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ABSTRACT

Author: Liu, Longfei. PhD

Institution: Purdue University

Degree Received: May 2019

Title: DNA Self-Assembly Driven by Base Stacking
Committee Chair: Chengde Mao

DNA nanotechnology has provided programming construction of various nanostructures at
nanometer-level precision over the last three decades. DNA self-assembly is usually implemented
by annealing process in bulk solution. In recent several years, a new method thrives by fabricating
two-dimensional (2D) nanostructures on solid surfaces. My researches mainly focus on this field,
surface-assisted DNA assembly driven by base stacking. | have developed methods to fabricate
DNA 2D networks via isothermal assembly on mica surfaces. | have further explored the
applications to realize quasicrystal fabrication and nanoparticles (NPs) patterning.

In this dissertation, | have developed a strategy to assemble DNA structures with 1 or 2
pair(s) of blunt ends. Such weak interactions cannot hold DNA motifs together in solution.
However, with DNA-surface attractions, DNA motifs can assemble into large nanostructures on
solid surface. Further studies reveal that the DNA-surface attractions can be controlled by the
variety and concentration of cation in the bulk solution. Moreover, DNA nanostructures can be
fabricated at very low motif concentrations, at which traditional solution assembly cannot render
large nanostructures. Finally, assembly time course is also studied to reveal a superfast process for
surface-assisted method compared with solution assembly.

Based on this approach, | have extended my research scope from 1D to 2D structures
assembled from various DNA motifs. In my studies, | have successfully realized conformational

change regulated by DNA-surface interaction and steric effect. By introduction of DNA duplex



13

“bridges” and unpaired nucleotide (nt) spacers, we can control the flexibility/rigidity of DNA
nanomotifs, which helps to fabricate more delicate dodecagonal quasicrystals. The key point is to
design the length of spacers. For 6-point-star motif, a rigid structure is required so that only 1-nt
spacers are added. On the other hand, 3-nt spacers are incorporated to enable an inter-branch angle
change from 60 <to 90 <for a more flexible 5-point-star motif. By tuning the ratio of 5 and 6 -point-
star motifs in solution, we can obtain 2D networks from snub square tiling, dodecagonal tiling, a
mixture of dodecagonal tiling and triangular tiling, and triangular tiling.

Finally, 1 have explored the applications of my assembly method for patterning NPs.
Tetragonal and hexagonal DNA 2D networks have been fabricated on mica surfaces and served as
templates. Then modify the surfaces with positively-charged “glues”, e.g. poly-L-lysine (PLL) or
Ni?*. After that, various NPs have been patterned into designated lattices, including individual
DNA nanomotifs, gold NPs (AuNPs), proteins, and silica complexes. Observed NP lattices and
fast Fourier Transform (FFT) patterns have demonstrated the DNA networks’ patterning effect on

NPs.
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CHAPTER 1. INTRODUCTION

1.1 Overview of DNA Nanotechnology

DNA, or deoxyribonucleic acid, is a molecule carrying the genetic instructions used in the
growth, development, functioning, and reproduction of all known living organisms and many
viruses.! The concept of DNA nanotechnology was first brought up by Dr. Nadrian C. Seeman in
the early 1980s.2* In the following several decades, DNA has been exploited to construct various
DNA nanostructures.>** Based on the strict base pairing rule, in which adenine (A) pairs with
thymine (T) and cytosine (C) pairs with guanine (G), DNA nanostructures can be designed and
controlled with exceptional programmability and high precision.’® This makes DNA
nanotechnology broadly applicable in many fields, including inorganic nanostructure

manipulations,'®-2! protein assembly,?>?” biophysical and biomedical applications.?-%

1.1.1 DNA Double Helix

DNA double helix, also known as DNA duplex, contains two DNA strands, which hybridize
with each other by base-pairing rule. Each DNA strand is composed of monomeric units called
nucleotides. Each nucleotide contains three components: a sugar called deoxyribose, a phosphate

group, and one of four nitrogen-containing nucleobases (Figure 1.1).1
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© Hydrogen
© Oxygen

@ Nitrogen
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Major groove

Pyrimidines Purines )

Figure 1.1. The structure of DNA double helix.?

The unique double helix structure of DNA was firstly revealed by Dr. Watson and Dr. Crick
in 1953.% One DNA strand anti-parallelly associates with its complimentary strand via base-
pairing rule. The base-pairing rule strictly regulates the DNA-DNA hybridization, which is
determined by the four nitrogen-containing nucleobases (A, T, G, and C). A always pairs with T
and G always pairs with C, recognized by inter-base hydrogen bonding (Figure 1.2). The most
common formation of DNA duplex is a B-form right-handed helix structure, which has a diameter
of 2 nm and a pitch of 3.4 nm. One turn of this type of duplex contains 10.5 base pairs. Besides B-
DNA, other types are also reported, including left-handed Z-DNA and right-handed A-DNA. The

differences among these three types of DNA duplexes are shown in Table 1.1.
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Figure 1.2. The depiction of DNA base pairs via hydrogen bonding.?

Table 1.1. Comparison between A, B, and Z-type DNA duplexes.®®

Geometry attribute: A-type B-type Z-type
Helix sense right-handed right-handed left-handed
Repeating unit 1 bp 1 bp 2 bp
Rotation/bp 32.7° 34.3° 6072
Mean bp/turn 11 10.5 12
Inclination of bp to axis +19° -1.2° —9°
Rise/bp along axis 2.6 A(0.26 nm) 3.4 A(0.34 nm) 3.7A(0.37 nm)
Rise/turn of helix 286 A(286nm) | 357A(3.57nm) | 45.6 A (4.56 nm)
Mean propeller twist +18° +16° 0<
Glycosyl angle anti anti pyr|m|_d|r.1e. ant,
purine: gn
Nucleotide phosphate to C:57A
phosphate distance 59 A 70A G:6.1A
Sugar pucker C3'-endo C2'-endo C: C2-endo,
G: C3-endo
Diameter 23 A(2.3nm) 20 A (2.0 nm) 18 A (1.8 nm)
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1.1.2 The Principle of DNA Nanotechnology - Branched DNA Molecules and Sticky-Ended
Cohesion

In nature, DNA exist as double helices in which two DNA strands are associated following
the base-pairing rule. However, this kind of interaction can only render one-dimensional (1D)
nanostructures, which is not available for complicated two-dimensional (2D) or three-dimensional
(3D) systems. This problem was firstly solved by the proposal of branched DNA molecules.®* In
1983, Dr. Seeman brought up the scheme of branched DNA molecule, a four-way Holliday
junction structure (Figure 1.3). The branched DNA molecule contains four 16-nt, single-stranded
DNAs. Due to the unique sequence of DNA strands, the junction point cannot migrate thus a stable
four-way structure survives with each branch containing 8-base pair (bp) duplex. This design a
landmark of the early DNA nanotechnology because it enables development of DNA structures

from 1D to 2D.

7

OO0 -A>»>» 000
OO P--O000

................

00 =420 00
OO0 44000

N

Figure 1.3. The structure of DNA four-way junction.®
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Another problem is how to associate individual DNA motifs into large DNA architectures.
The most commonly used linkage is sticky-ended cohesion (Figure 1.4). Single-stranded
overhangs from two different DNA duplexes can hybridize to form a long, continuous duplex

when they are complementary to each other. Combining these two principles, large DNA

architectures can be readily fabricated (Figure 1.5).

ATGGCTAGTTGCATGAT GC TCA CG I GCGTTAGGT GATACCGTAC
TACCGATCAACGTACTACGA GTGCOG CAATCCACTATGGCATG
Hydrogen
bonding
AIGG(,IA(HI(,()'\I('AIC(I(A(((((HA((I(AIA(( 3 TAC
TACCGA[(AA((}IACIA(GA(I(K(I CAATCC A(TAT((\»’\I(}

-
=<
T

X |‘ r N
X
Y o= I;‘h T
x , v
<

Figure 1.5. Self-assembly of branched DNA molecules to form larger arrangements.®
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1.1.3 Procedures for DNA Self-Assembly

Over the last several decades, scientists have fabricated many DNA architectures.
Meanwhile, a mature methodology has been established and many tools have been developed for
designing, modeling, and assembling DNA nanostructures. The general protocol is (1) designing
the DNA structures and sequences; (2) synthesizing and purifying (if needed) DNA strands; (3)
mixing DNA strands at designated ratio and undergoing a slow thermal cooling process, known as
slow annealing process. Several software tools are useful for the first step: Tiamat is to edit and
display complex DNA structures in 3D;* SEQUIN is to design DNA sequence for minimizing
sequence symmetry and mismatches; CADNano is to design complex DNA origami structures and
sequences of staple strands. In the second step, short DNA strands (usually shorter than 100 bases)
are commercially available. But these DNA strands usually need purification by either denaturing
gel electrophoresis or HPLC (high-performance liquid chromatography). In the final step, DNA
strands are usually mixed in tris base buffer at pH ~ 8, adding ~ 10 mM Mg?*. The Mg?* is used
to eliminate electrostatic repulsion between DNA backbones. The characterization methods

include native PAGE, AFM, and EM for different purposes.

1.1.4 DNA 2D Structures

The construction of 2D lattices had been discussed with the introduction of the concept of
branched DNA molecules.? However, the first DNA 2D lattice was reported in 1998 assembled
from double crossover (DX) molecules.!! Out of five proposed DX molecules, only two stable DX
molecules were fabricated.** They are called DAO (double crossover, antiparallel, odd spacing)
and DAE (double crossover, antiparallel, even spacing), as shown in Figure 1.6. DAO has an odd

number of half-turns between the crossover points, while DAE has an even number of half-turns.
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The assembled DX 2D lattices were characterized by AFM and confirmed with expected

periodicity (Figure 1.7).

IAI IBI ICI (D!

o DAO DAI-
,f?‘ it 1777 E i W
v P % '? frw %‘a. 4 5 %ﬁ% it é
"ﬁ'?k e m_l, ™ A : & ) ’TN i
' 36 nt,12.6 nm ! 47 nt, 16.0 nm
DAO-E DAE-O

ACTCGTAACTGTGCOTCAG
p L 10 ‘ e
TGCGGTAT Y AGATAGCAGGCTACTGTCTTG \ CCGATCAACCAG
TA | PCTATC A GGT
GCTCTACAGGATCTGS \ A7 Ak CGACGAC GACCANTCA
AGAACCGAGATGT 7/ A~ \ TAAGT ca! CTOCTY CTGGTTAGT
] [ 1C | -
GTATGGCGANCGA . (/) nae, s
CGCTTECCTOTTCOGC 1
7 T crecTAcaTT TTGAGCGACT T T
T ) GACGATGC CTCACTGA o T,
GETCTACAGGATCRGG COACGACAGGCTACOCCAGTGACCANTCAGGTACTACITICCATCIC
AGAACCGAGATGT . TANSTIGEACAACCOEATCTC  COTCAGGOTOOROT COONT GOOT R ACTGOTTAGY
] 10 ] <
or; ; TGCAAT GACCGCARCATGATGCGTTAGGA 1 /1A
COCTTACCTGTTCREC [\ AC T AATE) A GCASTCCACGACCTGGOGTIGTACTACGCARTCCTGCCATATCGACG
B 2 T caerrarc
T GCCAACAGTT

Figure 1.6. Design of DNA 2D lattices assembled from DX molecules.*
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Figure 1.7. AFM images of DX 2D lattices assembled from (a-c) DAO molecules and (d-f) DAE
molecules. Scale bar: 300 nm.!

Based on the DX structure, many DNA motifs have been designed and successfully
assembled into 2D lattices.**>! Another series of DNA 2D lattices rely on symmetry of the point-
star motifs (Figure 1.8).52% In this design, all the branches of DNA motifs are identical. With this
symmetry strategy, only three different DNA strands are needed to assemble designated 2D lattices.

For example, in Figure 1.8 a, a three-point-star motif contains three identical branches assembled
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from three different strands. Then the hexagonal arrays can be fabricated due to the motif’s three-

fold symmetry.

(@)

. e

W S
DBX XA
=1 I

g

Figure 1.8. DNA 2D lattices assembled from point-star motifs. (a) Hexagonal arrays assembled
from three-point-star motifs. AFM images of 2D lattices assembled from (b) 3, (c) 4, (d) 5, and (e)
6 -point-star motifs. Individual motifs are circled.>>°

Besides the tile-based assembly of DNA 2D structures, another strategy uses one long DNA
strand (scaffold strand) and hundreds of short DNA strands with unique sequences (staple strands)
to fabricate DNA origami. The first DNA origami was reported in 2006 by Dr. Rothemund.*® In
his method, a 7-kilobase, single-stranded virus DNA was used as the scaffold strand and hundreds
of short single-stranded DNA served as staple strands (Figure 1.9). How scaffold strand folded
depended on the sequence of short staple strands. Based on this approach, many DNA origami

shapes were successfully fabricated (Figure 1.10). DNA origami is another landmark of DNA

nanotechnology, which have been broadly in programmable nanomaterial fabrication.
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Figure 1.9. Scheme of a DNA origami design. The long, black strand is the scaffold strand. All the
other short strands are staple strands.*®
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E . —
~ 100 nm

Figure 1.10. DNA origami shapes. (a) Square. (b) Rectangle. (c) Star. (d) Disk with three holes.
(e) Triangle with rectangular domains. (f) Sharp triangle with trapezoidal domains and bridges
between them. Top panel: folding path. Second row from top: diagrams showing the bend of
helices at crossovers (where helices touch) and away from crossovers (where helices bend apart).
Color indicates the base-pair index along the folding path; red is the 1st base, purple the 7,000th.
Bottom two rows: AFM images. Scale bars for lower AFM images: b, 1 mm; ¢, 100 nm.*3

1.1.5 DNA 3D Structures

3D structures have more versatile applications compared with 2D structures. DNA
nanocages, 3D DNA origami, and 3D DNA crystals are three most important study directions. In
the early 1990s, Dr. Seeman and coworkers reported a ligation-based approach to construct 3D
DNA nanostructures: cube and truncated octahedron.>®®" Later, one-pot assembly of DNA
tetrahedron and bipyramid was by Dr. Turberfield and coworkers.®®® In 2007, Dr. Sleiman
reported a discrete DNA assembly method to fabricate a series of nanocages.®® Figure 1.11 showed

some of the nanocages above.
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Figure 1.11. DNA nanocages. (a, b) Tetrahedra by Dr. Turberfield.®® (c) A series of discrete DNA
nanocages by Dr. Sleiman.®

Another approach to fabricate DNA nanocages is to use symmetric motifs with controlled
flexibility, which successfully construct 2D lattices. In 2008, Dr. Mao and coworkers reported a
series of DNA polyhedra assembled from symmetric point-star motifs, including tetrahedron,
dodecahedron and buckyball (Figure 1.12).%* Following this strategy, more polyhedral were

constructed from other point-star motifs.>*%2%4

Tetrahedron
Loop: 5 bases
DNA: 75 nM

Dodecahedron

p / Loop: 3 bases
3 M /-g DNA: 50 nM
=)

Buckyball
Loop: 3 bases
DNA: 500 nM
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Figure 1.12. Self-assembly of DNA polyhedral assembled from three-point-star motifs. Three
different types of DNA single strands stepwise assemble into symmetric three-point-star
motifs(tiles) and then into polyhedra in a one-pot process. There are three single-stranded loops
(colored red) in the center of the complex. The final structures (polyhedra) are determined by the
loop length (3 or 5 bases long) and the DNA concentration.®*

DNA origami strategy has been demonstrated to fold long, single-stranded strands into 2D
shapes since 2006. Recently, complicated 3D nanostructures have also been well studied by this
strategy. In 2009, Dr. Shih and coworkers developed DNA 3D origami by folding and twisting 2D
helix bundles (Figure 1.13) .%%% In 2015, Dr. H&gberg brought up a triangulated strategy to

fabricate 3D meshes with optimized structural rigidity (Figure 1.14 and 1.15).%’
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Figure 1.13. DNA 3D origami from folded and twisted helix bundles. (a-d) Design of 3D DNA
origami. (€) TEM micrographs of designed 3D origami shapes. Scale bar: 20 nm.%
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Initialize physics model,
springs between end bases Rotational relaxation Length modifications  Rotational relaxation
Y

Figure 1.14. Design paradigm and automated workflow for scaffold-routing sequence design of
origami 3D meshes. (a) Drawing of 3D meshes. (b-e) Design of scaffold route and staple strands.
(f-1) Optimization of designed structures by relaxation and even distribution of strain. (j) Final
design of 3D meshes.®’

Figure 1.15. DNA 3D meshes. (a-b) 3D meshes and designed DNA structures. (c-e) TEM
micrographs of designed 3D structures.®’
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DNA 3D crystals are another challenging but important structures in DNA nanotechnology.
In 2009, Dr. Mao and Dr. Seeman rationally designed and successfully fabricated the first DNA
3D crystals (Figure 1.16).°8 This crystal was assembled by identical DNA triangle motifs.

Crystallography agreed with designed crystal structures.

a A
)
R/
O‘\ ’A
’o “,\
v

GAGCAGCC
CGTCGG /

Figure 1.16. Schematic drawing, sequence, and optical image of crystal. (a) Schematic design. The
sequences of the strands are shown in figure. (b) Optical image of crystal.®®

1.2 DNA Self-Assembly Driven by Base Stacking

DNA self-assembly commonly relies on sticky-ended cohesion between individual motifs.
The association between two complementary strands is strengthened by hydrogen bonding and
stacking interaction. Contrary to popular belief, stabilization mainly relies on stacking interaction
instead of hydrogen bonding.3"% In recent several years, DNA assembly based on base stacking
interaction has been extensively studied. And new strategies have been developed to apply this

“weak” force for DNA self-assembly.
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1.2.1 Base Stacking

Base stacking is one of the most important factors to stabilize the DNA double helix. In
2016, Dr. Dietz and coworkers measured the strength of base-pair stacking on the level of single
particles by two tethered DNA origami beams that feature parallel arrays of blunt-ended DNA
double helices.” They also utilized the blunt-ended base stacking force to fabricate dynamic 3D
DNA devices and reversibly control the shape changes by cation concentration and temperature.’
In solution, DNA assembly mediated blunt-ended base stacking is still less efficient compared
with sticky-ended cohesion. Cation concentration, temperature and the number of blunt ends can
dramatically influence the stability of assembled DNA structures due to the bending force

perpendicular to the stacking axis.

