease handle pairs per a DNA wireframe paper (n), and an input-
factor of glue strands (w) as below. Complete binding between glue strands and
three pairs of crease handles was assumed at the folded state because single
binding between crease handles and glue strands would enhance the rest binding of
other pairs in that the pairs of crease handles would be located closer in a bent state.
For instance, SQ H1 (3-pair) folding has parameters of n=3x6=18 and »=10
(10-fold input).

dF

E - I(on ([U ]0 _[F])(wn[u ]0 - n[F]) - koff [F]

The folding yield (y) at time t can be expressed as y=[F]/[U],,

therefore the differential equation was expanded as the equation below.

% = kon (1— y)n(a)_ y)— kof-f y= kon {n(]__ Yw-y)- KDy}

The dissociation constant, K., at quasi-steady state could be estimated

using the equilibrated folding yield (y,, ) from AFM measurements.
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KD _ [U]eq [G]eq _ [U ]0(1_ yeq)(a)n[u]o - n[F]eq)
[Fleq [Fle

(1_ yeq )(a) - yeq)
yeq

- Kp =n[U],

Considering that the initial folding yield (y,) from AFM measurements

was typically less than 5%, it might occur by the projection problem in 2-D images
while depositing on mica. Hence, for the simplicity of our model, we assumed the
initial folding yield in the solution would be zero. Finally, the folding yield was
derived as

nk_dt = dy - dy
on KD ) K
@-yo-y-"2y —(1+a)+n'3)y+a)
_ dy
“v-au-p P

t Y 1 1 3 1 _ﬂ:
njokondt—jw_ﬂ(y_a y_ﬂjdy =5y =

l _ enkon (a-p)t

1 lenkon (O{—ﬂ)t

a p

where a and (3 are solutions of a second-order equation of the denominator.

Considering that the folding yield would converge to y,, when time

goes to infinite (t — o), then, we could calculate the coefficients a and . With
this result, we could eventually derive the kinetic model of fluorescence intensity
from the relation y=(l,-1,)/(l,—1,) where I,, I, and | were the
normalized fluorescence intensity at time 0, after time t, and at the end of the

reaction, respectively.
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It is notable that only k,, remained for the variable in the final equation. We
performed the least square curve fitting procedures with the experimental data
using the Isgcurvefit function of MATLAB R2019b to systematically fit the

forward reaction rate. The rate kg was then obtained using the relation as

kof‘f = KD 'kon'

_[41.70M (HD)
P 197.8nM (H2)

on

4.35x10° M7t (H1)
4.44x10° M5t (H2)

[ 1.81x107%s™ (H1)
M 4.34x10%s (H2)
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2.4. Environmental folding control

Since paper folding mechanisms are universal, one can easily make DNA
wireframe papers responsive to various environmental stimuli. To illustrate, we
first constructed a pH-responsive SQ DNA wireframe paper with H1 folding
pattern (Figure 31a). Three pairs of edges were newly designed. Each pair
consisted of a 20-nt-long ssDNA overhang (green) and a 20-bp-long hairpin
overhang (orange) with a 4-nt-long poly-T loop. 60% TAT sequences were
designed to control the Hoogsteen interaction by pH change (Figure 32). Samples
were annealed and ultrafiltrated with FoB5 (5mM MgCl; and 1 X TAE, pH 8.0),
and then mixed with buffers of six different pH values between 5.8 and 8.4 (Note
5). Both AFM and time-resolved fluorescence measurements confirmed the pH-
responsive structural switch between the folded and unfolded configurations

(Figure 31b and Figure 31c). The Hill coefficient (n) and pK, value were
estimated as n=2.16 and pK, =7.47 by fitting AFM data to the Hill equation
(Figure 31b and Figure 33). The estimated pK, value was similar to one of the

pH-activated DNA switches found to be 7.50%. As pH changed repeatedly between
6.4 and 8.0, the normalized fluorescence intensity changed between 0.35 and 1.0,
similar to the previous results of unfolding and folding by strands (Figure 31c).
AFM measurements in each pH also confirmed the successful environmental
folding control by pH change. A small decrease in the normalized fluorescence
intensity was observed at pH 8.0 corresponding to the unfolded state. It was
probably owing to structural damage with pH changes as a similar case was
reported for pH-activated DNA capsules?’. Our AFM measurements also supported
it (Figure 34).

