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Chemistry Meets DNA Nanostructures
Angin Xu, PhD

University of Pittsburgh, 2019

Since N. C. Seeman proposed the first DNA tile structure, the concept of using DNA to
construct mechanically robust nanostructure got remarkably developed in the past 40 years.
Arbitrary 2D and 3D DNA nanostructures have been designed and synthesized, with size ranging
from nanometer to micrometer scale. These DNA nanostructures, with the abundant varieties of
modifications available, have demonstrated their applications in biosensing, drug delivery and
nanofabrication.

In this dissertation, | have demonstrated several approaches to chemically modify DNA
nanostructures that are motived by their potential applications. Chapter 2 focuses on the effect of
chemical modification of DNA nanostructures on the nanoscale pattern transfer using HF etching
of SiO2. The unmodified DNA templates produced negative-tone patterns on SiO- substrate with
ca. 27 nm in depth (high contrast) and ca. 22 nm in width (high resolution). Streptavidin molecules
were able to locally promote the HF etching reaction, increasing the vertical contrast of the
transferred pattern by 35%. Chapter 3 reports the investigation of the stability and reusability of
DNA nanostructure templates after the HF etching negative-tone pattern transfer process. With the
help of fluorescence microscopy and a polymerase chain reaction (PCR) system, it was confirmed
that DNA nanostructures could be preserved after pattern transfer reaction and be potentially
reused for future nanofabrication process. Chapter 4 presents the deposition of DNA
nanostructures onto highly oriented pyrolytic graphite (HOPG) from an aqueous buffer solution.

The factors that affected the deposition process were investigated and the DNA nanostructures



were used as templates for site-selective chemical vapor deposition (CVD) of SiO2 on HOPG.
Chapter 5 demonstrates the design and synthesis of a photochemical active DNA tetrahedron
structure with sub-10 nm size through an easy, one-step annealing reaction. This photochemical
active DNA tetrahedron can be potentially applied for selective and controlled molecule
encapsulation and delivery using UV light activation. | hope this dissertation will provide more
insight into the applications of DNA nanostructures and will serve as a stepping stone for the future

development of DNA nanotechnology.
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1.0 Introduction

1.1 Development of DNA Nanostructures

Deoxyribonucleic acid, or more generally known as its abbreviation ‘DNA’, was identified
and isolated for the first time in late 1860s by Swiss physiological chemist Friedrich Miescher.! In
1953, about 90 years after discovery of DNA, the double helix structure of DNA was revealed by
American biologist James Watson and English physicist Francis Crick.? However, DNA was only
regarded as the genetic information carrier at that moment.> No one would have imagined that
DNA can be such an important tool in material science in the 21st century. The story all started in
1982 when N. C. Seeman first proposed that DNA could be used to build covalently joined three-
dimensional networks by combining individual structures using simple sticky end base pairing.*
The concept of using DNA to construct mechanically robust nanostructure formed at that moment
and got remarkably developed during the past 40 years.3 511

The construction of DNA nanostructures is based on the principle that single strands of
DNA can self-assemble into double helices by complementary base paring through a convenient
thermal annealing process. Based on Watson-Crick base paring rule, adenine (A) always pairs with
thymine (T) and guanine (G) always pairs with cytosine (C) via hydrogen bonding.? This intrinsic
property of DNA makes it possible for researchers to predict the intermolecular interactions
between different DNA single strands with different sequences. Through precise design of
nucleotide sequences, DNA molecules can be controlled to associate with each other to construct
complex structures. The following section provides an overview of the development of DNA

nanostructures in the past four decades.