1.2.2 Surface-Assisted DNA Assembly

Although DNA assembly is less stable mediated by blunt-ended base stacking in solution,
its behavior is quite different on solid surface. DNA-surface interaction helps to eliminate the
bending force, which can further stabilize the DNA 2D structures. In 2006, Dr. Rothemund noticed
that the blunt-ended base stacking associated DNA origami into continuous patterns.'® Later, he
applied the base stacking from multiple blunt ends into the fabrication of 2D DNA origami

lattice.” In recent several years, this interaction was broadly used by other scientist.”"

One question is what the minimum number of blunt ends is strong enough to associate DNA
motifs on the surface. In 2010, Dr. Seeman and coworkers successful fabricated linear structures
by using three blunt ends.” Later, Dr. Sleiman assembled 2D lattices from point-star motifs with

only two blunt ends.”® In her work, the DNA-surface interaction was based on lipid bilayers. What
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happens if only one blunt end exists? How can DNA-surface interaction be controlled? These

questions will be answered in this dissertation.
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CHAPTER 2. REGULATING DNA SELF-ASSEMBLY BY DNA-
SURFACE INTERACTIONS

Reprinted (adapted) with permission from Liu, L.; Li, Y.; Wang, Y.; Zheng, J.; Mao, C.
ChemBioChem 2017, 18, 2404. Copyright 2017 Wiley-VCH.

2.1 Introduction

DNA has been well studied to construct various nanostructures in the last several decades.?
14 Most of structures have been fabricated in solution via sticky-ended cohesion. Weak interaction
from one or two pairs of blunt-ended stacking cannot hold DNA motifs together. However, this
weak interaction can be stabilized by DNA-surface interaction to allow DNA motifs to assemble
into large nanostructures. Recent studies on DNA assembly on surface have revealed many
potential advantages,’>768% e g. reduced conformational freedom and higher structural
rigidity.”®"® However, the effect of DNA-surface interaction has barely explored. Moreover, what
happens if only one blunt end exists? How can DNA-surface interaction be controlled? These

questions still need to be studied.

2.2 Scheme and Design

The scheme is shown in Figure 2.1. When DNA solution (light blue) contacts a mica surface
(yellow), DNA molecules will loosely adsorb onto mica surface, then rearrange themselves on the

surface to maximize base stacking (highlighted by dashed boxes) between blunt ends.
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(a) (b) ()

Blunt end base stacking =~ DNA-surface interaction

-
71T
5

cations®@ @ ® @ ® @ _
[CXCXCKC) =

Figure 2.1. Process of blunt-end stacking-driven DNA self-assembly on mica surface. (a) Step-
wise illustration of assembly process. (b) Close-up view of the blunt-end interaction. (¢) DNA-

surface attraction via salt bridge.

All DNA motifs used in this study are shown in Figure 2.2. All the branches of each motif

are blunt-ended at peripheral site.
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Figure 2.2. Scheme of DNA motifs with sequences.

2.3 Materials and Methods

2.3.1 DNA Oligonucleotides

34

All oligonucleotides were purchased from IDT, Inc. and purified by 10% - 20% denaturing

PAGE. Oligonucleotides from all tiles are listed below with their designated ratio and

concentration during in situ assembly:

(1) Short DNA duplex, ratio 1:1, 10 uM in TAE/Mg?* solution:
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DI1: 5’-CGAAGTGTAATGTGACGCAACCTC-3’
D2: 5’-GAGGTTGCGTCACATTACACTTCG-3”

(2) DX tile, ratio 1:2:2, 1 uM in TAE/Mg?* solution:
1: 5’-CCAGGCACCATCGTAGGCTTGCCAGGCACCATCGTAGGCTTG-3’
2:5’-ACTATGCAACCTGCCTGGCAAGCCTACGATGGACACGGTAACG-3”
3: 5’-CGTTACCGTGTGGTTGCATAGT-3’

(3) 3-point-star tile, ratio 1:3:3, 1 uM in TAE/Mg?* solution:
Y-1: 5°- AGGCACCATCGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTCTTGCCAG
GCACCATCGTAGGTTTCTTGCC-3°
2:5’-ACTATGCAACCTGCCTGGCAAGCCTACGATGGACACGGTAACG-3”
3: 5’-CGTTACCGTGTGGTTGCATAGT-3’

(4) 4-point-star tile, ratio 1:4:4, 1 uM in TAE/Mg?* solution:
X-1: 5’-AGGCACCATCGTAGGTTTTCTTGCCAGGCACCATCGTAGGTTTTCTTGCCA
GGCACCATCGTAGGTTTTCTTGCCAGGCACCATCGTAGGTTTTCTTGCC-3°
2:5’-ACTATGCAACCTGCCTGGCAAGCCTACGATGGACACGGTAACG-3’
3: 5’-CGTTACCGTGTGGTTGCATAGT-3

(5) D6al tile, ratio 2:2, 400 nM in TAE/Mg?* solution:
J1: 5’>-CGACTTAGACTTCAGGCCTGAAGTGTTCAAGGCCTTGAACGGTTATCCGGA

TAACCTGATGCAC-3’
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J2: 5°>-GTGCATCACGCGTITTTCGCGCTAAGTCG-3”

(6) D6aJ* tile, ratio 2:2, 400 nM in TAE/Mg?* solution:
J1: 5’>-CGACTTAGACTTCAGGCCTGAAGTGTTCAAGGCCTTGAACGGTTATCCGGA
TAACCTGATGCAC-3

J2*: 5°-GTGCATCACGCATGCCGTTTTCGGCATGCGCTAAGTCG-3’

2.3.2 Assembly of Individual DNA Motifs

Mix DNA single strands at designated ratio for each DNA tile in TAE/Mg?* solution
(containing 40 mM tris base, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM magnesium acetate;
pH is adjusted to 8.0) to give final 10 uM (for short duplex) 400 nM (for D6aJ and D6aJ*) or 1
uM (for all the other tiles) tile solution. Sequentially incubate the DNA solutions: 95 °C for 5
minutes, 65 °C for 30 minutes, 50 °C for 30 minutes, 37 °C for 30 minutes, 22 °C for 30 minutes

to 4 °C for 60 minutes.

2.3.3 Native Polyacrylamide Gel Electrophoresis (PAGE)

Mix 2 mL 40% acrylamide/bisacrylamide solution (19:1, 5% crosslinker), 2 mL 10x
TAE/Mg?* buffer, and 16 mL distilled water to prepare 4% native PAGE gel. Mix 3 mL 40%
acrylamide/bisacrylamide solution (19:1, 5% crosslinker), 2 mL 10xTAE/Mg?* buffer, and 15 mL
distilled water to prepare 6% PAGE gel. Mix 4 mL 40% acrylamide/bisacrylamide solution (19:1,
5% crosslinker), 2 mL 10xTAE/Mg?* buffer, and 14 mL distilled water to prepare 8% PAGE gel.
The running buffer was TAE/Mg?* buffer. Gels were run on a FB-VE10-1 electrophoresis unit
(FisherBiotech) at 4 °C (300V, constant voltage) for 2 or 3 hours. After electrophoresis, the gels

were stained with Stains-all dye (Sigma) and scanned.
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2.3.4 Surface Self-Assembly

Mix annealed DNA tile (in TAE/Mg?*) solution with TAE/Mg?* —Ni%* (40 mM tris base, 20
mM acetic acid, 2 mM EDTA, 12.5 mM magnesium acetate, and designated concentration of
nickel chloride) buffer to prepare final DNA tile in TAE/Mg?* — Ni?* solution. Drop 5 L final
DNA tile solution onto a freshly cleaved mica surface, incubate for 5 minutes (time may differ
unless otherwise mentioned) at room temperature, then add 25 uL corresponding TAE/Mg?* — Ni?*

buffer and followed by AFM image in fluid.

2.3.5 AFM Image

AFM images were captured by MultiMode 8 (Bruker) using ScanAsyst-fluid mode with
ScanAsyst-fluid+ probes (Bruker). The tip-surface interaction was automatically adjusted to

optimize the scan set-point.

2.4 Results and Discussion

2.4.1 3-Point-Star Motifs

3-point-star motif contains three identical branches. Each branch contains two parallel
blunt-ended DNA duplexes. The interaction between two such motifs is only two pairs of blunt-
ended stacking. This interaction is too weak to associate motif together in solution. Therefore, no
large structure has been observed in native PAGE (Figure 2.3). However, on mica surface, this
interaction is strong enough to associate 3-point-star motifs into designed, honeycomb-like 2D

arrays (Figure 2.4).
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Figure 2.3. Native PAGE (6%) analysis of 3-point-star motif.
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Figure 2.4. Hexagonal 2D arrays assembled from blunt-ended 3-point-star motif. (a) Scheme. Blue
arrows point blunt-ended stacking sites. (b) and (c) A pair of atomic force microscopy (AFM)
images of the DNA arrays at different magnifications.

Three main factors can influence DNA self-assembly on surface. Here, we use 3-point-star
motif to study these three factors. (1) DNA-surface interaction regulated by Ni>* concentration
([Ni%*]). Ni?* is an effective bridge between negatively charged DNA molecules and negatively
charged mica surface, which can induce stronger interaction than commonly used Mg?* can.®* How
strong DNA-surface interaction is depends on [Ni?*]. Too low [Ni?*] will not provide enough
attractive force for DNA to absorb on surface; too high [Ni?*] will result in too strong DNA-surface

attraction and hinder DNA mobility and rearrangement on surface. Our experiments have

confirmed this theoretical reasoning (Figure 2.5). In our experiment, 100 nM pre-assembled DNA
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3-point-star motif in TAE/Mg?" — Ni?* buffer (containing 2 mM EDTA, 12.5 mM Mg?*, and Ni?*)
is deposited onto mica surface and incubated for 3 min at room temperature, then followed by
AFM imaging. Considering that the association constant of Ni>*-EDTA is 10*° times stronger than
that of Mg?*-EDTA,% the added 2 mM Ni?* is completely chelated by EDTA. So no array is
detected at 2 mM Ni?*. When 3 mM Ni?* is added, 1 mM free Ni?* exists and promotes the 2D
array formation. When 4 mM Ni?* is added, regular 2D arrays form with high coverage, and great
durability. At even higher [Ni?*] (5 mM), 2D arrays start to contain defects. Presumably, intense
DNA-surface interaction hinders the DNA motifs to move on the surface for rearrangement. This
result shows that moderate [Ni?*] provide the optimal conditions for DNA assembly on mica

surfaces.
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4 pm x 4 um (insets with 500 nm x 500 nm)

(b) 3

4 um x 4 um I umx 1 pm

4m
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250 nm x 250 nm
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Figure 2.5. Effect of Ni?* concentration on 2D assembly of blunt-ended 3-point-star motif on mica
as studied by AFM imaging. Experiment condition: in TAE/Mg?* buffer plus indicated Ni?*
concentration, assembly: 3 minutes at 25 <C, 100 nM DNA 3-point-star motif.
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Figure 2.5 continued

6 mM

4 um x 4 um

4 pm x 4 pm
(g) - 8 mM

4 um x 4 um 1 umx 1 pm 250 nm x 250 nm

4 pm x 4 um

(2) DNA concentration (Figure 2.6). In TAE/Mg?* - 4 mM Ni?* solution, 100-600 nM DNA
3-point-star motifs form regular hexagonal 2D arrays with high surface coverage. Some defects

are observed, e.g. small gaps and deformations (mainly pentagons and heptagons). When DNA
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concentration is lower than 100 nM, surface coverage decreases as DNA concentration decreases
though 2D arrays could be observed at low as 5 nM DNA. This result suggests that overall solution
DNA concentration influences the DNA concentration near the surface; in contrast, [Ni?*] affects

DNA-surface interaction.
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25 nM
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Figure 2.6. Effect of DNA concentration on 2D assembly of blunt-ended 3-point-star motif on
mica as studied by AFM imaging. DNA concentrations are indicated on the figures. Experiment
condition: in TAE/Mg?* — 4 mM Ni?*, assembly: 3 minutes at 25 <C.
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(3) Assembly duration. We have also explored the assembly kinetics by varying the
assembly duration in the range of 5 seconds to 10 minutes. As shown in Figure 2.7, in 5 seconds,
2D arrays start to form though the surface coverage is low. When assembly duration increases to
3 minutes, high coverage of 2D arrays is observed. These results reveal that the 2D assembly on
surface via base stacking is a fast process when compared with previously reported 2D assembly

dictated by sticky-end cohesion (often >12 hours).
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Figure 2.7. Effect of assembly duration on 2D assembly of blunt-ended 3-point-star motif on mica
as studied by AFM imaging. Assembly durations are indicated on the figures. Experiment

condition: in TAE/Mg?* — 4 mM Ni?*, 100 nM DNA 3-point-star motif.
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2.4.2 4-Point-Star Motifs

When we extend our study to another similar, branched, DNA motif, 4-point-star motif,*
an interesting phenomenon has been observed. This motif has been shown that it can assemble into
tetragonal 2D arrays via sticky-end cohesion in solution.*® However, when being subjected to the
base stacking-driven surface assembly, it behaves dramatically differently. Not only tetragonal 2D
arrays are observed, but trinexagonal and rhombic arrays also exist (Figure 2.8). Furthermore, by
rationally varying the experimental conditions, we can partially control the distribution of these

conformations.

Low coverage % Moderate coverage %  High coverage %

Figure 2.8. Three different 2D arrays assembled from 4-point-star motif under different Ni?*
concentration. (Experimental condition: 200 nM DNA in TAE/Mg?" — Ni?* buffer, 5 min
incubation).

The primary controlling factor is the Ni?* concentration (Figure 2.9). At 2 mM Ni?*, no
array is detected due to Ni?*-EDTA chelation. When [Ni?'] is increased to 3mM, DNA 2D arrays

covers ~ 50% of mica surface and trinexagonal arrays dominate. With 4 mM Ni?*, square arrays

become dominating. With 6 mM Ni?*, surface coverage reaches about 100% and dominating arrays
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change from trihexagonal arrays and square arrays, to squeezed rhombic arrays. When [Ni?*] is
higher than 7 mM, the surface becomes too densely packed and the DNA structures cannot

maintain their intrinsic shapes (Figure 2.9 f-h).

4 pm x 4 um (insets with 500 nm x 500 nm)
b) ) 3 mM

4 pm x 4 pm I pum x 1 pm 250 nm x 250 nm

4 um x4 pm I pum x 1 pm 250 nm x 250 nm

= L
4 um x4 pm I pm x 1 um 250 nm x 250 nm

Figure 2.9. Effect of Ni?* concentration on 2D assembly of blunt-ended 4-point-star motif on mica
as studied by AFM imaging. Experiment condition: in TAE/Mg?* buffer plus indicated Ni?*
concentration, assembly: 5 minutes at 25 <C, 200 nM DNA 4-point-star motif.
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Figure 2.9 continued
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To understand the change of the array structure along the change of [Ni%*], we have
performed a statistical analysis on the DNA 2D arrays in the [Ni?*] range of 3 — 6 mM (Figure
2.10). From trihexagonal arrays to tetragonal arrays to rhombic arrays, the DNA packing density
increases, and the area occupied by each 4-point-star motif decreases. Our statistic data show that

a linear relationship exists between the surface coverage and the percent of the DNA motif in
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tetragonal conformation. At a low [Ni?*], surface coverage of DNA is low. Each motif can occupy
a large surface area so that the DNA arrays tend to adopt a low packing density conformation,
trihexagonal arrays. At a high [Ni%*], surface coverage of DNA is high. Each motif can only occupy
a small surface area so that the DNA arrays tend to adopt a high packing density conformation,

rhombic arrays.

(a) (b) (©)
’ / B . ‘5.\ -~
Trihcxagoﬁal array Square array Rhombié array
Unit cell area: Unit cell area: Unit cell area:
S =1021.4 nm? S = 288.04 nm? S = 255.34 nm?
Number of motif in unit cell: Number of motif in unit cell: Number of motif in unit cell:
N=3 N=1 N=1
Area of each motif: Area of each motif: Area of each motif:
D = S/N =340 nm? D = S/N =288 nm? D = S/N =255 nm?
(d) (e)
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Figure 2.10. Statistical analysis of [Ni?*]’s effect on 2D assembly of blunt-ended 4-point-star motif
on mica as studied by AFM imaging.
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2.4.3 DNA duplex

An important question in this approach is: what is the minimal number of base-stacking
pairs of blunt ends that are needed to stably associate two building blocks together? Here we have
examined the smallest possible number (one) of pairs of blunt ends. A 24-base pair (bp)-long,
blunt-ended DNA duplex is used. The interaction between any two component DNA molecules is
only base stacking between one pair of blunt ends. Under AFM imaging, some long chains have
been observed. They are 1D chains assembled from the DNA duplexes and can be up to 250 nm
long, corresponding to ~ 30 duplex molecules associated together (Figure 2.11). Such assembly
also critically depends on both the bulk DNA concentration and Ni?* concentration (Figure 2.12
and 2.13). When [Ni?*] is lower than 8 mM, no appreciable 1D chain is observed presumably
because the small 24-bp-long DNA duplex could not adsorb onto the mica surface. When [Ni?*] is
in the range of 8 — 10 mM, 1D DNA chains form. When [Ni?*] is higher than 12 mM, surface was
so densely covered that no chain structure could be distinguished. This result shows that base
stacking of only one pair of blunt-ends is strong enough to associate DNA building blocks together

on surface.
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Figure 2.11. Short blunt-ended DNA duplexes assemble into long chains on surface. (a) Scheme.
Blue arrows point blunt-end stacking sites. (b) and (c) A pair of atomic force microscopy (AFM)
images of the DNA chains at different magnifications. (Experimental condition: 500 nM DNA in
TAE/Mg?* — 10 mM Ni?* buffer, 5 min incubation).
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(d) 1 uM

4 um X 4 pm

(e)

-~

4 pm x 4 um l um % 1 pm 250 nm x 250 nm

Figure 2.12. Effect of DNA concentration on 1D assembly of blunt-ended DNA duplexes on mica
as studied by AFM imaging. DNA concentrations are indicated on the figures. Experiment
condition: in TAE/Mg?" — 10 mM Ni?*,



54

4 um x 4 um 4 pm X 4 um 4 pm X 4 um

5 mM

4 pm x 4 um (insets with 500 nm x 500 nm)

(2 v 8 mM _ (h) 9 mM (i) 10 mM
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Figure 2.13. Effect of Ni?* concentration on 1D assembly of blunt-ended DNA duplexes on mica
as studied by AFM imaging. Experiment condition: 1 pM DNA duplexes with TAE/Mg?* buffer
plus indicated Ni?* concentration.
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2.4.4 Steric Effect — Double 6-Arm Junction Motifs

An interesting phenomenon, regulating DNA assembly via a steric effect, has been found
when we study the assembly of a double 6-arm junction (D6aJ) motif.3® It dramatically changes
its final assembly patterns by a small structure change (Figure 2.14). A D6aJ motif contains four
blunt ends and two short hairpins. Blunts ends can involve base stacking, leading to large structure
formation. The two hairpins do not involve in inter-motif interaction, however, can regulate the
assembly by steric effect. When the hairpins are short, any two D6aJ motifs can stack onto each
other with two pairs of blunt ends, leading to formation of 1D D6aJ arrays (Figure 2.14a). When
the hairpins are long, two D6aJ motifs can stack onto each other with one pair instead of two pairs
of blunt ends because of the steric hindrance imposed by the long hairpins, leading to 2D array

formation (Figure 2.14b).