We also explored the deprivation of the folding ability of DNA wireframe
papers by the illumination of ultraviolet (UV) rays. It was realized by introducing a
photo-cleavable (PC) site in the middle of glue strands where two handles met
(Figure 31d). Under visible light, DNA wireframe papers could be folded, unfolded,
and refolded into the designated configurations with corresponding glue and
releaser strands. When UV light was applied, folded structures were unfolded as
the glue strands became cleaved (Figure 31e and Figure 35). Unfolding by UV

.
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light took approximately 15~30 min. Three types of folded structures, H1, H2, and
Q1, were successfully unfolded by 15 min illumination of UV light (Figure 31f and
Figure 36). These photo-cleaved structures could not be refolded anymore except

for random folding due to thermal fluctuations.
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Figure 31. Environmental stimuli-responsive folding control by varying the
pH value and UV illumination time.
(a) Schematic illustration for the pH-responsive folding control. The Hoogsteen
interaction between ssDNA (green) and hairpin (orange) was designed to fold and
unfold the assemblies between acidic and basic conditions. (b) Folded and
unfolded fraction of SQ H1 according to pH value of buffers estimated by AFM
measurement. The pH value was adjusted by adding 0.5 M acetic acid (CH;COOH)
and 0.5 M sodium hydroxide (NaOH). Hill equations are fitted to AFM data, and
estimated Hill coefficient n and the value of pK, are 2.16 and 7.47 for folded

state and 2.33 and 7.49 for the unfolded state, respectively. (c) Time-resolved
normalized fluorescence intensity as measured in solution for a total of 420 min.
Representative AFM images at pH 6.4 and pH 8.0. Scale bars, 100 nm. (d)
Schematic illustration for the deprivation of the folding ability by ultraviolet (UV)
rays. Photo-cleavable site (violet) was designed in the middle of the glue strand to
unable the folding of DNA assemblies through the illumination of UV. (e) Folded
and unfolded fraction of SQ H1 according to UV illumination time estimated by
AFM measurement. (f) Representative AFM images of the folded configuration by

PC-glue and unfolded configuration by 15 min UV illumination Scale ba
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Figure 32. Design of pH-responsive folding and unfolding.

(a) Schematic illustration of pH-responsive folding and unfolding of DNA
wireframe paper through the control of Hoogsteen interaction between
ssDNA(green) and hairpin (orange). The attached two reporters would be quenched
forming triplex by adding hydronium ion, and the intensity would be recovered by
adding hydroxide. 0.5M acetic acid (CH;COOH) and 0.5M sodium hydroxide
(NaOH) was used for the pH adjustment. (b) Detailed sequences of a DNA triplex
formed by 20-nt ssDNA and 20-bp hairpin motifs with 4-nt poly-T loop (black,
half-arc). Black lines represent the 3-nt poly-T regions that serve as spacers. A 60%
TAT content is designed for the pH-responsive structural reconfiguration between
pH 6.4 and 8.0%,
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pH 5.96 pH 6.67 pH7.29
F=90.1%, = U=1.58% F=83.9%, = U=6.33% F=652%, = U=232%
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LY

Figure 33. Representative AFM images of SQ H1 by varying the pH value.

The pH-responsive structural reconfiguration of SQ H1 by varying the pH value of
the solution. Each sample was mixed with pH-adjusted buffer and incubated at
room temperature for at least 2 hours. At least three AFM measurements were
conducted to estimate the folded (F) and unfolded (U) fractions. Scale bars, 1 um.
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pH 8.0

First step of pH-responsive folding Final step after repetitive pH change

Figure 34. Structural damage of SQ H1 by repetitive pH changes.
Representative AFM images of the first and final step of pH-responsive folding and
unfolding. More aggregated and irregular shapes (orange dotted circle) were
observed in the final step image, guessed as one of the possible reasons for the
slight decrease of normalized fluorescence intensity below 1.0 at pH 8.0 after

repetitive pH changes. Scale bars, 1 um.
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Figure 35. Representative AFM images of the unfolding of SQ H1 by varying
the UV illumination time.

The UV-responsive unfolding of SQ H1 (3-pair) by varying the illumination time

of UV light. Before UV illumination, DNA wireframe papers with an H1 3-pair

crease pattern were mixed with the glue strand having a photo-cleavable (PC) site

in the middle, PC-glue, and incubated at room temperature overnight. At least three

AFM measurements were conducted to estimate the folded (F) and unfolded (U)

fractions. Scale bars, 1 um.
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Figure 36. Representative AFM images of unfolding of SQ H1, H2, and Q1 by
illuminating the UV.

The unfolding of three types of folded configurations (H1, H2, and Q1 3-pair) by

PC-glue after the 15 min illumination of UV light. At least three AFM

measurements were conducted to estimate the folded (F) and unfolded (U)

fractions. Scale bars, 1 um.
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Note 5. The pH adjustment of Tris-acetate buffer.