1.1.1 Self-assembled DNA tile structures

In 1982, with the idea of using DNA-based structures as the skeleton frame templates to
arrange other molecules (e.g., proteins) into well-ordered lattices for crystallography, N. C.
Seeman reported the first self-assembled mechanically robust DNA tile structure.* Four single
DNA strands were designed with complementary sticky ends so that they could be associated into
a four-way branched junction — a Holliday junction (Figure 1(a), left).!>® Multiple branched
DNA junctions could be programmed with unique sticky ends and self-assembled into 2D arrays
(Figure 1(a), right).!? To further increase the stability of DNA tiles and enable the construction of
larger DNA nanostructures,’** a mechanically robust double-crossover DNA tile was
demonstrated in 1993 by introducing crossover strands that were partially complementary to each
of the two parallel DNA double helices.*® Since then, more complex DNA tiles were designed to
self-assemble through hybridization into the desired structures, either a crystalline array or a larger
closed object. A variety of framework-like DNA nanostructures!’ have been created using the tile
structure as repeating unit,*> 27 including nanoribbons (Figure 1(b))* and triangular nanotubes
(Figure 1(c)).?*

The design of DNA tile structures soon expanded into three dimensions. These 3D
structures were also based on the branched junctions between different DNA single strands. The
branched junctions serve as the vertices while the hybridized strands serve as the edges of the
structures.® The structures are floppy just as a cage made by ligated ropes.'? 4 28 Some examples
of these DNA nanostructures include a cube (1991, Figure 1(d)),?® a truncated octahedron (1994,
Figure 1(e)),*° a tetrahedron(2004),%* an octahedron from one DNA single strand (2004)*? and a
tetrahedron from one DNA single strand (2009).3® With the development of more rigid tile

structures like 3-3* and 5-point-star motifs,® different types of 3D DNA nanostructures with higher
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complexity have been demonstrated, such as 3D DNA lattice (Figure 1(f))*® and polyhedrons
(e.g., icosahedron) (Figure 1(g)).®

Recent development in tile-based DNA nanostructures revealed the possibility of
constructing complex shapes from single-stranded DNA tiles.3*2 In the first design from Wei and
co-workers in 2012,% each single-stranded tile consisted of a 42-nt DNA strand with four domains
of 10-11 bases. Each domain was a complementary sticky end that could bind to one of the tile’s
four local neighbors through Watson-Crick base pairing self-assembly process. Each single-
stranded tile acted as a 3 nm-by-7 nm pixel on the 310-pixel molecular canvas. To construct a
DNA nanostructure with a desired shape on the ‘canvas’, a mixture of the single strands
corresponding to the covered part of the shape (existing pixels) were mixed and processed through
one-pot thermal annealing process. The single strands corresponding to the uncovered part of the
shape (non-existing pixels) were excluded. The strategy managed to synthesize 107 distinct and
complex 2D DNA nanostructures including numbers, letters and emojis (Figure 1(h)).3" In
addition, the idea has been extended and applied to the construction of 3D DNA nanostructures in
which each building unit was a ‘DNA brick’ of 32 nucleotides.®® Similar to 2D single-stranded
DNA tile, each DNA brick was a LEGO-like model with four domains (two heads and two tails)
of 8 nucleotides that were complementary to its four neighbors. The DNA brick acted as a 2.5 nm-
by-2.5 nm-by-7 nm voxel on the 1000-voxel ‘3D molecular canvas’. The inclusion and exclusion
of each voxel strand led to the formation of a DNA nanostructure of certain shape through single-
step thermal annealing process (Figure 1(i)).3® The single-stranded tile methods have
demonstrated their capability to form multiple 2D and 3D DNA nanostructures, such as a teddy
bear cavity structure, with a molecular weight of as large as 0.5-GDa.** These single-stranded tile

methods opened a new chapter in DNA nanotechnology and provided an innovative approach for



the construction of almost arbitrary shaped DNA nanostructures with only short synthetic strands,
which eliminates the size and sequence limitation from long viral DNA strand in the design of