(l)lm 3":l
@)
(1) 0%

|

Figure 2.14. Sterically controlled DNA self-assembly of DNA double 6-arm junction (D6aJ) motif.
(@) and (c) With short hairpins. (b) and (d) With long middle hairpins. In each panel, left shows
scheme and right is the AFM image. (Experimental condition: 200 nM DNA in TAE/Mg?" — Ni?*
buffer, 5 min incubation. for D6aJ, 6 mM Ni?*; for D6aJ*: 7 mM Ni?*.)
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2.5 Conclusion

In summary, this study provides a new strategy to weak force-driven, DNA self-assembly
by introduce an orthogonal interaction, DNA-surface interactions. It allows us to regulate DNA
self-assembly via tuning the DNA-surface interaction. It is related to other studies, such as blunt-
end stacking driven assembly and surface assembly. However, this study shows that we can
regulate DNA-DNA interactions via weak interaction (base stacking between 1 or 2 pairs of blunt
ends) by DNA-surface interaction. Long structures arise from assembly of short DNA duplexes as
observed in this study might be relevant to prebiotic development of life. In addition, this study
also demonstrates that large, complex DNA arrays can be assembled isothermally and quickly (~5
seconds), which is a very desirable when concerning introducing heat-sensitive guests, such as
proteins. In addition, the resulting structures could potentially be useful for high-resolution

molecular lithography 8488
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CHAPTER 3. PATTERNING NANOPARTICLES WITH DNA MOLDS

Reprinted (adapted) with permission from Liu, L.; Zheng, M.; Li, Z.; Li, Q.; Mao, C. ACS Applied
Materials & Interfaces 2019. Copyright 2019 American Chemical Society.

3.1 Introduction

DNA is a promising material to construct programmable nanostructures with excellent
precision and shape control. Recently, we reported a method to fabricate DNA 2D arrays on solid
surfaces from blunt-ended DNA motifs.”” This method provides large, continuous, and
monocrystalline DNA templates. Ordered Nanoparticle (NP) arrays have many applications in
physics, biosensing, etc. For example, AuNP arrays can serve as substrates for surface-enhanced
Raman spectroscopy (SERS) detections.®” Protein patterning is promising in studying biosensor
systems and expanding knowledge in protein-protein and protein-cell interactions.®*° How can
we use our developed DNA arrays as templates to pattern NPs? How can we regulate the patterning

density? These problems will be solved in this chapter.

3.2 Scheme and Design

Figure 3.1 illustrates the process of patterning NPs by DNA 2D arrays. It is exemplified by
a DNA tetragonal arrays from bridged 4-point-star (b4PS) motifs (Figure 3.2 a). Bridges are
introduced to enhance the motif rigidity because unbridged 4-point-star motif could easily adapt
different conformations.”” Another type of DNA array is hexagonal array assembled from rhombus
motif (Figure 3.2 b).%! Between any two motifs, two pairs of blunt-end stacking will offer adequate
interaction to associate motifs. The assembly of DNA motifs on surface results in 2D arrays (Figure
3.1 b and c). Then we modify the surface with positively-charged “glues” (Figure 3.1 d). These

“glues” can be Ni?* for DNA motifs and proteins patterning or PLL for AuNPs patterning. In the
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last step, NPs are trapped by “glues” and patterned by DNA arrays (Figure 3.1 ). All DNA motifs

used in this study are shown in Figure 3.2.

HE R OIOIOIOIOIO
o S s OIOIOIOIOIO)
gl QOIoIoIo
iy QOGO
< R Ceeeee
Tt X CIOIAII0IA
Surface “Glue” Patterning ®
assembly coating of NPs

Figure 3.1. Process of nanoparticles (NPs) patterning directed by DNA arrays. (a) Molecular
design of bridged 4-point-star (b4PS) motifs. (b) When DNA solution (light blue) contacts a mica
surface (yellow), b4PS motifs (blue) will randomly adsorb onto mica surface. (c) Driven by base
stacking between blunt ends, b4PS motifs rearrange themselves on the solid surface into 2D arrays.
(d) The mica surface is then coated by “glues”, which are positively charged materials (poly-L-
lysine or Ni?*). They are used to trap negatively-charged NPs. (e) Patterning NPs (red) by DNA
arrays.
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Figure 3.2. Scheme of DNA motifs with sequences.
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Figure 3.2 continued
(c) (d)
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CCTAC GATGG ACACGGTAATGAC
MGGATG CTACC  TGTGCCATTACTG

Liorld | | S

CTTGCCAGGCA  GGTTGCTA TTTTTTTTTT
GAACGGTCCGT CCAACGAT

3.3 Materials and Methods

3.3.1 DNA Oligonucleotides

All oligonucleotides were purchased from IDT, Inc. and purified by 10% - 20% denaturing
PAGE. Oligonucleotides from all motifs are listed below with their designated ratio and
concentration during in situ assembly:

DNA Strands:
L4: 5-AGGCACCATCGTAGGTTTTCTTGCCAGGCACCATCGTAGGTTTTCTTGC
CAGGCACCATCGTAGGTTTTCTTGCCAGGCACCATCGTAGGTTTTCTTGCC-3’

M’: 5’-GCAACCTGATACCCTTAGTATGTAGCCTGCCTGGCAAGCCTACGATGGA



CAATCTATTATGCGATTCGGACACGG-3’

J1:  5’-TATCACCGAATCGCATAATAGCGTCGAACG-3°

J2:  5-ATTGTGGCTACATACTAAGGGCGTCGAACG-3°

S’ 5-CCGTGTGGTTGC-3°

BB: 5’-CATGAAGCTTCATGGTTCGACT-3’
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L3’ 5-AGGCACCATCGTAGGTTCGTTCCGATCACCAACGGAAGTTCGATCCTAG

CACCTCTGGAGCTTCTTGCC-3’

M2: 5°-CGACTGAGCCCTGCTAGGATCGCTTCCGTTGGACGAACAGCTCCGCCTT

TTGGCGGGCTCGAGCTGTTCGTGGCGCT-3”

M3: 5’-GACGTGCAACCTGCCTGGCAAGGCTCCAGAGGACTACTCATCC-3’

S4:  5-GGATGAGTAGTGGGCTCAGTCG-3’

S5 5-CGTTACCGTGTGGTTGCACGTC-3’

M6: 5°-CGAGCAGCGCCTGATCGGAACGCCTACGATGGACACGGTAACG-3’

L3: 5-AGGCACCATCGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTCTTGCCA

GGCACCATCGTAGGTTTCTTGCC-3’

M:  5-TAGCAACCTGCCTGGCAAGCCTACGATGGACACGGTAATGAC-3’

S: 5’-GTCATTACCGTGTGGTTGCTATTTTTTTTTT-3’

T:  5’-thiol- TAACCGTGTGGAAGATAGTATG-3’

DNA Motifs:

b4PS: L4+M+J1+J2+S+BB (1:4:4:4:4:8). Motif concentration is 400 nM.
rhombus: L3’+M2+M3+S4+S5+M6 (1:1:1:1:1:1). Motif concentration is 500 nM.
3PS: L3+M+S (1:3:3). Motif concentration is 1 uM.

4PS: L4+M+S (1:4:4). Motif concentration is 1 uM.
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3.3.2 Buffers

TAE buffer: 40 mM tris base, 20 mM acetic acid, and 2 MM EDTA,; pH is adjusted to 8.0;
TAE/Mg?* buffer: 40 mM tris base, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM
magnesium acetate; pH is adjusted to 8.0;

TA buffer: 40 mM tris base, and 20 mM acetic acid; pH is adjusted to 8.0;

TA/Mg?* buffer: 40 mM tris base, 20 mM acetic acid, and 10 mM magnesium acetate; pH is
adjusted to 8.0;

TA/Na/x mM Mg?* buffer: 40 mM tris base, 20 mM acetic acid, designated x mM magnesium
acetate, and 500 mM sodium chloride; pH is adjusted to 8.0;

TA/Mg?*/Ni?* buffer: 40 mM tris base, 20 mM acetic acid, 10 mM magnesium acetate, and

2 mM nickel chloride; pH is adjusted to 8.0.

3.3.3 Preparation of Individual DNA Motifs

(1) For b4PS motif, mix all single-stranded DNAs (except bridge strands BB) at designated
stoichiometric molar ratio in TA/Mg?* solution [final 40 pL 500 nM motif solution (no bridges)].
Sequentially incubate above solutions: 95 <C for 5 min, 65 <C for 30 min, 50 <C for 30 min, 37 C
for 30 min, and 22 <C for 30 min. Then add 10 uL of bridge DNA, BB, into the annealed solution
above and incubate for 1 hour at 22 <C [final 50 uL 400 nM b4PS motif solution (with bridges)].
(2) For rhombus motif, mix all single-stranded DNAs at designated stoichiometric molar ratio in
TA/Mg?* solution [final 40 uL 500 nM motif solution]. Sequentially incubate above solutions:
95 <C for 5 min, 65 <T for 30 min, 50 <T for 30 min, 37 T for 30 min, and 22 <C for 30 min. (3)
For 3PS and 4PS motif, mix all single-stranded DNAs at designated stoichiometric molar ratio in
TA/Mg?* solution [final 40 uL 1 uM motif solution]. Sequentially incubate above solutions: 95 T

for 5 min, 65 <C for 30 min, 50 <C for 30 min, 37 <C for 30 min, and 22 <C for 30 min.
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3.3.4 Preparation of DNA-Conjugated AuNP Solution

AuUNPs (diameter 5 and 10 nm) were purchased from BBI Solutions (EMGC5, and
EMGC10). AuNPs were mixed with thiolated DNA (T) in TAE buffer at the molar ratio of 1:40
for 5 — nm AuNP or 1:160 for 10 — nm AuNP. NaCl concentration was gradually increased by
steps of 0.1 M at 3 hours intervals to final concentration of 0.5 M. The formed AuNP-DNA
conjugates were purified two times by centrifugation-redispersion process (Eppendorf Centrifuge
5415D) to remove excessive thiolated DNA. Centrifugation protocol is 16160 g for 1.5 hours for
5-nm AuUNP or 9280 g for 1 hour for 10-nm AuNP. Re-dispersing buffer is TA buffer. DNA-
conjugated AuNPs were finally re-dispersed in TA buffer at 4 uM for 5 — nm AuNP or 500 nM
for 10 — nm AuNP. Their molar concentrations were determined by spectrometric absorption at
520 nm (LAMBDA 365 UV/Vis spectrophotometer, PerkinElmer, Inc.) with extinction

coefficients of 1.10 <107 and 1.01 x10® Mt €m for 5 — and 10 — nm AuNPs, respectively.

3.3.5 Native PAGE

4% or 6% polyacrylamide/bisacrylamide (19:1, 5% crosslinker) gels were run on a FB-
VE10-1 electrophoresis unit (FisherBiotech) at 4 < (300V, constant voltage) for approximately 2
hours with TAE/Mg?* buffer as running buffer. After electrophoresis, the gels were stained with

Stains-all dye (Sigma) and scanned.

3.3.6 Formation of DNA Arrays via Surface-Assisted Self-Assembly

(1) Preparation: Prepare a final 50 nM b4PS motif in TA/Na/10 mM Mg?* solution or 100
nM rhombus motif in TA/Na/25 mM Mg?* solution. (2) Surface assembly: Deposit 5 plL DNA
solution onto a freshly cleaved mica surface and incubate for 24 hours at 22 <C for array formation.

(3) Buffer wash: After surface assembly, 20 i TA/Na/60 mM Mg?* buffer is added onto mica



64

surface and then removed. Repeat this process for four times. (4) AFM image capture: 20 pi
TA/Mg?*/Ni?* buffer is added onto mica surface. Then AFM images are captured in fluid. All

experiments are carried out at 22 <C.

3.3.7 Formation of Ordered DNA Nanomotifs

(1) Preparation: Prepare 3PS or 4PS motif in TA/Mg?*/Ni?* solution at designated motif
concentration (in the range of 20 — 75 nM). (2) Patterning: 5 . DNA solution is deposited onto a
mica surface with preformed DNA arrays, stands for 5 min, and then removed. (3) Buffer wash:
After patterning, 20 pl TA/Mg?*/Ni?* buffer is added onto mica surface and then removed. (4)
AFM image capture: 20 . TA/Mg?*/Ni?* buffer is added onto mica surface. Then AFM images

are captured in fluid. All experiments are carried out at 22 <C.

3.3.8 Formation of Ordered AuNPs

(1) Surface modification (PLL coating): Prepare PLL (0.1% w/v, molecular weight 150,000
— 300,000, Ted Pella, Inc.) in TA/Mg?*/Ni?* solution to give final 40 pg/mL PLL solution. 20 i
PLL solution is deposited onto a mica surface with preformed DNA arrays, incubated for 10 min,
and then removed. Wash with 20 . TA/Mg?*/Ni?* solution. (2) Patterning: 5 . DNA-conjugated
AUNP solution is added, incubated for 5 min, and then removed. (3) AFM image capture: AFM

images are captured in air. All experiments are carried out at 22 <C.

3.3.9 Formation of Ordered Proteins
(1) Preparation: Prepare ovalbumin, or OVA (lyophilized powder, > 98%, Sigma-Aldrich)
or lysozyme, or LYZ (lyophilized powder, protein > 90%, Sigma-Aldrich) in TA/Mg?*/Ni*

solution at designated protein concentration (in the range of 25 — 400 nM). (2) Patterning: 20 pL
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protein solution is added and incubated for 5 min. (3) AFM image capture: AFM images are

captured in fluid. All experiments are carried out at 22 <C.

3.3.10 Formation of DNA-Silica Hybrid Networks

(1) Preparation: 2% (v/v) of TMAPS  (N-trimethoxysilylpropyl-N,N,N-
trimethylammonium chloride, ca. 50% in methanol, Alfa Aesar) and 2% (v/v) TEOS (tetraethyl
orthosilicate, Sigma-Aldrich) are slowly added into TA/Mg?* buffer while vigorously stirring.
After 30 min, transfer the solution into a glass petri dish. (2) Silica decoration: Mica surfaces with
preformed DNA arrays are placed faced down and immersed in the solution. Incubate for
designated time. (3) Surface washing: Remove the solution and wash with ethanol for three times
and TA/Mg?* buffer for twice. (4) AFM image capture: AFM images are captured in air. All

experiments are carried out at 22 <C.

3.3.11 AFM images

(1) AFM images in fluid were captured by MultiMode 8 (Bruker) using ScanAsyst-fluid
mode with ScanAsyst-fluid+ probes (Bruker). (2) AFM images in air were captured by MultiMode
8 (Bruker) using ScanAsyst-air mode with ScanAsyst-air probes (Bruker). The tip-surface

interaction was automatically adjusted to optimize the scan set-point.

3.3.12 FFT and Inverse FFT Processing

Import the original AFM images into ImageJ software developed by the National Institutes
of Health.®2 Use FFT operation to obtain FFT diffraction patterns then followed by brightness-
and-contrast adjustment. Pick up the targeted intense diffraction spots and use inverse FFT

operation to render reconstructed images.
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3.4 Results and Discussion

3.4.1 Formation of DNA Arrays as Templates

DNA arrays were assembled in two steps according to our previous method.”” (i) Assembly
of individual DNA motifs in solution. All component strands were mixed at designated ratios in
TA/Mg?* buffer and the mixture solutions were thermal annealed. The formation of individual
motifs was confirmed by native PAGE (Figure 3.3 and 3.4). One important design of b4PS motif
is the introduction of bridges (blue-colored strand, BB), which can control the inter-branch angles

and rigidity of DNA motif.
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Figure 3.3. 4% native PAGE analysis of individual b4PS motif at 4 <C. After addition of bridges,

the designed b4PS motif readily formed and appeared as a sharp, major band with an expected
mobility.
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Figure 3.4. 6% native PAGE analysis of individual rhombus motif at 4 <C. After mixing all single-
stranded DNAs, the designed rhombus motif readily formed and appeared as a sharp, major band
with expected about twice the size as a blunt-ended three-point-star motif.

(i) Surface-assisted self-assembly of DNA arrays from motifs. Pre-formed, individual DNA
motifs were deposited onto a freshly cleaved mica surface. Isothermal incubation at 22 <C led to
the assembly of large single-crystal arrays (Figure 3.1 b,c and Figure 3.5 b, €). One advantage of
the surface-assisted self-assembly is that it allows readily optimizing integrity and global
homogeneity of single-crystal arrays by tuning concentration of Mg?*, [Mg?*]. The strength of
DNA-surface interaction positively correlates with [Mg?*]. Too low [Mg?'] leads to insufficient
DNA-surface interaction, resulting in small pieces of DNA arrays (Figure 3.5 a and d); too high

[Mg?*] leads to too strong DNA-surface interaction, resulting in poly-crystals (Figure 3.5 ¢ and f).
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Only at proper [Mg?*], DNA-surface interaction is moderate and large-scale arrays can form with
global homogeneity. The arrays are over 4 um X 4 pm in area and contain more than 20,000 and
34,000 wells for tetragonal and hexagonal arrays, respectively, as observed by AFM (Figure 3.5 b

and e). Global homogeneity is important for formation of uniform NP lattices.