Assuming that EDTA and MgCl; do not affect the hydrogen ion concentration of
the solution, the pH of the buffer could be adjusted by considering the dissociation
of acetic acid and Tris* ion. Then, two weak electrolyte buffer is considered® with

the following equilibrium equations as

CH,COOH = CH,COO™ + H", K, = [CHCOOIIH ]
[CH.COOH]

K. - [I'r_is][H ]
[Tris—H™]

Tris—H* =Tris+H",

where K, and K are equilibrium constants of the acetic acid and Tris* ion,

respectively.
The conservation equations for the two components can be expressed with two
initial concentrations, ¢, and cg, and concentrations at equilibrium state.
¢, =[CH;COOH],_, =[CH,CO0],, +[CH,COOH],,

Cg =[Tris—H"]_, =[Tris],, +[Tris—H"],

Also, given the electro-neutrality at moderate pH, the concentrations of acetate

ion and Tris* ion would be equal to each other at equilibrium.
[CH,CO07 ], =[Tris—H"],,

The pH depending on c, and c, can finally be calculated by

combining the above equations through substitution and infinite geometric series as

2
oH = —log & [C—A—1J+ (1—0—/*] +4Ke Ca
2 |\cg Cg K, Cg

72 A =2TH
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Two equilibrium constants K, and Kg are known values, and the
initial Tris™ ion concentration c, is fixed as 40 mM according to the TAE buffer
recipe. Therefore, the initial acetic acid concentration c, is the only variable to

lower the pH of the buffer, and hence, the reference volume of acetic acid to add to
the solution can be estimated.
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2.5. Larger-scale folding

In order to program more complex folding patterns, we need a larger DNA
wireframe paper (Figure 37a). Toward this end, we constructed a four times larger
DNA wireframe paper by hierarchically assembling four original-size papers
(Figure 37b). We used six pairs of connectors and sticky edges at the interface of
two monomeric papers to be connected, which showed the best polymerization
yield at 12 mM MgClI; (Figure 38). Each monomeric DNA wireframe paper had
two sets of six cohesive pairs in total to form a four times larger polymeric paper
(Figures 39-40). Larger papers were built by mixing an equal amount of four
monomeric papers in one place and incubating them at room temperature overnight
(Figure 40).

These larger-scale DNA wireframe papers could be folded and unfolded
successfully with glue and releaser strands as in the folding of monomeric papers.
For example, AFM images clearly showed that the structure embedded with H2,
Q1, Q2, and Q3 folding patterns could be folded into and unfolded from a
diamond-like shape (Figure 37c and Figure 41). Furthermore, because of a large
number of combinations in monomeric folding patterns, one can design various
folded shapes. To demonstrate, here we constructed nine additional reconfigurable
structures by programming different sets of monomeric folding patterns into the
larger-scale DNA wireframe paper (Figure 37d and Figure 42). They could be
folded into the intended shape as shown in AFM images (Figures 43-44).
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Figure 37. Larger-scale folding of a polymeric DNA paper.

(a) Conceptual illustration of forming a large origami paper by combining four
small papers in macro-scale. (b) A polymeric DNA paper through the hierarchical
assembly of four monomeric DNA papers in nano-scale. (Figure 39). The optimal
number of connectors and sticky edges between two DNA papers was
experimentally decided by comparing the intensity of the band in 1.5% agarose gel
electrophoresis (Figure 38). (¢) Larger-scale folding procedures of a polymeric
DNA paper with an example of diamond folding. Four types of different crease
patterns (H2, Q1, Q2, and Q3) were embedded on four types of original DNA
wireframe papers (A, B, C, and D) and mixed at equal concentrations (Figure 41).
A polymeric DNA paper was also folded and unfolded as intended by adding glue

and releaser strands same with those of monomer. (d) Representative AFM images
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of nine types of more complex and larger-scale folding (Detailed crease patterns
and exemplary AFM images of larger-scale folding were described in Figure 42
and Figures 43-44, respectively). Scale bars, 50 nm.
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Figure 38. Connector number and cation concentration for polymerization of
DNA wireframe papers.

(a) Schematic illustration of varying the number of connecting pairs (C) of sticky
edges (top) and connectors (bottom). Five types of the number of pairs were
designed to investigate the dimerization condition. (b) Agarose gel electrophoresis
of the SQ dimers with the various number of pairs. The upper and lower band
indicated the dimer and monomer, respectively. The brightness became stronger
from the four pairs (C04) than those of the monomer. (c¢) Agarose gel
electrophoresis of the SQ dimers with six connectors (C06, white box) and various
cationic concentrations. From the 12 mM MgCl. concentration (white box), the
brightness of the upper band became stronger than those of the monomer. The
higher number of connectors and cationic concentration would cause irregular
aggregation of structures, and therefore, six connecting pairs (C06) and 12 mM

MgClI; were used.
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Figure 39. Design for hierarchical assembly of four types of DNA wireframe

papers.