DNA origami nanostructures (1.1.2).
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Figure 1. Examples of self-assembled DNA tile structures. (a) A branched DNA molecule with a
Holliday junction and the self-assembly of four branched DNA molecules into a larger structure
via complementary sticky ends. (b) AFM image of DNA nanoribbons. (¢) AFM image of DNA
triangular nanotubes. Inset shows the design of the structure with alternative large and small
triangular sections. (d) A 3D DNA cube. (e) A DNA truncated octahedron. (f) 3D DNA lattice
formed by tensegrity triangles. (g) A DNA icosahedra formed by sticky-ended five-point-star
motifs. (h) AFM images of self-assembled DNA single stranded tiles. (i) TEM images of self-
assembled 3D DNA bricks. Reprinted with permission from: (a) Reference 12, copyright © 2003,
Springer Nature; (b) Reference 21, copyright © 2003, American Association for the Advancement

5



of Science; (c) Reference 24, copyright © 2010, Springer Nature; (d) Reference 29, copyright ©
1991, Springer Nature; (e) Reference 30, copyright © 1994, American Chemical Society; (f)
Reference 36, copyright © 2009, Springer Nature; (g) Reference 35, copyright © 2008, National
Academy of Sciences, U.S.A.; (h) Reference 37, copyright © 2012, Springer Nature; (i) Reference
39, copyright © 2012, American Association for the Advancement of Science.



1.1.2 DNA origami nanostructures

The early-stage DNA nanostructures were often called ‘unscaffolded structures’ as
compared to the recently developed DNA origami nanostructures in which a long scaffold DNA
strand was used. In 2006, P. W. K. Rothemund first introduced the idea of ‘scaffolded DNA
origami’ as a new method to assemble DNA nanostructures.** In the typical process, a viral
genomic scaffold ss-DNA strand (e.g., M13mp18, which is 7249 nucleotides in length) is selected
and the corresponding short synthetic staple ss-DNA strands (10-50 nucleotides in length) are
designed with the help from a computer software.**#" The staple strands are complementary to
multiple regions of the scaffold so that they can direct the folding of the scaffold into desired
shapes to achieve maximum hydrogen bonding through base pairing (Figure 2(a)).> ** The
resulting DNA nanostructures are roughly 100 nm in diameter and have a spatial resolution of as
low as 2 nm, which is determined by the helix geometry of the natural B-DNA structure.” 47

Scaffolded DNA origami nanostructures share some important advantages with the self-
assembled DNA tile structures mentioned above. First, the formation of scaffolded DNA origami
is achieved through a simple, single-step, one-pot thermal annealing process with few errors and
relatively high yield. Second, the method doesn’t require accurate stoichiometry control and only
little amount of defected by-products form in the system so the purification step is significantly
simplified. Third, the idea provides a possibility to create almost all kinds of 2D or 3D shapes,
leading to more varieties in the field of DNA nanotechnology.® #* In the past 13 years, arbitrary
2D or 3D DNA origami nanostructures have been designed and synthesized, including a 2D smiley
face (Figure 2(b)),** a 2D eleven-layer concentric square frame (Figure 2(c)),*® a 3D nanoflask

(Figure 2(d)),*® a tetrahedron molecular container*® and a 3D railed bridge.>°



The traditional DNA origami nanostructures have limited sizes (usually within 100 nm
scale) due to the preset length of the viral scaffold strand. Scientist have been making every effort
to expand DNA origami nanostructure into micrometer scale for fulfillment of the realistic need
of industrial nanopatterning applications. The most straightforward idea was to introduce a longer
scaffold strand. A 26-kb single-stranded DNA fragment was prepared by long-range PCR
amplification and used to construct a super-sized DNA origami nanostructure of 239.6 nm by
108.6 nm.>* An alternative method to scale up DNA origami was to increase the size and molecular
weight of staple strands. The traditional short synthetic staples could be replaced by DNA tiles®
or even DNA origamis® to achieve a nanostructure in 300-nm range (Figure 2(e)). To simplify
the design and synthesis process, another popular idea was to connect multiple DNA origami
nanostructures together by extending staple strands with suitable complementary sticky ends. Endo
and co-workers reported the first method to self-assemble DNA origami nanostructures (named
‘jigsaw pieces’) into 1D array through programmed sticky ends and shape matching.>* Then
similar strategies were developed to scale up origami nanostructures in 2D space (e.g., a 3 X 3
assembly, Figure 2(f)).%5-% Using DNA origami nanostructures as tiles, infinite 2D arrays have
also been demonstrated via bottom-up fabrication through complementary base pairing (Figure
2(9)).>" At the same time, Woo and co-workers published a different approach to arrange DNA
origami nanostructures via blunt-end stacking interactions including binary codes and shape
complementarity.®® It was also reported that 2D DNA origami lattices could be self-assembled
through stepwise precise control of surface diffusion by regulating the concentrations of cations
(Mg?* and Na*) on the mica surface (Figure 2(h)).>® Besides 2D nanostructures, 3D DNA
polyhedras of 20-60 MDa have also been synthesized through hierarchical self-assembly of