() 5 mM b 10 mM (©) 15 mM

Figure 3.5. Optimization of the self-assembly of defect-free, large, single-crystal DNA arrays by
[Mg?*]. (a-c) Regulation of tetragonal arrays by [Mg?*]: 5 mM (low surface coverage), 10 mM
(optimal single crystal), 15 mM (poly-crystals). (d-f) Regulation of hexagonal arrays by [Mg?']:
20 mM (low surface coverage), 25 mM (optimal single crystal), 30 mM (poly-crystals). Buffers:
TA/500 mM Na* plus Mg?* at designated concentration (shown at top of each image). For each
large-scale image (4 um x4 um), an FFT pattern and a close-up view are shown at lower left and
upper right, respectively.
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3.4.2 Testing Integrity of DNA Arrays during “Glue” Coating

Before patterning NPs, one question is whether the formed DNA arrays can be preserved
during “glue” coating process. To test the integrity of DNA arrays, we imaged the samples after
each step of the process (Figure 3.6). Before coating, DNA arrays were checked to ensure
intactness (Figure 3.6 a). For patterning of AuUNPS, poly-L-lysine (PLL), a type of strong “glues”,
was required. To enhance DNA-surface interaction, 2 mM Ni?* was added to PLL solution. After
coating with PLL, DNA arrays remained intact (Figure 3.6 b). Next step was to remove excessive,
unbound or loosely bound PLL by washing with TA/Mg?*/Ni?* solution, containing 10 mM Mg?*
and 2 mM Ni?*. Mg?* was for stabilizing DNA nanostructures and Ni?* was for enhancing DNA-
surface interaction. AFM images also confirmed the integrity of DNA arrays after washes (Figure
3.6 ¢). For patterning of DNA motifs and proteins, PLL coating process was removed because Ni?*
is strong enough as “glues”. So washing with TA/Mg?*/Ni?* solution would also function as “glue”

coating process.
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Figure 3.6. Integrity test of DNA arrays during “glue” coating process. AFM images of (a) DNA
arrays; (b) followed by poly-L-lysine (PLL) coating; (c) and followed by removing excessive PLL.
Note that PLL coating in (b) is only required in AuNP patterning. PLL coating in step (b) is only
applied in AuNPs patterning. In all the other NPs patterning, step (b) is removed. For each large-
scale image (1 um =<1 um), FFT patterns and close-up views are shown at lower left and upper
right, respectively. Top layer: tetragonal arrays; bottom layer: hexagonal arrays.

3.4.3 Patterning DNA Nanomotifs

We started our study with patterning of DNA 3-point-star (3PS) motifs (Figure 3.7). This
motif contains three identical branches, and each branch contains two parallel DNA duplexes
(Figure 3.2 c). One duplex is blunt-ended while the other has a 10T single-stranded overhang at
the peripheral end to prevent inter-motif association via blunt-end stacking (Figure 3.2 e). After
forming tetragonal or hexagonal arrays, exposure of the mica surfaces to 3PS motifs resulted in

cavity-occupied patterning of 3PS motifs (Figure 3.7 a-d). By increasing the concentration of 3PS
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motif, [3PS], the cavity occupancy increased from low to high level (Figure 3.8). Our statistical

analysis indicated that the cavity occupancy rate could reach almost 100% when [3PS] was 75 nM

(Figure 3.7 e).

© [3PS]/nM 25 50 75

Tetragonal array 559+1.0% 96.2+0.5 % 99.9+0.1 %
Hexagonal array 38.6+1.9% 63.6+2.0% 99.8+0.1 %

Figure 3.7. Patterning of DNA three-point-star nanomotifs (3PS motifs) by DNA arrays. Schematic
presentation of patterning by (a) tetragonal arrays and (c) hexagonal arrays. 3PS motifs are colored
red. (b, d) AFM images of (a) and (c). FFT patterns and close-up views are shown at lower left
and upper right, respectively. (e) Statistics of cavity occupancy against [3PS].
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Figure 3.8. Patterning of 3PS motifs by DNA arrays. AFM images of patterning by (a-c) tetragonal
arrays and (d-f) hexagonal arrays at designated [3PS] (shown at top of each image). FFT patterns
and close-up views are shown at lower left and upper right, respectively. Blue circles indicate dual
motifs in a single cavity.

Then we extended our study to another DNA motif, 4-point-star (4PS) motif. 4PS motif has
the same design as 3PS motif except that it contains 4 branches (Figure 3.2 d and e). Similar tunable
patterning results were obtained (Figure 3.9 and 3.10). Almost 100% cavity occupancy was
obtained at [4PS] of 50 nM for tetragonal arrays and 60 nM for hexagonal arrays. Due to the space
limit of the cavity, most DNA motif patterns followed the single-motif-per-cavity rule. However,
when the concentration of DNA motifs was high enough, one cavity could trap two motifs,
highlighted by circles in Figure 3.8 c,f and 3.10 c,f. This was probably because the DNA motifs

contained certain flexibility to adapt themselves to a more compact space.
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Figure 3.9. Patterning of DNA four-point-star nanomotifs (4PS motifs) by DNA arrays. Schematic
presentation of patterning by (a) tetragonal arrays and (c) hexagonal arrays. 4PS motifs are colored
red. (b, d) AFM images of (a) and (c). FFT patterns and close-up views are shown at lower left
and upper right, respectively.
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(a) 20 nM (b) 35nM (c) 50 nM

(g

Cavity occupancy ([4PS])

Low Moderate High
Tetragonal array 58.5+2.2 % (20 nM) 75.0+ 2.0 % (35 nM) 99.7 + 0.2 % (50 nM)
Hexagonal array 272+ 0.3 % (20 nM) 50.4+ 0.2 % (40 nM) 98.5+ 0.2 % (60 nM)

Figure 3.10. Patterning of 4PS motifs by DNA arrays. AFM images of patterning by (a-c)
tetragonal arrays and (d-f) hexagonal arrays at designated [4PS] (shown at top of each image). FFT
patterns and close-up views are shown at lower left and upper right, respectively. Blue circles
indicate dual motifs in a single cavity. (g) Statistical analysis of cavity occupancy against [4PS].

3.4.4 Patterning AuNPs

AUNPs are one of the most important metal colloids for their unique physical properties and
wide applications in electronics, plasmonics, biomaterials, etc.®*¢ Since Mirkin et al. firstly
reported modification of AuNPs with DNA oligonucleotides,'” this method has been broadly

applied to organize AuNPs in various 1D,% 2D,% and 3D lattices,*®% and satellite shapes.190-192
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An alternative strategy to order AuNPs is self-assembly of AuNPs templated by DNA
nanostructures.'®1931%4 Both methods require strict DNA sequence design to enable specific DNA-
DNA hybridization. To achieve patterning AuNPs in a non-specific way, Cheng and coworkers
reported a free-standing NP superlattice by using DNA-modified AuNPs.1% In their work, DNA
was used as a “dry ligand” instead of a recognizable tool. However, their nanopatterning was
limited to close-packed hexagonal shape due to lack of templating guidance. Our previous work
showed a DNA-templated fabrication of AuNPs by thermal evaporation coating.'% But it suffered
from discrete distribution of AuNPs on DNA templates and difficult control of uniform size of
AUNPs. Herein, we used our current method to pattern AuNPs by DNA arrays. AuNPs of 5 and
10 nm were used after modification with 22-nt, single-stranded, random-sequenced DNA. To
ensure efficient absorption, mica surfaces were coated with PLL, a strong positively-charged “glue”
(Figure 3.6). Figure 3.11 demonstrated the necessity of PPL coating. Note that the overall
diameters of DNA-modified AuNPs at dry conditions are ~ 5.8 nm (for 5 nm AuNP) and ~ 10.5
nm (for 10 nm AuNP). Both are much smaller than the cavities of the DNA 2D arrays (~ 27.4 nm

for square wells and ~ 30.3 nm for hexagonal wells).
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Figure 3.11. AFM images at different magnifications of random absorption of (a) 5-nm and (b)
10-nm AuNPs on PLL-modified mica surfaces. FFT patterns and close-up views are shown at
lower left and upper right, respectively. AFM images of (c) 5-nm and (d) 10-nm AuNPs on
unmodified mica surfaces.

Figure 3.12 illustrated AuNPs patterned by tetragonal DNA arrays. AuNPs (red spheres)
stood in the cavities formed by tetragonal arrays as shown in Figure 3.12 a. After formation of
tetragonal arrays from b4PS motifs (Figure 3.12 b) and PLL coating, 5 —or 10 — nm AuNPs were
deposited onto mica surfaces and visualized by AFM. AFM images of both 5- and 10 — nm AuNP
patterns indicated tetragonal ordering directed by DNA arrays, and their FFT patterns showed clear
tetragonal symmetry (Figure 3.12 c-d), which was obviously different from template-free, random

absorption (Figure 3.11 a and b). White lines in Figure 3.12 ¢ and d indicated the orientations of

patterned AuNPs, which agreed with the corresponding FFT patterns. Due to different sizes of two



78

AUNPs, one cavity of tetragonal DNA arrays preferred to hold multiple 5-nm AuNPs (Figure 3.12

c) but single 10-nm AuNP (Figure 3.12 d).

Figure 3.12. (a) Schematic presentation of AuNPs patterning by tetragonal DNA arrays. AuNPs
are colored red. (b) AFM image of tetragonal arrays. (c, d) AFM image of patterned 5 —and 10 —
nm AuUNPs, respectively. A set of white dashed lines indicate the orientation of patterned AuNPs.
In (b-d), FFT patterns and close-up views are shown at lower left and upper right, respectively.
Due to the height difference contrast between AuNP and DNA (AuNP at ~ 5.8 nm and ~
10.5 nm against DNA at ~ 2 nm), AFM images only displayed higher AUNP patterns when AuNPs
were compactly packed. How can we determine the DNA arrays’ templating effect on AuNPs?
One method was to reduce the density of AuNPs. A map of sparse AuNPs was obtained, which
allowed observation of AuUNPs and DNA arrays at the same time (Figure 3.13). A close-up view
indicated most AuNPs stood in the cavities formed by DNA arrays, which confirmed our
hypothesis (Figure 3.13 b). Furthermore, Figure 3.14 showed measured repeating distances of 5-

and 10- nm AuNP lattices, which were close to that of DNA arrays. This also confirmed DNA

arrays’ templating effect on AuNPs regardless of their sizes.
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Figure 3.13. Spatial relationship between AuNPs and DNA arrays. (a) AFM image of 5-nm AuNPs
(white spheres) at low concentration (50 nM) on tetragonal arrays (yellow networks). FFT pattern
and close-up view are shown at lower left and upper right, respectively. (b) Close-up view of (a).
Blue dashed networks are drawn to highlight DNA array.
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Figure 3.14. Height and repeating distance analysis of DNA arrays and patterned AuNPs. (a) AFM
images of tetragonal arrays. (b, c) AFM images of patterned 5 —and 10 — nm AuNPs by tetragonal
DNA arrays. (d) Height analysis of (a-c) along corresponding colored lines. Averaged heights and
repeating distances are labeled beside and above the figure with corresponding colors in (a-c).

To study the percentage of cavities occupied by AuNPs, we performed an FFT analysis

(Figure 3.15). Briefly, FFT patterns were generated from the AFM images. Then diffraction spots
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of tetragonal symmetry, highlighted by green circles, were selected (Figure 3.15 a and c) and were
used to generate inverse FFT images via inverse FFT operation (Figure 3.15 b and d). In the inverse
FFT images, dot patterns of tetragonal symmetry were shown in three different colors: (i) Yellow
dots represented AuNP-occupied cavities, highlighted by circles; (i) Red dots represented AuNP-
unoccupied cavities, highlighted by squares; (iii) White dots represented AuNP aggregates,
highlighted by hexagons. Their positions in original AFM images were also matched, highlighted
by corresponding shapes. Statistical analysis indicated cavity occupancy of 94.9 0.3 % for 5 —
nm AuNPs and 80.8 1.2 % for 10 — nm AuNPs. The higher occupancy for 5 — nm AuNPs is

probably due to their higher concentration in bulk solution.
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Figure 3.15. (a, ¢) 5- and 10- nm patterned AuNPs by tetragonal arrays. FFT patterns and close-up
views are shown at lower left and upper right, respectively. (b, d) Inverse FFT images of (a) and
(c) from diffraction spots in green dashed circles. Yellow dots stand for AuNP-occupied cavities,
highlighted by blue dashed circles; red dots stand for AuNP-unoccupied cavities, highlighted by
blue dashed squares; and white dots stand for AuNP aggregates, highlighted by blue dashed
hexagons. In close-up views at upper right, three types of dots are highlighted, corresponding with
those in (a) and (c).

We also examined 5 —nm AuNPs patterned by the hexagonal arrays (Figure 3.16). Similarly,
white dashed lines showed three organizing orientations, which agreed with the FFT diffraction

patterns of hexagonal symmetry (Figure 3.16 c). In the inverse FFT images, colored dot patterns
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revealed the ordering of AuNPs and the cavity occupancy (Figure 3.16 d). This also demonstrated

the versatility of DNA templates.

Figure 3.16. Patterning of AUNPs by hexagonal DNA arrays. (a) Schematic presentation of AUNPs
patterning by hexagonal arrays. AuNPs are colored red. (b) AFM image of hexagonal arrays. (c)
AFM image of patterned 5-nm AuNPs. A set of white dashed lines indicate the orientation of
patterned AuNPs. In (b-c), FFT patterns and close-up views are shown at lower left and upper
right, respectively. (d) Inverse FFT image of (c) is generated from diffraction spots. Yellow dots
stand for AuNP-occupied cavities, highlighted by blue dashed circles; red dots stand for AUNP-
unoccupied cavities, highlighted by blue dashed squares; and white dots stand for AuNP
aggregates, highlighted by blue dashed hexagons. In close-up views at upper right, three types of
dots are highlighted, corresponding to those in (c).

3.4.5 Patterning Proteins

Patterning proteins directed by DNA arrays has been broadly reported. Specific binding was
the most commonly used technique, e.g. streptavidin-biotin binding'43197.108 and antigen-
antibody interaction.%® Recently, Ramakrishnan et al. reported non-specific absorption of various
negatively-charged proteins directed by surface-assembled DNA origami nanostructures.
Herein, we used our system to pattern proteins, both negatively and positively-charged. Moreover,
our DNA arrays contained denser cavities (~ 1,200 or 2,000 cavities per pm?) compared with those

in the origami arrays (~ 100 cavities per pm?).11
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We firstly studied the negatively-charged ovalbumin (OVA, pl ~ 4.52).1'! OVA is a main
protein in egg white, consisting of 385 residues with a molecular weight of ~ 42.7 kDa.!'? OVA
adsorption on mica surface was controlled by [OVA] in bulk solution. Figure 3.17 showed AFM
images of patterned OV As by tetragonal and hexagonal arrays at [OVA] of 25 and 75 nM. At 25
nM, cavities were partially occupied and preferred to load single OVA per cavity (Figure 3.17 ¢
and e). Increasing [OVA] resulted in higher cavity occupancy (Figure 3.18 and 3.19). When [OVA]
reached 75 nM, almost all cavities were occupied, and each cavity preferred to load multiple OVAs
(Figure 3.17 d and f). When we further investigated OVA patterning directed by tetragonal arrays
by increasing [OVA] up to 400 nM, almost all cavities were occupied with crowded OV As (Figure

3.18).
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Figure 3.17. (a, b) Schematic presentations of ovalbumin (OVA) patterning by DNA arrays. OVAs
are colored red. (c, d) AFM images of patterned OVAs by tetragonal arrays at different
concentration of OVA ([OVA)). (e, f) AFM images of patterned OVAs by hexagonal arrays at
different [OVA]. In (c-f), FFT patterns and close-up views are shown at lower left and upper right,
respectively. [OVA] is 25 nM for (c, e) and 75 nM for (d, f).
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Figure 3.18. AFM images of patterned OVAs by tetragonal arrays at (a-f) designated [OVA]
(shown at top of each image). FFT patterns and close-up views are shown at lower left and upper
right, respectively.

(a)

Figure 3.19. AFM images of patterned OVAs by hexagonal arrays at (a-c) designated [OVA]
(shown at top of each image). FFT patterns and close-up views are shown at lower left and upper
right, respectively.
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Then, we studied the positively-charged lysozyme (LYZ, pl ~ 11.35).183 LYZ is also
abundant in egg white, consisting of 129 residues with a molecular weight of ~ 14.3 kDa.!'4
Different from OVA, LYZ could directly absorb on either mica surfaces or DNA backbones.
Figure 3.20 showed AFM images of patterned LYZs by tetragonal and hexagonal arrays at [LYZ]
of 100, 150, and 200 nM. LYZs could easily be identified in the cavities but LYZ concentration
had relatively less influence on the cavity occupancy. Interestingly, at high [LYZ] of 200 nM, the
DNA arrays blurred possibly due to massive accumulation of LYZ on DNA backbones (Figure

3.2017 cand f).

Figure 3.20. AFM images of patterned lysozyme (LYZ) by (a-c) tetragonal arrays and (d-f)
hexagonal arrays at designated [LYZ] (shown at top of each image). FFT patterns and close-up
views are shown at lower left and upper right, respectively.
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3.4.6 DNA-Silica Hybrid Networks

In a recent milestone works, a general method was introduced by Yan, Fan et al. to grow
silica nanostructures with DNA nanostructures as templates.**>1® Herein, we applied this method
to construct DNA-silica hybrid networks, in other words, organizing in-situ synthesized, tiny silica
particles along DNA backbones. Figure 3.21 a and b showed a pair of AFM images of tetragonal
and hexagonal arrays with 48-hour silica growth. Height analysis indicated that the height of
network backbones increased to ~ 4 nm, which was twice the height of DNA duplexes (Figure
3.21 cand d). To investigate the process of the silica growth, we captured AFM images at different
incubation time points (Figure 3.22). At 1 hour, silica complex was rarely observed on DNA
backbones. At 2 hours, silica complex started to partially covered DNA backbones. Both bared
DNA backbones and silica-decorated backbones were observed (Figure 3.22 b). At 4 hours, silica
complex continued to cover more area of DNA arrays. Starting from 24 hours, the silica-covered
DNA arrays reached about ~ 100%. Statistical analysis revealed an increasing height between 0

hour to 24 hours and a stable, maximum height of ~ 4 nm after 24 hours (Figure 3.21 e).
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Figure 3.21. Silicification of DNA arrays. (a, b) Tetragonal arrays and hexagonal arrays with 48-
hour silica growth. FFT patterns and close-up views are shown at lower left and upper right,
respectively. (c, d) Height analysis of (a) and (b) along corresponding colored lines. Averaged
heights are labeled beside the figures. (e) Height change of tetragonal arrays along increasing silica
growth time. Process from tetragonal DNA arrays to silica-decorated structures by silicification.
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2 hours (c) - 4 hours

(d) 24 hours (e) 48 hours ( 96 hours

Figure 3.22. AFM images of silica-decorated tetragonal arrays with (a-f) designated silica growth
time (shown at top of each image). FFT patterns and close-up views are shown at lower left and
upper right, respectively. In (b), a piece of bare DNA array and silica-decorated array are
highlighted by a white dashed circle and square.