(a) Schematic illustration of hierarchical assembly of four DNA wireframe papers.

Each monomer was designed to have six connectors and sticky parts that have

complementary sequences to those of other monomers, which enable the

polymerization. (b) Design diagram of the connector and sticky edge with an

example of the connection between two DNA papers, B and D, in (a). 11-nt long

overhang strands of connectors are desgined to have 9-nt long sequences that

would combine with cohesive part of sticky edge and 3-nt long poly-T that serves

as spacer.
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Figure 40. Representative AFM images of larger-scale DNA wireframe paper.
Four types of square DNA wireframe papers with six connecting pairs were mixed
at equal concentrations in 12 mM MgCIl; and incubated at room temperature

overnight. Scale bars, 1 um (Inset, a magnified image. Scale bar, 100 nm.).
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a SQA (H2) SQB(Q1) b ABCD (Diamond crease ¥, unfolded)

c ABCD (Glue =, folded) d ABCD (Releaser m, unfolded)

Figure 41. Representative AFM images of diamond-shaped folding.

(a) Representative AFM image for each monomer with its own crease pattern and
connecting pairs. Without glue strands, most structures were unfolded. Scale bar, 1
um. (b) Hierarchical assembly of four monomeric DNA papers into a polymeric
DNA paper. (c¢) Diamond-shaped folding by adding glue strands. Partially folded
configurations, 25%, 50%, and 75%, were also observed. (d) Unfolding by adding

releaser strands. (b-d) Scale bars, 100 nm.
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Figure 42. Detailed crease pattern of larger-scale folding.
Pink and yellow edges indicate the modified DNA edges having 3" and 5° crease
handles that bind with the glue strand.
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Figure 43. Representative AFM images of larger-scale folding (I).

(a) Diamond (v2). Compared to Diamond (v1), an H2 crease pattern with 2-pair
was applied to SQ A to improve the folding yield. (b) Octagon. (¢) Right-angled
triangle. (d) Heart. (€) Square. Scale bars, 100 nm.
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Figure 44. Representative AFM images of larger-scale folding (11).
(a) Rectangular. (b) Omnibus (H1, H2, and Q1). (c) Ellipse. (d) House. (e)
Heptagon. Scale bars, 100 nm.
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Table 5. Staple sequence for hierarchical assembly of DNA wireframe papers.

* Connecting pairs

Monomeric paper A B

Connector (C)

Sticky-edge (S) u

» Connector (C) and sticky-edge (S)

Name

Sequence (5°—3")

E01-2 (S)

GGGCGCGCGCTTAATGCGCCGCTACAGGAAAGC

E01-6 (S)

TTCTAGAGAACCCTCATATATTTTAAATATGAT

E13-1(S)

TTATCCCATCAATATAATCCTGATTGTTCCTGT

E13-5 (S)

ATTAATTAACATTATCATTTTGCGGAAAGTGAG

E16-2 (S)

GAATCGCATGGCTTTTGATGATACAGGCTGGAG

E16-4 (S)

TGTACCGAAAGCGCAGTCTCTGAATTTAGCATG

E16-6 (S)

ATTGTATTGATATTCACAAACAAATAACCCAAA

E26-1 (S)

CGAAAGATGCAGAACGCGCCTGTTTATTATTAC

E26-3 (S)

CAGGGTTAATTCTGTCCAGACGACGACTAAGTT

E26-5 (S)

CCAAGCAGCCAGTAATAAGAGAATATAAAACGA

E01-2 (C)

GAAAGGAGCTTTCTAACTCAC

E01-6 (C)

ATTCAACCGTTTGTGAAATTG

E16-2 (C)

CAAACAAGATTTCGGCCAGTG

E16-4 (C)

TCAATCATATTTGGGTAACGC

E16-6 (C)