3.5 Conclusion

In summary, we have developed a biotemplating strategy for ordering various NPs into
expected 2D patterns via NP-surface or NP-DNA interaction. The absorption relies on non-specific
charge-charge interaction, which makes it a general approach. The NPs include DNA nanomotifs,
AUNPs, proteins, and silica complex, which demonstrates the versatility of this method. By tuning
the concentration of NPs in bulk solution, it is feasible to achieve different cavity occupancy. This

overall strategy will be expected to order a large range of NP candidates into designated patterns.
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CHAPTER 4. RATIONAL DESIGN AND SELF-ASSEMBLY OF TWO-
DIMENSIONAL, DODECAGONAL DNA QUASICRYSTALS

Reprinted (adapted) with permission from Liu, L.; Li, Z.; Li, Y.; Mao, C. Journal of the American
Chemical Society 2019. Copyright 2019 American Chemical Society.

4.1 Introduction

Quasicrystals have been extensively studied in mathematics, physics and material sciences
over last three decades. This class of materials exhibits long-range order but lacks translational
symmetry. The first observation of quasicrystals came from metal alloys,''” followed by a variety
of materials, including nanoparticles,}*®'° mesoporous silica,**® hydrogen-bond-driven
molecules,*?! and metal-organic frameworks.'?? Although many quasicrystal structures have been
discovered in nature and in human engineered systems by serendipity, the rational design and
engineering of quasicrystal structures remain a challenge. Theoretical design is straightforward in
mathematics sense,'2*1% but physical realization is prohibited by the difficulty of the design of
suitable building bricks.

DNA provides an excellent model system for studying quasicrystal formation because of its
excellent programming capability and structural simplicity. Self-assembly of small DNA motifs
into large structures allows growing crystal lattices by using small sets of short, single-stranded
DNAs (ssSDNAs). 1435255 Recently, we have reported a strategy to assemble large DNA 2D arrays
via blunt-end stacking on solid surface with several advantages: (1) high efficiency, (2) high
surface coverage and large domain size, and, very importantly, (3) increased toleration of motif
flexibility and avoiding formation of 3D aggregates.’’ Inspired by these works, herein, we propose

a framework to rationally engineer dodecagonal quasicrystals with 12-fold diffraction symmetry
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from binary DNA tiles, bridged 5- and 6-point-star motifs (b5PS and b6PS). How can we control

the flexibility/rigidity of point-star motifs? This will be a main problem solved in this chapter.

4.2 Scheme and Design

Figure 4.1 illustrates our overall design. A dodecagonal, 2D quasicrystal lattice can be
dissected into three basic building blocks: two 5-branch vertices and one 6-branch vertex. While
the 6-branch vertex [I11 (3%)] has a 6-fold rotational symmetry, the 5-branch vertices adapt
asymmetric configurations, either I (32 4 3 4) or 11 (3% 4%). DNA motifs, b5PS and b6PS, would
perfectly serve as such building bricks. The DNA nanomotifs are designed to enable smart rigidity
control and effective self-assembly in 2D. Each DNA motif contains six different types of single-
stranded DNAs, ssDNAs (Figure 4.2). All branches in a motif are identical to each other and each
branch is a 4-turn-long, DNA double crossover structure. Between any two adjacent branches in a
motif, a DNA bridge is introduced to control the angle between the two adjacent branches and the
rigidity of the motif. In the current design, the bridge length should range from 7.7 nm (60 to
10.2 nm (909, Figure 4.3 a. The bridge is a rigid, 20-base pair (bp)-long duplex (6.9 nm, Figure
4.3 b) flanked with two flexible, sSDNA spacers. Each nucleotide (nt) in an ssDNA can be
stretched to ~ 0.67 nm long. For the b6PS motif, 1-nt-long spacers are used so that the inter-branch
angle is fixed at approximately 60< The requirement for the b5PS motif is quite delicate. It should
be sufficiently rigid to prevent random aggregate formation. It should also be sufficiently flexible
to all both conformations I and 11, which have inter-branch angles both 60 “and 90< So, 3-nt-long
spacers are used for b5PS. When the spacers are stretched, the inter-branch angle can reach 90<
when the spacers are relaxed, the inter-branch angle can adapt 60< These bridges are important to
control the rigidity/flexibility for those motifs. Without the bridges, similar motifs (unbridged 5PS

and 6PS) are too flexible and could not maintain their designed geometry during assembly. Some
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inter-branch angles become 0< which completely ruins the self-assembly (Figure 4.4 and 4.5).

Finally, to promote inter-branch interaction between two adjacent motifs, two 1-nt-long sticky

ends are introduced at the peripheral end of each branch.
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Figure 4.1. Rational design of dodecagonal quasicrystals. (a) A dodecagonal, 2D quasicrystals can
be dissected into three different vertices, I, 11, and 111, highlighted by red circles. Both I and 11 are
5-point-star motifs (5PS) and 111 is a 6-point-star motif (6PS). (b) and (c) show the corresponding
molecular designs of symmetric, bridged 5- and 6-point-star, DNA motifs, b5PS and b6PS
(drawing by Tiamat). While the DNA b6PS motif is rigid, the b5PS motif is engineered to contain
certain flexibility to accommodate both I or Il conformations. nt: nucleotide.
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Figure 4.2. Schemes of symmetric, 5- and 6- point-star motifs without and with bridges: 5PS, 6PS,
b5PS, and 6bPS. (a) 5PS motif. (b) 6PS motif. (c) Detailed view of one branch (dashed rectangular
box) of (a) and (b). (d) b5PS motif. (e) b6PS motif. Each motif has either a 5- or 6-fold rotational
symmetry, which renders that all the branches and bridges are identical in terms of both structure
and DNA sequences. The duplex bridges between the branches in motifs b5PS and b6PS contain
3 and 1 unpaired nucleotides at both ends (sequence colored red), respectively.
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Varying 6 from 60° to 90°, the bridge should range from 7.73 nm to 10.19 nm.

Figure 4.3. Calculation of the targeted bridge length. We assume the pitch and the diameter of
DNA duplexes are 0.33 nm/bp and 2 nm, respectively. The length of one base in SSDNA is 0.67
nm. Calculated number of nucleotides (nts) for the spacer is 0.62 (rounded to 1) and 2.46 (rounded
to 3) for inter-branch angle of 60<and 90 < respectively. For b5PS, 3- nt spacers are used to control
the inter-branch angle between 60 “and 90< which corresponds to the two configurations I and 11
in Figure 1a. For b6PS, 1-nt spacers are used to fix the inter-branch angle at approximately 60°.

Figure 4.4. Deformation of 5PS motif during surface assembly. (a) AFM image of 2D networks
assembled by 5PS. (b-d) Close-up views and corresponding structural schemes of different 5PS
conformations. Scale bar: 20 nm.
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Figure 4.5. Deformation of 6PS motif. (a) AFM image of 2D networks assembled by 6PS. (b-h)
Close-up views and corresponding structural schemes of different 6PS conformations. Scale bar:
20 nm.

In this design, the DNA motifs have several desired features: (1) Both DNA motifs have the
same arm length, which meets the demand of identical distance between any two neighboring
vertices of the quasicrystals; (2) Both DNA motifs share the same self-complementary sticky ends
at each branch, which enables equal-probable and random association among b5PS and b6PS
motifs; (3) With 3-nt spacers, motif b5PS has enough flexibility to allow the inter-branch angle to
adapt either 60=or 90< as demanded by dodecagonal quasicrystals; (4) Motif b6PS motif is

purposely designed to be rigid by 1-nt spacers to maintain its 6-fold rotational symmetry; (5) DNA-
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surface interaction will confine and stabilize the assembled DNA networks onto flat surfaces and

prevent 3D aggregates formation.

4.3 Materials and Methods

4.3.1 DNA Oligonucleotides

All oligonucleotides were purchased from IDT, Inc. and purified by 6% - 20% denaturing
PAGE. Oligonucleotides from b5PS, b6PS, 5PS, and 6PS motifs are listed below with their
designated ratio and concentration during in situ assembly:

DNA Strands:

1: 5’-AGGCACCATCGTAGGTTTTCTTGCCAGGCACCATCGTAGGTTTTCTTGCC
AGGCACCATCGTAGGTTTTCTTGCCAGGCACCATCGTAGGTTTTCTTGCCAGGCA
CCATCGTAGGTTTTCTTGCC-3’ (circular by ligation at 5’ and 3’ ends)

1*:  5-AGGCACCATCGTAGGTTTTCTTGCCAGGCACCATCGTAGGTTTTCTTGCC
AGGCACCATCGTAGGTTTTCTTGCCAGGCACCATCGTAGGTTTTCTTGCCAGGCA
CCATCGTAGGTTTTCTTGCCAGGCACCATCGTAGGTTTTCTTGCC-3" (circular by
ligation at 5° and 3’ ends)

2: 5’-CCTATGCAACCTGATACCCTTAGTATGTAGCCTGCCTGGCAAGCCTACG

ATGGACAATCTATTATGCGATTCGGACACGGTAAC-3’

3A: 5 -TATCACCGAATCGCATAATAGCGTCGAACG-3’

3A*: 5’>-TATCACCGAATCGCATAATAG-3’

3B: 5-ATTGTGGCTACATACTAAGGGCGTCGAACG-3’

3B*: 5’>-ATTGTGGCTACATACTAAGGG-3’

4: 5’-GGTTACCGTGTGGTTGCATAG-3’
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BB: 5-GAAGCTTCCGTTCGT-3’

BB*: 5>-GAAGCTTCGTTCGAC-3’

DNA Motifs (motif concentration is 400 nM):
b5PS: 1+2+3A+3B+4+ BB (1:5:5:5:5:10).
b6PS: 1*+2+3A+3B+4+ BB* (1:6:6:6:6:12).
5PS: 1+2+3A*+3B*+4 (1:5:5:5:5).

6PS: 1*+2+3A*+3B*+4 (1:5:5:5:5).

4.3.2 Buffers

TA/Na buffer: 40 mM tris base, 20 mM acetic acid, and 500 mM sodium chloride; pH
is adjusted to 8.0

TAE/Mg?* buffer: 40 mM tris base, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM
magnesium acetate; pH is adjusted to 8.0

TA/Na/Mg?* buffer: 40 mM tris base, 20 mM acetic acid, 20 mM magnesium acetate, and
500 mM sodium chloride; pH is adjusted to 8.0

TA/Mg?*/Ni?* buffer: 40 mM tris base, 20 mM acetic acid, 10 mM magnesium acetate,

and 2 mM nickel chloride; pH is adjusted to 8.0

4.3.3 Preparation of Individual DNA Point-Star Motifs

For each point-star motif, mix ssDNAs (except bridge strands BB or BB*) at designated
stoichiometric molar ratio in TA/Na solution to give final 40 pL 500 nM motif solution (no
bridges). Sequentially incubate above solutions: 95 <C for 5 min, 65 <C for 30 min, 50 <C for 30

min, 37 <C for 30 min, and 22 <C for 30 min. For formation of motifs with bridges, add the bridge
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DNA BB or BB™) into the annealed solution above and stand for 1 hour at 22 <C to give final 50

uL 400 nM motif solution (with bridges).

4.3.4 Native PAGE

Mix 2 mL 40% acrylamide/bisacrylamide solution (19:1, 5% crosslinker), 2 mL 10x
TAE/Mg?* buffer, and 16 mL distilled water to prepare 4% native PAGE gel. The running buffer
was TAE/Mg?* buffer (containing 40 mM tris base, 20 mM acetic acid, 2 mM EDTA, and 12.5
mM magnesium acetate; pH is adjusted to 8.0). Gels were run on a FB-VE10-1 electrophoresis
unit (FisherBiotech) at 4 < (300V, constant voltage) for 2 hours. After electrophoresis, the gels

were stained with Stains-all dye (Sigma) and scanned.

4.3.5 Surface Assembly Protocol

Our protocol includes four steps. (1) Preparation: Mix b5PS and b6PS motif at designated
motif ratio to a final 200 nM DNA motif in TA/Na solution. (2) Surface assembly: Deposit 5 L
DNA solution onto a freshly cleaved mica surface and incubate for designated time (incubation
time) at 22 < for network formation. (3) Buffer wash: After surface assembly, 20 pL TA/Na/Mg?*
buffer is added onto mica surface and then removed. Repeat this process for four times (number
of wash times can be different if mentioned otherwise). (4) AFM image capture: 20 pL
TA/Mg?*/Ni?* buffer is added onto mica surface. Then AFM images are captured by MultiMode
8 (Bruker) using ScanAsyst-fluid mode with ScanAsyst-fluid+ probes (Bruker). The tip-surface
interaction was automatically adjusted to optimize the scan set-point. All experiments are carried
out at 22 <C.

Buffer washing in Step 3 is important. (i) Without wash, crowd of aggregates of individual

DNA motifs on surface is observed. (ii) With single or two washes, surface is much cleaner with
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a decreasing number of individual motifs. (iii) With four washes, satisfactory imaging condition
is obtained with good network protection (Figure 4.6). Four washes between DNA incubation and

AFM imaging are applied for all experiments.

a) k “ — (b) 1 ‘ (c) ‘ 7' ‘ (d) 4

Figure 4.6. Influence of different washing times on the quality of AFM images. (a-d) A pair of
AFM images (top panel: large-area images of the DNA networks; bottom panel: close-up views)
of the DNA networks (incubation time: 30 min) assembled from b5SPS motif after 0, 1, 2, and 4

times of buffer washing.

In Step 4, the introduction of 2 mM Ni?* and and 10 mM Mg?* effectively freezes the DNA
structure at the specifically given time point, which is essential for time-course AFM imaging.
Ni%* is known to strongly bind and immobilize DNA structures on mica surface.’8! Mg?* is for

maintain the integrity of the DNA nanostructures.
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4.3.6 FFT and Inverse FFT Processing

Import the original AFM images into ImageJ software.® Use FFT operation to obtain FFT
diffraction patterns then followed by brightness-and-contrast adjustment. Pick up the targeted

intense diffraction spots and use inverse FFT operation to render reconstructed images.

4.3.7 Exponential Fitting
Data is processed by Origin software developed by OriginLab Corporation. Choose

exponential fitting to generate final reports.

4.4 Results and Discussion

4.4.1 Self-Assembly of DNA Motifs

DNA self-assembly was conducted in two steps according to a reported method.”” (i)
Assembly of individual DNA motifs separately in solution. All component strands were mixed at
designated ratios in a Na*-containing, neutral, aqueous buffer and thermally annealed to form
individual motifs. (ii) Surface-assisted self-assembly of DNA crystals/quasicrystals from motifs.
Pre-formed, individual DNA motifs were mixed at designated ratios and deposited onto mica
surfaces. Isothermal incubation at 22 <C led to the assembly of large DNA 2D networks. After
assembly, the formation of individual motifs was confirmed by native PAGE (Figure 4.7-4.9) and

the assembled, large DNA networks were directly imaged by atomic force microscopy (AFM).
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Figure 4.7. Native PAGE (4%) analysis of the individual b5PS motif (a structural scheme shown at the
upper left). The sample compositions and the band identities are indicated above and beside the gel image,
respectively. Strands 1, 2, 3A, 3B, 4, and BB are as shown in Figure S1d. Blue dashed box contains some
byproduct bands which were caused by excessive 5% of 2, 3A and 3B and excessive 10% of 4 and BB to
ensure structural integrity of b5PS motif. The smeared bands were attributed to inter- and/or intra-
molecular interaction between single-stranded overhangs introduced by 3A and 3B in the partial complexes.
The designed, full b5PS motif readily formed and appeared as a sharp, major band with an expected
mobility in native PAGE.
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Figure 4.8. Native PAGE (4%) analysis of the individual b6PS motif (a structural scheme shown at the
upper left). The sample compositions and the band identities are indicated above and beside the gel image,
respectively. Strands 1*, 2, 3A, 3B, 4, and BB™* are as shown in Figure Sle. Blue dashed box contains some
byproduct bands which were caused by excessive 5% of 2, 3A and 3B and excessive 10% of 4 and BB* to
ensure structural integrity of b6PS motif.
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Figure 4.9. Comparison of the formation of motifs 5PS, b5PS, 6PS, and b6PS in native PAGE. The sample
compositions and the band identities are indicated above and beside the gel image, respectively.

4.4.2 Formation of Crystalline and Quasicrystalline Networks

DNA 2D quasicrystals and/or crystals formed depending on the molar ratio of b5PS:b6PS
in the solution (Figure 4.10). The resulting structures show clear FFT (fast Fourier transform)
patterns, which allow ready analysis of the structure symmetries. All the (quasi)crystals consisted
of only three types of vertices: 1 (32 4 3 4), 11 (3%4?), and [I11 (3%)]. When b5PS:b6PS = 100:0,
only b5PS motif existed in the system. It took conformation 1 (324 3 4) and assembled into
tetragonal crystals (snub square tiling) as in previous study (Figure 4.10 a).>* When small amount
of b6PS motif was introduced into the system (b5PS:b6PS = 90:10, 80:20), dodecagonal
quasicrystals formed, which contained both b5PS and b6PS motifs (Figure 4.10 b and c). When
more b6PS motif was introduced (b5PS:b6PS = 70:30), hexagonal crystals (triangular tiling)
appeared and mixtures of dodecagonal quasicrystals and hexagonal crystals were resulted (Figure
4.10 d). As b6PS motif content was further increased (b5PS:b6PS = 60:40), quasicrystals

completely disappeared; only poly-domained, hexagonal crystals of b6PS motifs were assembled
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(Figure 4.10 e). At the boundaries between two domains, some 5bPS motifs were observed, which
probably hindered the formation of single hexagonal crystals. When b5PS:b6PS = 0:100, only
b6PS existed in the system and assembled into large, hexagonal crystals as in previous study

(Figure 4.10 f).%° It extended to at least 4 pm x 4 pm and contained over 2.6 x 10° b6PS motifs.

5- : 6- point-star motif ratio
100: 0 90: 10 80:20 70 : 30 60 : 40 0:100

Figure 4.10. AFM study of binary networks assembled from motifs b5PS and b6PS. (a-f) AFM images
(left panel) and corresponding FFT patterns (right panel) of DNA networks from DNA bulk solutions with
indicated b5PS:b6PS ratios. FFT patterns are based on AFM images with area of 1 um x 1 um. Scale bar:
50 nm. (g-i) All vertex conformations found in these networks.