AACAGGAAGTTTGCCAGCTGG

E05-1 (S) m

GAATAGAAACTATCGGCCTTGCTGGTACCTTAT

E05-3 (S) m

AAGAGTCTTTGATTAGTAATAACATCAGTTCCA

E05-5 (S) m

CGAAAAAGAGTCTGTCCATCACGCAAATCCAAC

E11-1(S) m

TGCGTAGGAAGGTTATCTAAAATATCTCGGGGA

E11-3 (S) m

ACGGGCAATATCTGGTCAGTTGGCAAACTTTTC

E11-5 (S) m

AGTTGCAAAGCATCACCTTGCTGAACCGCCTGG

E27-2(S)m

ACGCCATTGCCATCTTTTCATAATCAATTTTAA

E27-4(S)m

CTTTCACGTTTTCATCGGCATTTTCGGCCTTCC

E27-6 (S) W

TTCTCCTAGCGACAGAATCAAGTTTGCTAACAA

E28-2 (S) m

GACGACTATAGAAGGCTTATCCGGTATCTGCCA

E28-4 (S) m

GCTTTCATCGTAGGAATCATTACCGCGATCGCA

E28-6 (S) m

CCATTCAGTACCGCACTCATCGAGAACAAACCA
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E27-2(C)m

CCAATAGGATTTGTCAAAGGG

E27-4(C)m

TGTAGCCAGTTTGTTTGGAAC

E27-6 (C) m

CCCGTCGGATTTAAATCAAAA

E28-2 (C) m

GTTTGAGGGTTTCCCTGAGAG

E28-4 (C) m

CTCCAGCCATTTACCAGTGAG

E28-6 (C) m

GGCAAAGCGTTTGAGGCGGTT

E01-1 (S)

AGGGAAGGCGCGTACTATGGTTGCTTTCGTGGC

E01-3 (S)

TGTAGCGGTCAGGGTGAGAAAGGCCGGAGGTAAAGAT

EO01-4 (S)

TCAAAACGCTGCGCGTAACCACCACACCCGCCTAGGGC

E01-5 (S)

CATCAATGCAATGCCTGAGTAATGTGTAGACAG

E13-2(S)

CAACATGATTATCAGATGATGGCAATTGCTCAC

E13-4 (S)

CTAATGCAAAGAAACCACCAGAAGGAGTAAAGC

E13-6 (S)

GCCCGCTATTAATTTTAAAAGTTTGAGTGCGTT

E16-1(S)

GAGAGTAGTGTACTGGTAATAAGTTTTATCAGG

E16-3 (S)

AAAACTACCGTTCCAGTAAGCGTCATAATGAAC

E16-5 (S)

AAAAGCATCCTCATTAAAGCCAGAATGCCGGTT

E26-2 (S)

GGCGATAATAAACAACATGTTCAGCTAGGGGAT

E26-4 (S)

GTTGTAAAGTACCGACAAAAGGTAAAGTTTCCC

E26-6 (S)

TCGACTATTTAGGCAGAGGCATTTTCGTTGCAT

E13-2 (C)

AATTCCACATTTTCAAATCAC

E13-4(C)

CTGGGGTGCTTTGCTGGCAAG

E13-6 (C)

GCGCTCACTTTTGAGAAAGGA

E26-2 (C)

GTGCTGCAATTTGATAATCAG

E26-4 (C)

AGTCACGACTTTGGTAATCGT

E26-6 (C)

GCCTGCAGGTTTTCATTGCCT

E05-2 (S) m

AGTGTTCTTGCCTGAGTAGAAGAACTCCCCGAG

E05-4 (S) m

GTGGACTTAACCGTTGTAGCAATACTTCCACTA

E05-6 (S) m

CTAAATTCAGTGAGGCCACCGAGTAAAACCGTC

E11-2 (S) =

GTTTTTTCAACAGTTGAAAGGAATTGATTGGGC

E11-4 (S) m

TTCACCTCAAATATCAAACCCTCAATCAACAGC

E11-6 (S) m

CTGGTTCCAGCAGCAAATGAAAAATCTAGCAAG

E27-1(S) m

CTCATTAATCACCGGAACCAGAGCCACTTTTTG

E27-3(S) ™

GTCTGGTCATAGCCCCCTTATTAGCGTTCAAAA

E27-5(S) ™

AGCGAGCTTTAGCGTCAGACTGTAGCGTCAACA

E28-1(S) ®

GTGCATTCTAAGAACGCGAGGCGTTTTGGGCGC

E28-3 (S) m

AGGAAGCCCAATAGCAAGCAAATCAGAGACAGT
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E28-5 (S) ™

TGCCGGAAGCAAGCCGTTTTTATTTTCCGGCAC

E05-2 (C) m

ATAGGGTTGTTTTTAAATGTG

E05-4 (C) m

TTAAAGAACTTTATAATTCGC

E05-6 (C)

TATCAAGCATTTTTAAATCAG

E11-2 (C) m

GCCAGGGTGTTTCGCTTCTGG

E11-4 (C)m

TGATTGCCCTTTATCGGCCTC

E11-6 (C) ™

CGGTCCACGTTTATCGTAACC
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Chapter 3. Conclusion

Here, we introduced the paper folding mechanism to program various crease
patterns on square DNA wireframe assemblies and implemented eight types of
reconfigurable folding of the nanostructures using toehold-mediated strand
displacement. The folding yield was optimized above 90% by increasing the
binding sites along the target crease and decreasing the structural rigidity using gap
motifs. With the high yield obtained, various folding properties such as orthogonal
folding, repeatable folding and unfolding, and folding-based fluorescence signal
were successfully designed and implemented. Besides, embedding pH and UV-
responsive crease handles enable the environmental folding control of DNA
wireframe papers. Furthermore, through the hierarchical assembly of four original
DNA papers with each crease pattern, we were able to show the possibility of our
method to form much more complex and various folding patterns by representing
10 types of larger-scale folding of polymerized DNA papers.

Based on our effective reconfiguration mechanisms in nanoscale, we
expect more complicated structural systems that interact with various inputs could
be established by introducing more diverse types of orthogonal sequences of glue
strands or applying both strand- and environment-responsive crease handles
together. Building a larger paper beyond the current 2x2 assembly system, such as
4x4 and 8x8, would also enhance the complexity of the folding-based system. In
addition, attaching various types and numbers of fluorophores to the folding-
dependent system will lead to the development of sensitive DNA nanosensors with
multi-wavelength and intensity. As in the versatile and effective use of a paper
folding mechanism in macroscale engineering, our reconfigurable folding methods
for DNA wireframe assemblies with high yield, programmability, and scalability,
would contribute to the advancement of folding-based engineering applications in

nanoscale.
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Chapter 4. Materials and methods

Design and synthesis of DNA wireframe paper.

Structural draft of DNA wireframe paper was designed using PERDIX3 (Note 1).
Staple designs were edited to have crease handles perpendicular to the plane of the
structure. Detailed design and sequences were described in Figure 2 and Table 3,
respectively.

Scaffold M13mp18 (New England Biolabs) was used, and every staple
was ordered at a 50 nmole scale and initially diluted to 100 pmole/uL (BioRP
purification, Bioneer Corporation). The final concentration of the mixture was 20
nM scaffold, 100 nM each staple, 1xTAE buffer (40 mM Tris-acetate and 1 mM
EDTA, Sigma-Aldrich), and 12 mM MgCl,. A total of 42 hour PCR annealing
process was performed using a thermocycler (T100, Bio-Rad) with the followed
process: heated to 80°C at 1°C/s, 80°C to 65°C in 1 h (1°C per 4 min), 65°C to
25°C in 40 h (1°C per 1 hour), and cooled and held at 4°C.

A larger-scale DNA wireframe paper was assembled by explicitly mixing
equal concentrations of four types of ultrafiltrated DNA wireframe papers having
their own connectors and sticky-edge and incubated at room temperature overnight.
Detailed designs and sequences were included in Figure 39 and Table 5,

respectively.

Ultrafiltration.

The synthesized sample was purified with 50 kDa molecular weight cut-off filters
to remove excess staples. First, the filters were wet with a 500 pL amount of 12
mM MgCl, buffer and spun at 5,000 rcf (relative centrifugal force) for 8 min at
20°C. After discarding the filtrate, the sample and the buffer were sequentially
poured into the filter and centrifuged at 5,000 rcf for 8 min at 20°C. Buffer
exchange and centrifugation were repeated twice. Finally, the purified sample was
collected by inverting the filter and spinning the tube at 10,000 rcf for 3 min at
20°C. The final concentration of the purified sample was measured by DNA
absorbance measurements at 230 nm, 260 nm, and 280 nm using a NanoDrop
spectrophotometer (Thermo Scientific), and detailed procedures were explained in

Table 6.
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Gel electrophoresis and extraction.

Samples were electrophoresed on from 0.8% to 1.5% agarose gels for 90 min at 75
V bias voltage (~3.7 V/cm) in an ice-filled water bath (i-Myrun, Cosmo Bio Co.
Ltd.). Running buffer was composed of 0.5x TBE (45 mM Tris-borate and 1 mM
EDTA, Sigma-Aldrich), 12 mM MgCl,, and 0.5 pg/mL ethidium bromide (EtBr,
Noble Bioscience Inc.). Gel images were laser scanned using GelDoc XR+ device
and Image Lab v5.1 program (Bio-Rad). The electrophoresed samples were then
carefully extracted by a razor blade and scrambled several times inside the freeze N
squeeze tube (Bio-Rad) using a tweezer. They were frozen at -27°C for 5 min and

centrifuged at 7,000 rcf and 20°C for 5 min to extract the samples.