Itis interesting that the composition of the DNA motifs in bulk solution and in the assembled
networks on surface are related, but far away from being equal to each other. Presumably this
phenomenon is a result of preferential crystal packing and differential motif adsorption to the
surfaces. We have attributed this phenomenon to two factors. (i) The two motifs have different
abilities to adsorb onto mica surface. The b6PS motif has larger surface area than b5PS, thus absorb
onto mica surfaces more stable than b5PS. (ii) In the assembled networks, each b6PS interacts with
rest of the networks by six branches, and b5PS only by five. Thus, the b6PS motif is more stable

in the assembled networks than b5PS is.
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4.4.3 Analysis of Quasicrystalline Networks

Fascinating dodecagonal quasicrystals were observed when b5PS and b6PS at motif ratios
of 80:20 (Figure 4.11) and 90:10 (Figure 4.12) in bulk solution. The corresponding FFT patterns
show distinct 12-fold symmetry. Figure 4.11 a illustrates an AFM image of the quasicrystals
(b5PS:b6PS = 80:20). b5PS motifs adapt either configuration 1 (3% 4 3 4) or 11 (3 4?) and b6PS
motifs take configuration 111 [(3%)] as shown in black circles. Green circles highlight two
dodecagonal motifs with 30 rotation relative to each other, confirming the important orientation
requirement of dodecagonal tiling. In the FFT pattern, diffraction spots exist on five concentric
rings: A, B, C, D, and E from the center to outside (Figure 4.11 c). On each ring, the diffraction
spots follow a 12-fold symmetry, indicating a dodecagonal representation. Spots on circles A, B,
C, D, and E are mutually vector-correlated as deduced in vector arrows. For example, diffraction
spots in circle E can be derived from vector addition of two adjacent diffraction spots in circle B.
The DNA quasicrystal is close to an infinite, perfect, dodecagonal quasicrystal. In a perfect
dodecagonal quasicrystal, the triangle-to-square ratio is 4/V3 = 2.31.1%618 |n the observed AFM
image, there are 695 triangles and 301 squares (Figure 4.11 b), resulting in a triangle-to-square
ratio of 2.31, the same as the theoretical value. When concerning about the vertices in a perfect
dodecagonal quasicrystal, the ratio between b5PS and b6PS should be ~ 12.9. Our experimentally
observed ratio is 13.6 [b5PS (598): b6PS (44)], closely matching to the theoretical value.
Furthermore, the defect-free quasicrystal lattice accounts for 97.0% of the observed area. Edge-
tiling map indicates a near-even distribution of the six, possible edge orientations (an edge is
defined by the line connecting two adjacent vertices), which corresponds to the 12-fold symmetry
in the FFT pattern (Figure 4.11 d and e).?? All the evidences indicate that this network is a near-

perfect dodecagonal quasicrystal.
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Figure 4.11. Analysis of dodecagonal quasicrystalline networks assembled from b5PS and b6PS motifs at
a ratio of 80:20 in bulk solution. (a) An AFM image of the dodecagonal quasicrystals. Three vertex
configurations (corresponding to individual DNA motifs) are highlighted on the left side, and two
dodecagonal complex motifs with 30° relative rotation are highlighted on the right side. (b) Triangle-and-
square tiling map of (a). (c) The FFT pattern of (a). Five concentric rings (A-E) of diffraction spots are
related with each other by vector additions. Spots on each ring exhibit a 12-fold symmetry. (d) The edges
in tiling map of (a) are distributed in six, color-coded orientations (ei:-es). (e) Statistics of the edge
orientations. The pink, dashed line indicates the average edge percentage. Scale bar: 100 nm.

) €5

The quasicrystalline networks assembled at motif ratio of 90:10 also express dodecagonal
tiling (Figure 4.12 a). The calculated triangle-to-square ratio is 2.28 (688 triangles and 302 squares,
Figure 4.12 b), close to the theoretical value 2.31. The b5PS:b6PS in observed networks is 17.4
(608 b5PS motifs and 35 b6PS motifs), deviating from the theoretical value (12.9) of an infinite,
defect-free dodecagonal quasicrystal. Considering the calculated triangle-to-square ratio of 2.28,
this quasicrystal should have b5PS:b6PS of 14.3, which is also smaller than the observed 17.4. It
is reasonable because of the low content of b6PS motif in bulk solution compared with that at the
motif ratio of 80:20 discussed above, which is also demonstrated by some observed incomplete

b6PS motifs (not counted in b5PS:b6PS calculation) in the network. The FFT pattern shows a 12-
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fold symmetry (Figure 4.12 c), which is also supported by near-even distribution of the edge
orientation (Figure 4.12 d and e). Furthermore, the defect-free area accounts for 96.8% of the

imaged area. Overall, this network is a less perfect type of dodecagonal quasicrystal.

16.67% :Ei 1%
(&) € C3 €y Cs Cq

Figure 4.12. Analysis of dodecagonal quasicrystalline networks assembled from b5PS and b6PS motifs at
a ratio of 80:20 in bulk solution. (a) An AFM image of the dodecagonal quasicrystals. Three vertex
configurations (corresponding to individual DNA motifs) are highlighted on the left side, and two
dodecagonal complex motifs with 30° relative rotation are highlighted on the right side. (b) Triangle-and-
square tiling map of (a). (c) The FFT pattern of (a). Five concentric rings (A-E) of diffraction spots are
related with each other by vector additions. Spots on each ring exhibit a 12-fold symmetry. (d) The edges
in tiling map of (a) are distributed in six, color-coded orientations (ei-€s). (e) Statistics of the edge
orientations. The pink, dashed line indicates the average edge percentage. Scale bar: 100 nm.

4.4.4 Deformation of DNA Motifs

In the DNA quasicrystals, some interesting motif deformations have been observed. In the
quasicrystals at the motif ratio of 80:20, some b6PS motifs behave like b5PS motifs (Figure 4.13

a), likely because of the excessive b6PS motifs in bulk solution. In this deformed motif, one bridge
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is broken, thus its flanking two branches are arranged in parallel and function as a single branch
when associating with another motif. In contrast, in the quasicrystals at the motif ratio of 90:10,
some b5PS motifs act like b6PS motifs (named pseudo-b6PS motifs, Figure 4.13 b), likely due to
the insufficient b6PS motif in bulk solution. In the pseudo-b6PS motif, one bridge tears and the
angle between the two adjacent branches turns into 120< The other four angles are adjusted to 60<
This phenomenon demonstrates that the DNA motifs can, to certain degree, “smartly” tune their

shapes according to the environment.

Figure 4.13. Two unusual conformations of DNA nanomotifs in DNA quasicrystalline networks. (a) A
pair of elongated-triangular motifs assembled by degenerated d6PS motif: an AFM image (left) and its
corresponding schematic representation (right). Assembly condition: b5PS:b6PS = 80:20 in bulk solution. .
This phenomenon indicates existence of excessive b6PS motifs in bulk solution. (b) A pseudo-b6PS motif
by deforming a b5PS motif: an AFM image (left) and its corresponding schematic representation (right).
Assembly condition: b5PS: b6PS = 90:10 in bulk solution. This phenomenon indicates insufficiency of
b6PS motifs in bulk solution. Scale bar: 20 nm.

45 Conclusion

This work has developed a rational approach to assemble 2D dodecagonal quasicrystals out

of two nanomotifs. By tuning motif ratio in bulk solution, it is feasible to achieve a specific DNA
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network including: snub square tiling, dodecagonal tiling, poly-grain crystals of triangular tiling,
and single crystal of triangular tiling. The general approach has been proposed years ago, 213 put
this is the first time to be experimentally demonstrated. The key of this study is the ability to fine
tune the rigidity/flexibility balance of the DNA motifs. If too flexible, the DNA motifs will
aggregate into random networks. If too rigid, the same motif cannot adapt different conformations
needed for quasicrystals. This overall approach would be expected to be applicable to other
systems for designing quasicrystals. In addition, DNA quasicrystals could allow further
applications, e.g. organization of biomolecules or nanoparticles to express their own

quasicrystallinity for functional exploration.
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Regulating DNA Self-assembly by DNA-Surface

Interactions

Longfei Liu,® Yulin Li,"*’ Yong Wang,™ 9 Jianwei Zheng,*'" and Chengde Mao*"

DNA self-assembly provides a powerful approach for prepara-
tion of nanostructures. It is often studied in bulk solution and
involves only DNA-DNA interactions. When confined to surfa-
ces, DNA-surface interactions become an additional, important
factor to DNA self-assembly. However, the way in which DNA-
surface interactions influence DNA self-assembly is not well
studied. In this study, we showed that weak DNA-DNA interac-
tions could be stabilized by DNA-surface interactions to allow
large DNA nanostructures to form. In addition, the assembly
can be conducted isothermally at room temperature in as little
as 5 seconds.

This communication reports a comprehensive study on regu-
lating weak force-dependent DNA self-assembly on surfaces. In
this study, DNA self-assembly is driven by one or two pairs of
blunt-end stacking. Such a weak interaction cannot hold DNA
motifs (tiles) together by itself. However, this weak interaction
can be further stabilized by DNA-surface interactions to allow
DMA tiles to assemble into large nanostructures. The surface
stabilization can be conveniently tuned by changing the con-
centration of Ni**, which forms a salt bridge between DNA
and the mica surface.

DNA has been exploited to construct various DNA nano-
structures over the last three decades™ Most of them are
constructed in free solution, and very few studies have been
devoted to assembly on solid surfaces. Recently, DNA assembly
on surfaces has been studied because it offers many potential
advantages."* ™ For example, DNA nanomotifs have reduced
conformational freedom and higher structural rigidity™*' a
very desired property for structural DNA nanotechnology!
DNA self-assembly on surfaces involves DNA-DNA interactions
and DMA-surface interactions (Figure 1). Both interactions con-
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Figure 1. Process of blunt-end stacking-driven DNA self-assembly on a mica
surface. A) When DNA solution (light blue) contacts a mica surface (vellow),
DNA molecules will loosely adsorb onto the mica surface, then rearmnge
themselves on the surface to maximize base stacking (highlighted by
dashed boxes) between blunt ends. B Close-up view of the blunt-end inter-
action. C) DN A-surface attraction by salt bridge. DNA structures are drawn
with Tiamat software."®

tribute to DNA self-assembly on the surface if the strengths of
these two interactions are comparable. The effect of DNA-DNA
interactions has been extensively studied,”"" but the effect of
DMA-surface interactions has barely been explored.”* " In this
report, we conducted a comprehensive study on the latter and
found that DMA-surface interactions have a great effect on
DNA self-assembly on the surface. The DNA systems used here
are blunt-ended DNA motifs, The interaction between such
motifs is only base-pair stacking, which is generally weak.

We started our study with a blunt-ended, three-pointed-star
motif (tile)* The motif contained three branches, and each
branch contained two parallel DNA duplexes. Between any
two such tiles, the maximal interaction was two pairs of blunt-
end stacking. It was too weak to hold tiles together in solu-
tion; thus, only individual tiles were observed in PAGE (Fig-
ure 52 in the Supporting Information). Howewer, on a mica sur-
face, the blunt-ended three-pointed star motif can isothermally
self-assemble into designed, honeycomb-like 2D arrays within
5 seconds (Figures 2 and 53-55).

DNA self-assembly on surfaces is influenced by three main
factors

1) Ni** concentration (Figure S3): Ni** is an effective bridge
between negatively charged DMA molecules and negatively
charged mica surfaces®" A low Ni*' concentration will not
provide enough attractive force for DNA to the mica surface; a
Ni** concentration that is too high will result in too strong of
a DNA-surface attraction and hinder DNA mobility and rear-
rangement on the surface. This theoretical reasoning was con-
firmed in our study. In our experiment, pre-assembled DNA
tiles in TAE/Mg® *-Ni** buffer (containing 2 mm EDTA, 12,5 mm
Mg*", and Ni**) was deposited onto a mica surface and incu-
bated for a certain time at room temperature, followed by

© 2017 WileyVCH Verlag GmbH &Co. KGaA, Weinheim
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Figure 2. Hexagonal 2D amays assembled from a blunt-ended three-pointed-
star motif. A) Scheme. Blue arrows indicate blunt-end-stacking sites. B) and
Q) A pair of atomic force microscopy (AFM) images of the DNA chains at dif-
ferent magnifications. Experimental conditions: DNA (100 nm) in TAE/Mg® * -
Ni** (4 mm) buffer, 3 min incubation.

atomic force microscopy (AFM) imaging. No array was detect-
ed at 2 mm Ni**. At 3 mm Ni**, DNA arrays appeared, but they
were fragile during AFM imaging, indicating weak interactions
with the mica surface. The jump in array formation from 2 to
3 mm was likely due to the change in the effective Ni** con-
centration change. The buffer contained 2 mm EDTA, which
can chelate Ni** nearly 10" times more strongly than Mg**
(udging by the association constant K, values).”? Thus, the
added 2 mm Ni** was completely chelated by EDTA, and no
free Ni** existed in the solution. When 3 mm Ni?* was added,
1 mm free Ni** existed and promoted the 2D array formation.
When 4 mm Ni** was added, regular 2D arrays formed with
high coverage and great durability. At even higher Ni** con-
centrations (5 mm), 2D arrays started to contain defects. Pre-
sumably, intense DNA-surface interactions hindered the move-
ment of DNA tiles on the surface for rearrangement. This result
showed that moderate Ni** concentrations provide the opti-
mal conditions for DNA assembly on mica surfaces.

2) DNA concentration (Figure S4): In TAE/Mg”’ -Ni** (4 mm)
solution, DNA (100-600 nm) three-pointed stars formed regular
hexagonal 2D arrays with high surface coverage, Some defects
were observed, such as small gaps and deformations (mainly
pentagons and heptagons). When the DNA concentration was
lower than 100 nm, surface coverage decreased as DNA con-
centration decreased, although 2D arrays could be observed at
DNA concentrations as low as 5 nm. This result suggested that
overall solution DNA concentration influences the DNA con-
centration near the surface; in contrast, the Ni** concentration
affects the DNA-surface interaction.

ChemBioChem 2017, 18, 2404 - 2407
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3) Assembly duration (Figure S5): We made an effort to ex-
plore the assembly kinetics by varying the assembly duration
over a range of 5seconds to 10 minutes. As shown in Fig-
ure S5, at 5 seconds, 2D arrays start to form, even though the
surface coverage is low. When assembly duration increased to
3 minutes, high coverage of 2D arrays was observed. These
results revealed that the 2D assembly on the surface through
base stacking was a fast process when compared with previ-
ously reported 2D assembly, dictated by sticky-end cohesion
(often >12h).

When we extended our study to another similar, branched,
four-pointed star DNA motif,”*! an interesting phenomenon
has been observed. This motif has been shown to assemble
into tetragonal 2D arrays through sticky-end cohesion in solu-
tion.” However, when subjected to base-stacking-driven sur-
face assembly, it behaved dramatically differently. Not only
were tetragonal 2D arrays observed, but trihexagonal and
rhombic arrays also existed (Figure 3). Furthermore, by rational-
ly varying the experimental conditions, we were able to partial-
ly control the distribution of these conformations.

— N2y _
Sy

.
=30
\/ﬂ}‘il——é/ [Ni"]l— 4mM

Square Array
Moderate coverage %

Rhombic Array

Low coverage % High coverage %

Figure 3. Three different 2D amrays assembled from four-pointed- star motif
under different Ni** concentrations. Experimental conditions: DNA (200 nwm)
in TAEMg® *-Ni** buffer, 5 min incubation.

The primary controlling factor is the Ni** concentration (Fig-
ure S7). At 2mwm Ni*', no array was detected, due to Ni*'
-EDTA chelation. When the Ni** concentration was increased
to 3 mm, DNA 2D arrays covered =50% of the mica surface,
and trihexagonal arrays dominated. With 4 mm Ni*', square
arrays became dominating. At 6 mm Ni*', surface coverage
reached about 100%, and dominating arrays changed from tri-
hexagonal arrays and square arrays to squeezed rhombic
arrays. When the Ni*' concentration was higher than 7 mwm,
the surface became too densely packed, and the DNA struc-
tures could not maintain their intrinsic shapes (Figure S7 F-H).

To understand the change in the array structure correspond-
ing to the change in Ni** concentration, we performed a stat-
istical analysis on the DNA 2D arrays within a Ni** concentra-
tion range of 3-6 mm (Figure S8). From trihexagonal arrays to
tetragonal arrays to rhombic arrays, the DNA packing density
increased, and the area occupied by each four-pointed-star

© 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim
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motif decreased. Our statistic data showed that a linear rela-
tionship exists between the surface coverage and the percent-
age of the DNA motif in a tetragonal conformation. At a low
Ni** concentration, surface coverage of DNA was low. Each
motif could occupy a large surface area, so the DNA arrays
tend to adopt a low packing density conformation: trihexago-
nal arrays. At a high Ni** concentration, surface coverage of
DNA was high. Each motif could only occupy a small surface
area, so the DNA arrays tended to adopt a high packing densi-
ty conformation: rhombic arrays.

To determine the minimal requirement of blunt-end stacking
in this system, we turned to 1D structure assembly, in which
each DNA tile only interacted with two—instead of three or
four—neighboring tiles by blunt-end stacking for DNA self-as-
sembly. We first tested the assembly of the double-crossover
(DX) molecule.*" It contained two parallel DNA duplexes that
were linked together by strand crossovers at two locations
along the DNA duplexes. Each DX tile can only interact with
another two DX tiles through base stacking, potentially leading
to formation of long 1D chains. AFM imaging indicated that
such 1D chains indeed readily formed (Figures 4 and S9-511).
On the mica surface, a large number of 1D chains could be
easily observed (Figure 4). The formation of DX chains depend-
ed on both DNA and Ni** concentrations (FiguresS10 and
S11). At 500 nm DX, dense 1D chains could be formed in the
presence of 2-8 mm Ni**. They can easily reach 200 nm (15
copies of DX tiles) in length.

An important question in this approach was the minimal
number of base-stacking pairs of blunt ends needed to stably
associate two building blocks together. In previous works,
multiple pairs were involved."*'**%9 Here, we examined the
smallest possible number (one) of pairs of blunt ends. A 24-bp,
blunt-ended DNA duplex was used (Figures5 and S12-514).
The interaction between any two component DNA molecules
was only base stacking between one pair of blunt ends. Under

Figure 4. DNA double aossover (DX) assembles into 1D chains on suface.
A) Scheme of chain formation. Blue arrows indicate blunt-end-stacking sites.
B) and C) AFM images of the DNA chains at different magnifications. Experi-
mental conditions: DNA (200 nM) in TAE'Mg** - Ni** buffer (10 mm), 3 min
incubation.
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Figure 5. Shont, blunt-ended DNA duplexes assemble into long chains on
the surface. A) Scheme. Blue arrows indicate blunt-end-stacking sites. B) and
C) AFM images of the DNA chains at different magnifications. Experimental
conditions: DNA (500 nm) in TAE/Mg®+~Ni** buffer {10 mm), 5 min incuba-
tion.