AFM measurement.

Samples were diluted with the buffer composed of 20 mM MgCl;, 40 mM Tris-
acetate, and 1 mM EDTA, and deposited for 5 min onto freshly cleaved mica
(highest grade V1 AFM Mica, Ted-Pella Inc.). They were completely dried by N
gun (<0.1 Kgf/cm2) after carefully washing the substrate three times with a 200 pL
amount of deionized water. NX10 (Park Systems) and PPP-NCHR probe with 42
N/m spring constant (Nanosensors) were used for the measurement. All images
were taken in non-contact mode using SmartScan software and flattened with
linear and quadratic order using XEI 4.1.0 program (Park Systems). Structural

height was then measured using line profile analysis of the program.

FE simulation.

The equilibrated configuration and rigidity of the DNA wireframe nanostructures
were estimated using the finite element framework in SNUPI®? where partition and
relocation methods are applied. Structural design, sequence files, and the nonlinear
properties of short single-stranded DNA3® were introduced to conduct the normal
mode analysis of the structures. All configurational results and the parameters used

were represented in Figures 10-11 and Table 2, respectively.
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Folding yield analysis.

The pixel-scale area and location of all particles in AFM images were obtained
using the customized codes with the Image Processing Toolbox of MATLAB
R2019b. Then, the aggregated nanostructures beyond the area criteria were
systematically filtered out, and individual images containing a single particle were
automatically cropped and collected. Based on the collected individual images, the
folding yield was finally estimated by counting the number of monomers with
intended shapes among the total number of monomers in AFM images. Detailed
procedures and all yield results were described in Figure 13 and Table 1,
respectively.

Number of monomerswithintended shape y

Yield (%) =
(%) Number of total monomers

100

Folding and unfolding of DNA wireframe paper.

The folding process was typically actuated by adding glue strands 10 times higher
than the concentration of crease handle pair and incubating the sample at room
temperature overnight. The unfolding process was conducted by adding releaser
strands 10 times higher than the concentration of the added glue strands and
incubating the sample for an hour at 37°C. Folding and unfolding procedures of a
polymeric DNA paper are the same as those of single DNA wireframe paper.

The pH-responsive crease handles were designed to have 60% T-A-T
triplex content (Figure 32). They were ultra-filtrated with FoB5 (1x TAE buffer and
5 mM MgCl,, pH 8.0) to relieve the aggregation of DNA assemblies. The 0.5 M
acetic acid (Sigma-Aldrich) and 0.5 M sodium hydroxide (Officeahn) were used to
adjust the pH values from 6.0 to 8.4 (Note 5), and the value was confirmed using
the pH meter S2K922 (ISFETCOM) calibrated by pH 4.01 and 7.00 standard
buffers (Thermo Scientific).

For the UV-responsive unfolding, the glue strand was internally modified
to have the photo-cleavable (PC) sites in the middle (Bioneer). After adding the
glue strands 10 times higher than the concentration of crease handle pairs and
incubating the samples at room temperature overnight, they were carefully poured
between two slide glasses (Duran) with a space of 1 mm and exposed to ultraviolet

(UV) light illumination (Analytik Jena) of 365 nm wavelength.
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Fluorescence measurements.

Inner vertex strands of square DNA paper were modified to have fluorescence
reporters (Cyanine 3, Bioneer) and quencher (EBQ, Bioneer) at the end of the
strands as shown in Figure 27 and Figure 32. Samples were ultrafiltrated and
diluted to 20 nM before the measurement, and samples without fluorescence
molecules were measured in advance for the use of the blank. Emission spectra
analysis and kinetics at 563 nm wavelength, when excited at 546 nm wavelength,
were performed using Dual-FL software 3.7 and HORIBA Scientific Jobin Yvon
Spectrofluorometer with a 100-uL cuvette (Hellma) of 102 mm light path. All

fluorescence intensity data were normalized to compensate for the dilution effect.

Hill coefficient and dissociation constant.
A Hill equation for the pH-responsive folding was fitted to AFM results using the
Isqcurvefit function of MATLAB R2019b in order to obtain the effective Hill

coefficient n and the values of pK, as pK, =—logK, with the acid dissociation

constant K, expressed as

(20~"")"

F= I:min + (Fmax - I:min) (10*pKa)n N (1O_pH )n

where F, and F,, refer to the minimum and maximum folded fraction (F)

estimated from AFM images, respectively. Before AFM measurements, samples
were incubated at room temperature for at least two hours after being adjusted to

each pH value (Note 5 and Figure 33).
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Table 6. The effective concentration of DNA wireframe paper.