AFM imaging, some long chains were observed. They were 1D
chains assembled from the DNA duplexes and could be up to
250 nm long, corresponding to =30 duplex molecules associ-
ated together (Figure 5). Such assembly also critically depend-
ed on both the bulk DNA concentration and Ni** concentra-
tion (Figures S13 and S14). When the Ni** concentration was
lower than 8 mm, no appreciable 1D chain was observed, pre-
sumably because the small (24-bp) DNA duplex could not
adsorb onto the mica surface. When the Ni** concentration
was in the range of 8-10 mm, 1D DNA chains formed. When
the Ni** concentration was higher than 12 mm, the surface
was so densely covered that no chain structure could be dis-
tinguished. This result showed that base stacking of only one
pair of blunt ends is strong enough to assodate DNA building
blocks together on a surface.

An interesting phenomenon regulating DNA assembly
through a steric effect was found when we studied the assem-
bly of a double six-arm junction (D6éaJ) motif.” It dramatically
changed its final assembly patterns by small structure changes
(Figures 6 and S15-517). A D6aJ motif contained four blunt
ends and two short hairpins. Blunt ends can involve base
stacking, leading to large structure formation. The two hairpins
did not involve inter-motif interactions; however, they could
regulate assembly by steric effects. When the hairpins were
short, any two D6aJ motifs could stack onto each other with
two pairs of blunt ends, leading to formation of 1D Déal
arrays (Figure 6A). When the hairpins were long, two Déal
motifs could stack onto each other with one pair instead of
two pairs of blunt ends because of the steric hindrance im-
posed by the long hairpins, leading to 2D array formation (Fig-
ure 6B).

In summary, this study provides a new strategy to weak
force-driven DNA self-assembly by introducing an orthogonal
interaction: DNA-surface interactions. This allows us to regu-
late DNA self-assembly by tuning the DNA-surface interac-

© 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim
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Figure 6. Sterically controlled DNA self-assembly of DNA double six-arm
Junction (D6aJ) motif with short hairpins (A and C) and with long middie
hairpins (B and D). In each panel, scheme is shown at left and AFM image is
shown at right. Experimental conditions: DNA (200 nm) in TAE/Mg™* ~Ni* *
buffer, 5 min incubation (6 mm Ni** for D6aJ; 7 mm Ni**for D6aJ*).

tions. It is related to other studies, such as blunt end stacking-
driven assembly and surface assembly!™*"***! However, this
study showed that we could regulate DNA-DNA interactions
by weak interaction (base stacking between one or two pairs
of blunt ends) by DNA-surface interaction. Long structures
arising from assembly of short DNA duplexes, as observed in
this study, might be relevant to prebiotic development of life.
In addition, this study also demonstrates that large, complex
DNA arrays can be assembled isothermally and quickly (=5 s),
which is very desirable when concerning the introduction of
heat-sensitive guests, such as proteins. In addition, the result-
ing structures could potentially be useful for high-resolution
molecular lithography.***9
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Patterning Nanoparticles with DNA Molds
Longfei Liu, Mengxi Zheng, Zhe Li, Qian Li, and Chengde Mao*"
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ABSTRACT: We report a nanopatteming strategy in which
self-msembled DNA nancstructures serve as structural
templates In previous work, ondering of NPs primarily relied
on spedfic recognition, eg, DNA-DNA hybridization. Only
a few cases have been reported on nomspediic adsorption
Unfortunately, these studies were limited by the integrty and
homogeneity of templates and the vadety of patterned
manoparticles (MPs). Herein, we have developed a general
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method to pattern vadous NPs. The NPs adsodh onto substrate via NP—substrate direct interactions and the substrates are
patterned into large armys (>4 % 4 pm) of tiny, accessible cavities by selFassembled DMNA arrays. As a demonstration, DNA
templates indude tetrmponal and hemgonal armys and the NPs include individual DNA manomotifs, gold manoparticles
[AuNPs), and proteins. All nanstructures lave been confimmed by atomic force microscopy and corresponding fast Fourier

transform (FFT) analysis

EEYWORDS: DNA nanotechnology, DNA nanostricture, sefassembly, bhot-ended stadeing, DNA—srfice inferaction,

nanoparticle

B INTRODUCTION

DMA & a promising materi] to comstruct programmable
manostructures with excellent predsion and shape control
Ower the last three decades, a vadety of DNA nano-
architectures has been comstructed.”™ " Recently, we reported
a method to Bbricate DNA 2D armys on solid surfaces Fom
blunt-ended DMA motifs."* This method provides large,
contimuows, and monocrystalline DMNA templates. Ordered
mnopartide (WP} arrays lave many applications in physics,
bicsensing, etc For example, AuNP amays can semve as
substrates for surface-enhanced Raman spectroscopy (SERS)
detections.” Protein patteming is promising in studying
bicsersor systems and expanding knowledge in protein—
protein and protein—cell imteractions."* ™" Here we develop a
general strategy to onder vadous NPs into predesigned pattems
by DNA templates (2D arrays) va nongpedfic surface
adsorption. In this process, DNA templates are fist self-
wsembled on a Fedh mica surface from individual, soxall, Blunt-
ended DNA motifs. Then the mica surface i coated with
podtively charged “gues”, eg, NIi* and polyiysine (PLL)
Finally, various NPs are deposited onto the solid surfices into
pattems defined by the DNA templates.

B EXPERIMENTAL DESIGN

Figure 1 illustrates the process of pattermning NPs by DNA 2D ammays.
It is exemplified bya DNA tetragonal amrays from bridged 4-point-star
(k4P 5) motis [hﬁ!;m 1a and Egm&h.ﬂaidgsmﬁmuﬂ.mdm
enhance the mnt\f:r:gdﬂ:y be:au.iem'lln:i:lg\ud-l--pndrt-shu’ maotif could
easily adapt different conformations."* Another type of DNA amay is
hexagonal armay Hed fom rhombu motf (Figure S1H)°7
Between any twe motils, two pais of blunt-end stacking will offer
adequate interaction to associate motif. The asembly of DNA motif

< ACS Publications w00 sesdcan Cramical Seciany
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Sarface “ilue™ Pt
assembly Dn.'l:':,g u nl'r::s L

Figure 1. Process of nanoparticle (NP} pattemning directed by DNA
armays. (a) Molecular design of bridged 4-point-str (MPS) motik.
(b) When DMNA salwtion (light blue } contects 2 mica surbce (yellow],
b4P5 motis (blus) will mndomly adsorh onto mica surbee (<)
Driven by hese stacking between blunt ends, b4P5 motifs
themselves on the solid surface into 21} ammys. (d) The mica surfice s
then coated by “glues’, which are positively charged materials (pohei-
hsine or Ni*~). They are wed to tmp negtively charged NPs. (=]
Patterning NP5 (red) by DNA amays

on surface results in 2D arrays (Figure 1k, c). Then we modify the
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be Ni*" for DMA motifs and proteins pateeming or PLL for AuNPs
pateming. In the st step, NPs are trapped by “glues” and patterned
by DMNA amys [Fxgu'c le).

DINA arrays were assembled in two steps amording to 0w previous
method® (i) Asmembly of individuzl DNA motifs in sohtion. Al
component strands were mived at desi ratics in TASM,
hﬁerm.d.ﬁ:mmmhﬁmummﬂumhd[su
Supporting Information for detailks). The formation of individual
motifs was confirned by native polyacrylamide gel electrophoresis,
PAGE (Figires 52 and 53). (i) Swhce awisted self awembly of DN A
amays from motifs. Preformed, individual DNA motif were deposited
ontn a freshly deaved mia surface. Isothermal incubation at 22 °C
led to the assembly of brge single-crystal amays (Figure 1b, © and
Figure 54b, £). One advantage of the surface-assisted self assembly is
that it allows readily optimizing integrity and global homogeneity of
single-crystal amays by tuning concentration od"M{;,‘ [‘m"]. The
strength of DNA-surface interaction positively comre ith [Mg>].
Too low [Mg™] leads to insfficient DMNA-surfice interaction,
resulfing in small pieces of DNA amys (Figwe 54, d) too high
[Mg™ ] leads to too strong DNA—surface interaction, resulting in poly
aystals (Figure 54, f). Only w [Mg™] DMNA—surfce
interaction is moderate and large-scale amays can form with global
homogeneity. The amays are over 4 gm X 4 gm in area and contain
more than 20000 and 34 000 wells for ttignma]m.d]’lmgma]
armays, respectively, s observed by AFM (Figure 54b, ).

ﬂnequemiswhd]!rﬂuhmdﬂh'ﬂmqsmbepmad
during “ghue" coating process To test the integrity of DNA ammays, we
imaged the samples after each step of the process (Figure 55). Before
coating, [NA arrays were checked to ensure intactness (Figure 552).
For patterning of AuNPs, poly-sdysine (PLL), a type of strong “glue",
was required. To enhance DMA—surface interaction, 2 mM N was
added to PLL solution. After coating with PLL, DNA arays remained
intact [Flgu:e 55b). Next si=p was i remove excessive, unbound or
loosely bound PLL by washing with TA/Mg™ /Ni™ solution (ses the
Supporting Information for detaik ), containing 10 mM Mg™ and 2
mM Ni™*. Mg™ was for stabilizing DNA and Ni** was
for enhancing DN A—surfice inberacfion. AFM images also confirmed
the integrity of DINA arrays after washes (Figure 55c). For patterning
of DNA motifs and proteins, PLL cmting was removed
becauss Mi™ is strong. -:nmg}t as "ghg'. o waﬁhg with TA,-'.MS;‘}'
Ni** solution would also fimction as *ghe” coating process

B RESULTS

Patterning DMNA Manostructures, We started our study
with patterning of DNA 3-point-star (3PS) motifs (FRgore 2)
This meotdf contains three identical branches, and each brandh
containg two parallel DMNA dupleses (Figure S1c) One duplex
i blunt-ended while the other has a 10T single-stranded
overhang at the periphera end to prevent intermotif
sssoctation via blunt-end stacking (Figure 5 le). After forming
tetragonal or hexsponal armys, exposure of the mica sufaces to
APS motifs resulted in cavity-occupled patterning of 3PS motifs
(Figare 2a—d). By increasing the concentration of 3PS motif
[3PS], the cavity occupancy increased from low to high level
(Figure 56). Our statistical analysis indicated that the cavity
occupancy rate could reach almost 100% when [IPS] was 75
oM ([Fgure Je).

Then we extended our gtudy to another DNA motif 4-point-
star (4PS) motil. 4PS mobif has the same design a5 3PS motil
except that it contains 4 branches (Figure 5 1d, ¢). Similar
tunable patteming results were obtained (Figure 3 and Figure
87). Almost 100% cavity occupancy was obtained at [4P5] of
50 oM for tetragonal arrays and &0 oM for hexagonal arrays
Dse to the space limit of the cavity, most DNA motf pattems
followed the snglemotf-percavity mile. However, when the
concentration of DNA motfs was high enough, one cavity
could trap two motil, highlighted by cirdes in Figures 56c, [

(a}

(e} [3P5] 7 e

e 10%
Wb 10%

062045 %
56+ 20%

Tezragoral arvay SG20.1%

Hexngonal smay A0

Figure 2. Patterning of DNA three-point-star nanomotif (3PS5
motifs) by DNA arrays. Schematic presentafion of patterning by (2)
tetray armays and (<) hexagonal ammays. 3PS motils are colored red.
(b, d) AFM images of 2 and c FFT patterns and close-up views ane
shown at lower left ad upper right, respectively. (£) Sttistics of
cavity oooupancy against [3P5].

Fignre 3. Patterning of DNA fnn:-]mdntstx nanomotfs (4P5 motik)
by DMA amays Schematic presentation of pattemning by (a)
tetragonal arrays and (c) hexagonal armays 4PS mots are colored
red. (b, d) AFM images of 2 and ¢ FFT patterns and closeup views
are shown at lower left and upper right, respectively.

and 57¢, L This was probably becanse the DNA motifs
contaned certain fexbility to adapt themselwes to a more
compact space

Patterning AuNPs. AuMPs are one of the most important
metal colloids for their unique physical properties and wide
applications in electronics, plismonics, blomatedals, ete '
Since Mirkin et al. fist reported modification of AuNPs with
DNA oligomucleotides,™ this method has been broadly applied
to organtze AuNPs in varlows one- (1D, two- (2D0),"" and
three-dimensional (3D) latices,"™ and stellite shapes ™ *
An altermative strategy to order AuNPs & sellassembly of
AuNPs templated by DNA manostructures™ ' Both methods
require stict DNA sequence design to emable specific DNA—
DNA hybridization. To achieve AuNP patterning in a
nomspecfic way, Cheng and co-workers meported a free
standing NP superhittice by using DNA-modified AuNPs “In
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their work, DNA was wsed as a “dry ligand” instead of a
recognizable tool However, their manopatterning was limited
to dose-packed hexagonal shape due to lack of templating
guidance. Our previous work showed a DNA-templated
fabrication of AuNPs by thermal evaporation coating.” But
it suffered from discrete distribution of AuNPs on DNA
templates and difficult contral of uniform size of AuNPs
Herein, we used our cument method to pattem AuNPs by
DNA arrays. AuNPs of $ and 10 nm were used after
modification with 22-nt, single-stranded, random-sequenced
DNA To ensure efficient adsorption, mica surfaces were
coated with PLL, a strong positively charged “glue” (Figure
S5). Note that the overall diameters of DNA-modified AuNPs
at dry conditions are ~$.8 nm (for § nm AuNP) and ~10.5 nm
(for 10 nm AuNP). Both are much smaller than the cavities of
the DNA 2D arrays (~27.4 nm for square wells and ~30.3 nm
for hexagonal wells).

Fgure 4 flustrated AuNPs patterned by tetragonal DNA
arrays. AuNPs (red spheres) stood in the cavities formed by

Figure 4. (3) Schematic presentation of AuNPs pateeming by
tetragonal DNA amays. AuNPs are colored red (b) AFM image of
tetragonal arayx. (¢, d) AFMimage of pattemned S and 10 nm AuNPs,
respectively. A set of white dashed lines indicate the orientation of
patemed AuNPs. In b—d, FET patterns and close-up views are shown
at Jower left and upper right, respectively.

tetragonal amrays as shown in Figure 4a. After fonmation of
tetragonal amrays from b4PS motifs (Figure 4b) and PLL
coating, $ or 10 nm AuNPs were deposited onto mica surfices
and visualized by AFM. AFM images of both $ and 10 nm
AuNP pattems indicated tetragonal ordering directed by DNA
arrays, and their FFT patterns showed dear tetragonal
symmetry (Figure 4¢, d), which was obviously diffierent from
template-free, random adsorption (Figure S8). White lines in
Figure 4¢, d indicated the odentations of patterned AuNPs
which agreed with the comesponding FFT patterns. Because of
the difierentsizes of two AuNPs, one cavity of tetragonal DNA
arrays preferred to hold multiple S nm AuNPs (Figure 4¢) but
a single 10 nm AuNP (Fgure 4d).

To further investigste DNA arrays' templating effect on
AuNPs, we determined their spatial relationship and compared
their repeating distances Because of the height difference
between DNA duplexes and AuNPs, AFM images only
displayed higher AUNP patterns when AuNPs were compactly

packed. To determine the relative position of AuNPs on DNA
arrays, we required simultaneous observation of DNA amays
and AuNPs. One method was to reduce the density of AuNPs
A map of sparse AuNPs was obtained, which allowed
observation of AuNPs and DNA armays at the same time
(Figure S9a). A dose-up view indicated most AuNPs stood in
the cavities formed by DNA arrays, which confinmed our
hypothesss (Figure S9b). Furthemmore, Figure SI10 showed
measured repeating distances of $ and 10 nm AuNP pattems,
which were dose to that of DNA arrays. This ako confimed
DNA arrays’ templating eflect on AuNPs regardless of their
stzes.

To study the percentage of cavities occupied by AuNPs, we
pedormed an FFT analysis (Figures S11—13). Bdefly, FFT
pattems were generated from the AFM images. Then
diffinction spots of tetragonal symmetry, highlighted by
green cirdes, were selected (Rgure Slla, ¢) and were used
to generate inverse FFT images via inverse FFT operation
(Figure SIib, d). In the inverse FFT images, dot pattems of
tetragonal symmetry were shown in three different colors: (i)
yellow dots represent AuNP-occupled cavities, highlighted by
drcles; () red dots represent AuNP-unoccupied cavities
highlighted by squares; (#i) white dots represented AuNP
aggregates, highlighted by hexagons. Their positions in orginal
AFM images were also matched, highlighted by coresponding
shapes. Statistical amalysis indicated cavity occupancy of 949 +
0.3% for $ nm AuNPs and 80.8 & 1.2% for 10 nm AuNPs. The
higher occupancy for 5 nm AuNPs is probably due to their
higher concentration in bulk solution.

We also examined $ nm AuNPs patterned by the hexagonal
arrays (Figure § and Figure S14). Similady, white dashed lines
showed three omganizing orlentations, which agreed with the
FFT diffraction pattems of hexagonal symmetry (Fgure 5¢). In
the inverse FFT images, colored dot patterns revealed the

Figure §. Pateming of AuNPs by hexagonal DNA amays. (a)
Schematic presentation of AuNPs patteming by hexagonal amays.
AuNPs are colored red. (b) AFM image of hexagomal amays (<) AFM
image of pattemed 5 nm AuNPx A set of white dashed lines indicate
the orientation of patterned AuNPs. In b and ¢, FFT mtterns and
close-up views are shown at lower left and upper right, respectively.