The concentration of DNA wireframe paper can be simply estimated by calculating
the length of single-stranded DNA (ssDNA, nt) and double-stranded DNA (dsDNA,
bp) of the structure. The total length of the unpaired scaffold, unpaired staples, and
base pairs can be obtained from PERDIX3L The length of a scaffold loop was
calculated by comparing the used length of the scaffold for the structure with the
length of M13mp18. Based on these lengths obtained, we estimated the absorption
coefficient by performing linear interpolation with the values of 33 for ssDNA and
50 for dsDNA and calculated the total molecular weight using the approximate
average molecular weight of four types of nucleic acids. With the absorption
coefficient and molecular weight obtained, the effective concentration of structures
can be obtained using spectrophotometers.

Strand type Pairing type Square DNA paper (SQ) Unit
Unpaired scaffold 42 [nt]
sSDNA Unpaired staple 324 [nt]
Scaffold loop 63 [nt]
dsDNA Base pair 7144 [bp]
Absorption coefficient 49.04 -
Molecular weight 4,469,632 [g/mol]




Appendix

Q12 0 (42.7%), Q1 (34.8%), SQ O (9.1%)

Figure Al. Representative AFM image of SQ Q12 (1-pair).

Pink and orange edges represent DNA edges modified with 3" and 5° crease
handles, respectively. The green arrow indicates the process of adding glue strands.
Well folded (intended), partially folded, and unfolded (SQ) structures were
represented with corresponding colored circles. At least three AFM measurements
were performed, and the total fraction for all shapes is described in Figure A5.

Scale bar, 1 pm.
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Q13 O (35.7%), Q1 (40.2%), SQ O (8.4%)

Figure A2. Representative AFM image of SQ Q13 (1-pair).

Pink and orange edges represent DNA edges modified with 3" and 5° crease
handles, respectively. The green arrow indicates the process of adding glue strands.
Well folded (intended), partially folded, and unfolded (SQ) structures were
represented with corresponding colored circles. At least three AFM measurements
were performed, and the total fraction for all shapes is described in Figure A5.

Scale bar, 1 pm.
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Figure A3. Representative AFM image of SQ Q123 (1-pair).

Pink and orange edges represent DNA edges modified with 3" and 5° crease
handles, respectively. The green arrow indicates the process of adding glue strands.
Well folded (intended), partially folded, and unfolded (SQ) structures were
represented with corresponding colored circles. At least three AFM measurements
were performed, and the total fraction for all shapes is described in Figure AS5.

Scale bar, 1 pm.
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Q1234 O (13.9%), Q123 O (32.8%), Q13 O (12.2%), Q12 O (11.7%), Q1 (8.3%) , SQ O (2.8%)

£

Figure A4. Representative AFM image of SQ Q1234 (1-pair).

Pink and orange edges represent DNA edges modified with 3" and 5° crease
handles, respectively. The green arrow indicates the process of adding glue strands.
Well folded (intended), partially folded, and unfolded (SQ) structures were
represented with corresponding colored circles. At least three AFM measurements
were performed, and the total fraction for all shapes is described in Figure A5.

Scale bar, 1 pm.
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Figure A5. The total fraction of multiple quarter-folding of SQ (1-pair).
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Figure A6. Representative AFM images of SQ H1 (pair, nick).

(a) Representative AFM images of SQ H1 with three different numbers of crease
handle pairs from one to three. Scale bars, 1 pum. (b) Crease patterns of
corresponding SQ H1. Pink and orange edges represent DNA edges modified with
3" and 5° crease handles, respectively. (c) The fraction of H3, SQ (unfolded), and
Others estimated by AFM measurements. At least three AFM measurements were
conducted to estimate the folding yield and standard error. Detailed data were
described in Table 1.
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Figure A7. caDNAnNo blueprint of SQ H1 (3-pair) with two reporters and
quenchers.

The blueprint represents the completely folded SQ H1 (3-pair) by glue strands

(green). Two reporters and quenchers are attached at the 3 (pink) and 5° (orange)

end of crease handles overhung from the inner vertex staples, respectively. In this

blueprint, the toehold part of the glue strand is omitted.
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Figure A8. caDNAnNo blueprint of SQ H2 (3-pair) with two reporters and
quenchers.

The blueprint represents the completely folded SQ H1 (3-pair) by glue strands

(green). Two reporters and quenchers are attached at the 3" (pink) and 5° (orange)

end of crease handles overhung from the inner vertex staples, respectively. In this

blueprint, the toehold part of the glue strand is omitted.
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