(d) Inverse FFT image of ¢ is generated from diffraction sposs. Yellow
dots stand for AuNP-ocapied cavities, highlighted by blue dashed
circles; red dots stand for AuNP.moccupied cavities, highlighted by
blue dashed squares; and white dots stand for AuNP aggregates,
highlighted by blue dashed hexagons. In close-up viewsat upper right,
three types of dots are highlighted comesponding © those in ¢
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ordering of AuNPs and the cavity occupancy (Figure 5d). This
also demonstrated the versatility of DNA templates

Patterning Proteins. Patterning proteins directed by DNA
arrays has been broadly reported Specific binding was the
most wmmonly wsed technique, eg, stxepuvtdm—bioun
binding™™* ™ and antigen—antibody interaction”” Recently,
Ramaksshnan et al. reported nonspecific adsorption of various
negatively charged proteins duected by surfice-assembled
DNA origami manostructures.' Herein, we used our system to
pattem proteins, both negatively and positively charged
Moreover, our DNA arrays contained denser cavities (~ 1200
ar 2000 cavities per um?) c.ompared with those in the origami
arrays (~100 cavities per pm?).™

We first studied the negatively charged ovalbumin (OVA, pl
~ 4.52)."" OVA & a main protein in egg white, consisting of
385 residues with a molecular weight of ~42.7 kDa*’ OVA
adsorption on mica surface was controlled by [OVA] in bulk
solution. Figure 6 showed AFM images of pattemed OVAs by

@) _§ ' (b)
\ g e a .
‘e o ) *s . nd :
! . ° .
o . .
. *e . o. . *e
. g . P

Figure 6. (3, b) Schematic presentations of ovabumin (OVA)
pateemning by DNA amays. OVAs are colored red. (¢, d) AFM images
of mttemed OVAs by tetragonal armays at different concentration of

OVA ([OVA]). (= ) AFM i of pattemed OVAs by hexaganal
amays at different [OVA]. In (cf), FFT pattems and closeup views
are shown at lower left and upper right, respectively. [OVA] is 25 nM
for (g, ) and 75 nM for (d, f).

tetragonal and hexagonal arrays at [OVA] of 25 and 75 nM. At
25 nM, cavities were partially occupied and preferred to load
single OVA per cavity (Figure 6¢ e). Increasing [OVA]
resulted in higher cavity occupancy (Flgures SIS and 16).
When [OVA] reached 75 nM, almost all cavities were
occupied, and each cavity preferred to load multiple OVAs
(Fignre 6d, f). When we further investigated OVA patteming
directed by tetragonal arrays by increasing [OVA] up to 400
nM, almost all cavities were occupied with crowded OVAs
(Figure S15).

Then, we studied the positively charged lysozyme (LYZ, pl
~ 1135).%" LYZ is also abundant in egg white, consisting of
129 residues with a molecular weight of ~14.3 kDa.** Different
from OVA, LYZ could directly adsorb on either mica surfaces
or DNA backbones. Fgure S17 showed AFM images of

pattemed LYZs by tetragonal and hexagonal arrays at [LYZ] of
100, 150, and 200 nM. LYZs could easily be identified in the
cavities but LYZ concentration had relatively less influence on
the cavity occupancy. Interestingly, at high [LYZ] of 200 nM,
the DNA arrays blured possibly due to massive accumulation
of LYZ on DNA backbones (Figure S17¢, f).

DNA-Silica Hybrid Networks. In a recent milestone
works, 2 general method was introduced by Yan, Fan etal to
grow silica manostructures with DNA nanostructures as
templates.**** Herein, we applied this method to construct
DNA-silica hybrid networks, in other words, organtzing in situ
synthesized, tiny silica particles along DNA backbones Figure
7a, b showed a pair of AFM images of tetragonal and hexagonal
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Figure 7. Slicification of DNA amays. (3, b) Tetragonal amays and
hexagonal arrays with 48 h silica growth FFT patermns and close-up
views are shown at lower left and upper rght, respectively. (c, d)
Height analysis of 2 and b along comesponding colored lines.
Averaged heights are labeled beside the figures () Height change of
tetragonal arrays along increasing silica growth time. Process fom
tetragonal DNA amays to silica-decorated structures by silicfication.

arrays with 48-h silica growth. Height amalysis indicated that
the height of network backbones increased to ~4 nm, which
was twice the height of DNA duplexes (Figure 7¢, d). To
investigate the process of the silica growth, we captured AFM
images at different incubation time points (Figure SI8). At 1 b,
silica complex was rarely observed on DNA backbones. At 2 1y,
silica complex started to pantially covered DNA backbones
Both bared DNA backbones and silica-decorated backbones
were observed (Figure SI8b). At 4 by, slica complex continued
to cover more area of DNA arrays Starting from 24 h, the
sllica-covered DNA amays reached about ~100%. Statistical
analysis revealed an increasing height between 0 to 24 h anda
stable, madmum height of ~4 nm after 24 h (Figure 7e).

W CONCLUSION

In summary, we have developed a biotemplating strategy for
ordering various NPs into expected 2D patterns via NP—
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suface or NP=DMNA interaction The adsomption relies on
nompedfic charge—charge interaction, which makes it a
general approach. The NPs indude DMNA nanomotifs,
AulNPs, proteins, and sllica complex, which demonstrates the
versatility of this method By tuning the concentration of NPs
in bulk solution, it & feasble to achieve different cavity
occupancy. This overall strategy will be expected to order a
large range of NP candidates into designated patterns.
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ABSTRACT: Quasicrystals are a class of materials with
long-range order but no translational periodicity. Though
many quasicrystals have been discovered, rational design
and engineering of quasicrystals remain a great challenge.
Herein, we have developed a rational strategy to assemble
two-dimensional (2D), dodecagonal quasicrystals from
branched DNA nanomotifs. The key of our strategy is to
balance the rigidity and flexibility of the motifs, which is
controlled by the introduction of interbranch “bridges”.
By fine-tuning the experimental conditions, we are able to
predictably produce either 2D quasicrystals or conven-
tional crystals. This study presents a rational design,
prediction and realization of quasicrystal formation.

uasicrystals have been extensively studied over last
three decades. They exhibit long-range orientational

orders but lack translational symmetries. Although quasicprs—
tals have been discovered in a wide range of materials, "™ it
remains a challenge to rationally design and engineer
quasicrystal structures. Theoretical design is straightforward
in mathematics sense,” ~* but physical realization is prohibited
by the difficulty of the design of suitable building bricks.

DNA provides an excellent model system for studying
quasicrystal formation. Over the last 35 years, DNA has been
exploited to construct a wide range of nanostructures because
of its excellent programming capability and structural
simplicity.'”™"* Small DNA nanomotifs can self-assemble
into large crystalline structures.'"”'>"*'® Recently, we have
reported a strategy to assemble large DNA 2D arrays via blunt-
end stacking on solid surface with great toleration of motif
flexibility and avoiding formation of 3D aggregates.'” Inspired
by these works, herein, we propose a framework to rationally
engineer dodecagonal quasicrystals with 12-fold diffraction
symmetry from binary DNA tiles, bridged $- and 6-point-star
motifs (bSPS and b6PS).

Figure 1 illustrates our overall design. A dodecagonal, 2D
quasicrystal can be dissected into three basic blocks: two §-
branch vertices and one 6-branch vertex. While the 6-branch
vertex [111 (3%)] has a 6-fold rotational symmetry, the S-branch
vertices adapt asymmetric configurations, either I (324-3-4) or
11 (3°-4%). DNA motifs, bSPS and b6PS, would perfectly serve
as such building blocks. The DNA nanomotifs are designed to
enable smart rigidity control and effective self-assembly in 2D.
All branches in a motif are identical to each other and each is a
4-turn-long, DNA double crossover (Figure Slc,d). Between

V ACS Pub“ca‘tions © XXXX American Chemical Society

1(3%4:3-4)

Figure 1. Rational design of dodecagonal quasicrystals. (a) A
dodecagonal, 2D quasicrystal consists of three different vertices, 1,
11, and 111, highlighted by red circles. I/11 and III are 5- and 6-point-
star motifs (SPS and 6PS), respectively. Panels b and ¢ show the
corresponding molecular designs of symmetric, bridged 5- and 6-
point-star, DNA motifs, bSPS and béPS (drawing by Tiamat). While
the DNA b6PS motif is rigid, the bSPS motif is engineered to contain
certain flexibility to accommodate both I or II conformations. nt:
nucleotide.

any two adjacent branches, a bridge is introduced to control
the interbranch angle and the rigidity of the motif In the
current design, the bridge length should range from 7.7 nm
(60°) to 10.2 nm (90°), Figure S2a. The bridge is a rigid, 20-
base pair (bp)-long duplex (6.9 nm, Figure S2b) flanked with
two flexible, ssDNA spacers. Each nucleotide (nt) in an ssDNA
can be stretched to ~0.67 nm long. For the b6PS motif, 1-nt-
long spacers are used to fix the interbranch angle at
approximately 60°. For the b5PS motif, 3-nt-long spacers are
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used. As such, it is suffidently rigid to avoid random
aggregation and sufficiently flexible to adapt both conforma-
tions I and I, which both have interbranch angles 60° and 90°.
When the spacers are stretched, the interbranch angle can
reach 90°; when the spacers are relaxed, the interbranch angle
can adapt 60°. These bridges provide important control for the
rigidity/flexibility of the motifs. Without the bridges, similar
motifs (unbridged SPS and 6PS) are too flexible and could not
maintain their designed geometry during assembly (Figures $3
and $4). To promote intermotif interactions, two 1-nt, sticky
ends are introduced at the peripheral end of each branch.

In this design, the DNA motifs have several desired features:
(1) Both motifs have the same arm length, meeting the
demand of identical distance between any two neighboring
vertices of the quasicrystals; (2) Both motifs have the same
self-complementary sticky ends, enabling equal-probable and
random association among bSPS and b6PS motifs; (3) With 3-
nt spacers, motif bSPS can adapt the interbranch angle of
either 60° or 90°, as demanded by dodecagonal quasicrystals;
(4) Motif b6PS is rigid to maintain its 6-fold rotational
symmetry; (S) DNA-surface interaction will confine and
stabilize the assembled DNA networks onto flat surfaces and
prevent 3D aggregates formation.

DNA self-assembly was conducted in two steps according to
a reported method:'” (i) Assembly of individual DNA motifs
separately in solution and then (ii) surface-assisted self-
assembly of DNA networks from the two-motif mixtures. The
formation of the individual motifs was confirmed by native
polyacrylamide gel electrophoresis PAGE (Figures S5-57)
and the assembled, large DNA networks were directly imaged
by atomic force microscopy (AFM).

DNA 2D quasicrystals and/or crystals formed depending on
the molar ratio of bSPS:b6PS in the solution (Figure 2). The
resulting structures show clear FFT (fast Fourier transform)
patterns, which allow ready analysis of the structure
symmetres. All the (quasi)crystals consisted of only three
types of vertices: 1 (3>4-3-4), 11 (3*4%), and 111 (3°). When
bSPS:b6PS = 100:0, bSPS motif took conformation I and
assembled into tetragonal crystals (snub square tiling) as in
previous study (Figures 2a and $8)."" When small amount of
b6PS motif was introduced into the system (bSPS:b6PS =
95:5), dodecagonal quasicrystals started to form besides the
tetragonal-crystal (Figure $9). In close-up views, both
tetragonal crystals (Figure S9b,d) and quasicrystals (Figure
S9¢,f) were observed. Increasing bSPS:b6PS ratio to 90:10,
85:15, or 80:20, dodecagonal quasicrystals formed, which
contained both b5PS and b6PS motifs (Figures 2b,c, $10—12).
When more b6PS motif was introduced (bSPS:b6PS = 75:25),
dodecagonal quasicrystal feature started to fade (Figure $13).
FFT patterns still showed 12-fold symmetry but became less
distinct (Figure S13d,e). Small hexagonal crystalline domains
(triangular tiling) assembled as b6PS motif amount increased
(Figure S13f). When the ratio reached 70:30, hexagonal
crystals expanded and mixtures of dodecagonal quasicrystals
and hexagonal crystals were resulted (Figures 2d and S14).
With even more b6PS (bSPS:b6PS = 60:40), quasicrystals
completely disappeared; only poly domained, hexagonal
crystals of b6PS motifs were assembled (Figure 2e and S15).
At domain boundaries, some SbPS motifs were observed
(Figure S1Sc), which hindered the formation of single
hexagonal crystals. When b5PS:b6PS = 0:100, b6PS assembled
into large, hexagonal crystals as in previous study (Figures 2f

(g
(h

v
*

(1)
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Figure 2. AFM study of bSPS-b6PS binary networks. (a—f) AFM
images (left) and corresponding FFT patterns (right) of DNA
networks from DNA solutions with indicated bSPS:b6PS ratios. FFT
patterns are based on 1 gm X 1 gm AFM images. Scale bar: 50 nm.
(g—i) All vertex conformations observed in these networks.

and 516)," extending to at least 4 gm X 4 pm and containing
over 2.6 X 10° b6PS motifs.

The motif compositions in bulk solutions and in the
assembled networks on surface are related, but far away from
being equal. For example, hexagonal crystals prevails when
bSPS:b6PS = 60:40. We have attributed this phenomenon to
two factors. (i) Differential motif adsorption. b6PS has larger
surface area, thus adsorbs onto mica surfaces more stably than
bSPS. (ii) Preferential crystal packing. In the assembled
networks, each b6PS interacts with rest of the networks by six
branches, and b5PS by five. Thus, the b6PS motif is more
stable in the assembled networks than bSPS is. On the other
hand, in quasicrystalline networks, bSPS:b6PS on surface is
larger than that in bulk solution. Presumably, more b6PS motif
is required to disturb the tetragonal crystals (snub square
tiling) because tetragonal crystals are more thermostable than
quasicrystals.

Fascinating dodecagonal quasicrystals were observed at
bSPS:b6PS = 80:20 (Figure 3) and 90:10 (Figure S17) in
bulk solution. The corresponding FFT patterns show distinct
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Figure 3. Analysis of dodecagonal quasicrystalline networks assembled from bSPS and b6PS motifs at a ratio of 80:20 in bulk solution. (a) An AFM
image of the quasicrystals. Three vertex configurations (corresponding to individual DNA motifs) and two dodecagonal complex motifs with 30°
relative rotation are highlighted on the left and right, respectively. (b) Triangle-and-square tiling map of panel a. (¢) The FET pattern of (a). Five
concentric rings (A—E) of diffraction spots are related with each other by vector additions. Spots on each ring exhibit a 12-fold symmetry. (d) The
edges in tiling map of panel a are distributed in six, color-coded orientations (e,—eg). (e) Statistics of the edge orientations. The pink, dashed line

indicates the average edge percentage. Scale bar: 100 nm.

12-fold symmetry. Figure 3a illustrates an AFM image of the
quasicrystals (bSPS:b6PS = 80:20). bSPS motifs adapt either
configuration I (3%4-3-4) or I1 (3*4?) and b6PS motifs adapt
configuration 111 (3%). Green circles highlight two dodecagonal
motifs with 30° rotation relative to each other, confirming the
important orientation requirement of dodecagonal tiling
(Figure S18). In the FFT pattem, diffraction spots exist on
five concentric rings: A, B, C, D, and E from the center to
outside (Figure 3c). On each ring, the diffraction spots follow a
12-fold symmetry. Spots on circles A, B, C, D, and E are
mutually vector-correlated as deduced in vector arrows. For
example, diffraction spots in circle E can be derived from
vector addition of two adjacent diffraction spots in circle B.
Furthermore, the 12-fold symmetry in FFT pattern exists for
large-area of the assembled DNA networks, indicating large
domains (4 ym X 4 pm) of the quasicrystals (Figure S12d). In
a perfect dodecagonal quasicrystal, the triangle-to-square ratio
is 4/4/3 = 231."7*" In the observed AFM image, there are
695 triangles and 301 squares (Figure 3b), resulting in a
triangle-to-square ratio of 2.31, the same as the theoretical
value. When concerning about the vertices in a perfect
dodecagonal quasicrystal, the ratio between bSPS and b6PS
should be ~12.9 (Figure $19). The observed ratio is 13.6
[bSPS (598): b6PS (44)], closely matching to the theoretical
value. Furthermore, the defect-free quasicrystal lattice accounts
for 97.0% of the observed area. Edge-tiling map indicates a
near-even distribution of the six, possible edge orientations (an
edge is defined by the line connecting two adjacent vertices),
which corresponds to the 12-fold symmetry in the FFT pattern
(Figure 3d,e).” Thus, the assembled DNA networks are close
to a near-perfect dodecagonal quasicrystal.

The quasicrystalline networks assembled at ratio of 90:10
also express dodecagonal tiling (Figure S17a). Its triangle

(688)-to-square (302) ratio is 2.28 (Figure S17b), close to the
theoretical value 2.31. The bSPS (608):b6PS (35) in observed
networks is 17.4, deviating from the theoretical value (12.9) of
an infinite, defect-free dodecagonal quasicrystal. Considering
the calculated triangle-to-square ratio of 2.28, this quasicrystal
should have bSPS:b6PS of 14.3 (Figure S19), which is also
smaller than the observed 17.4. It is reasonable because of the
low content of b6PS motif in bulk solution compared with that
at the motif ratio of 80:20 discussed above, which is also
demonstrated by some observed incomplete b6PS motifs (not
counted in bSPS:b6PS calculation) in the network. The FFT
pattern shows a 12-fold symmetry (Figure S17c), which is also
supported by near-even distribution of the edge orientation
(Figure S17d,e). Furthermore, the defect-free area accounts for
96.8% of the imaged area. Overall, this network is a less perfect
type of dodecagonal quasicrystal.

In the DNA quasicrystals, some interesting motif deforma-
tions have been observed. At the motif ratio of 80:20, some
b6PS motifs behave like bSPS motifs (Figure $20a), likely
because of the excessive b6PS motifs in bulk solution. In this
deformed motif, one bridge is broken, thus its flanking two
branches are arranged in parallel and function as a single
branch when associating with another motif. In contrast, at the
motif ratio of 90:10, some bSPS motifs act like b6PS motifs
(named pseudo-b6PS motifs, Figure $20b), likely due to the
insufficient b6PS motif in bulk solution. In the pseudo-b6PS
motif, one bridge tears and the angle between the two adjacent
branches tums into 120°. The other four angles are adjusted to
60°. DNA motifs seem able to “smartly” tune their shapes
according to the environment. Alternatively, though unlikely,
the pseudo-b6PS motif could be a b6PS motif somehow
missing one branch.
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In summary, we have developed a rational approach to
assemble 2D dodecagonal quasicrystals. Similar approaches
have been proposed before,””* but remain elusive for
experimental demonstration. The key of this study is the
ability to fine-tune the rigidity/flexibility balance of the DNA
motifs. If too flexible, the DNA motifs will aggregate into
random networks; if too rigid, the same motif cannot adapt
different conformations needed for quasicrystals. This
approach might be adapted for other systems for designing
quasicrystals. In addition, it is also possible to stabilize DNA
quasicrystals, e.g. by coating the DNA with a thin layer of
silica.”™*¢ That would allow further applications, e.g.
organization of biomolecules or nanoparticles to express their
own quasicrystallinity for functional exploration.
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