precisely designed stiff three-arm-junction DNA origami tripods (Figure 2(i)).®° The successful



construction of larger DNA origami nanostructures provides solid foundation for their broader

applications in material science.
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Figure 2. DNA origami nanostructures. (a) Scaffolded DNA origami formation of a two-
dimensional rectangular structure. (b) AFM image of 2D DNA smiley faces. (¢) AFM image of
eleven-layer concentric DNA square frames. (d) AFM image of a 3D DNA nanoflask. () AFM

image of 3 x 3 hexagonal staple tiles assembled into superstructures. (f) AFM image of 2D origami
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array formed from ‘jigsaw’ pieces. (g) AFM image of an infinite 2D origami array. (h) Tapping
amplitude AFM image of origami checkerboard lattices on a mica surface. (i) 3D DNA polyhedras
self-assembled from stiff, tunable DNA tripods. Reprinted with permission from: (a) Reference 3,
copyright © 2010, Elsevier, Ltd.; (b) Reference 44, copyright © 2006, Springer Nature; (c)(d)
Reference 48, copyright © 2011, American Association for the Advancement of Science; (e)
Reference 53, copyright © 2011, American Chemical Society; (f) Reference 55, copyright © 2011,
American Chemical Society; (g) Reference 57, copyright © 2011, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim; (h) Reference 59, copyright © 2014, Springer Nature; (i) Reference 60,

copyright © 2014, American Association for the Advancement of Science.
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1.2 Modification and Functionalization of DNA Nanostructures

DNA nanostructures have shown the advantages of high programmability and complexity
and have been demonstrated as arbitrary 1D, 2D or 3D shapes.®* The structural rigidity and ease
of synthesis have qualified DNA nanostructures as one of the most promising materials for
biotechnology and material science.®> However, the properties of DNA nanostructures are
intrinsically inert and uniform and the functionality of DNA is limited.®*** The modification and
functionalization of DNA nanostructures is essential and critical to alter their chemical, optical
and electronic properties, either globally or locally, which leads to the broad applications in diverse
fields of science.®

Multiple techniques have been developed for integration of different materials and
molecules onto DNA nanostructures. The most popular method is to introduce modification into
the oligonucleotides, which are used to synthesize DNA nanostructures at a later stage. Numerous
standard modifications for oligonucleotides are commercially available, such as fluorophores and
quenchers, chemical functional groups (e.g., amino, thiol, azide, etc.), biotin and cholesterol.®®
These modifications can be attached to either 3’ end, 5’ end or internal position of an
oligonucleotide strand to achieve the easy detection of signals, the attachment of other molecules
including metal nanoparticles or proteins, and the alternation of surface properties. Due to the
limited chemical reactions available on the oligonucleotide strands, a lot of molecules are attached
to oligonucleotides through two-step reaction like click chemistry or other interactions, such as the
attachment of gold nanoparticles via gold-thiol reaction,®®%’ the attachment of protein via alkyne-
azide reaction®® and the attachment of streptavidin via streptavidin-biotin interaction.®® Because
the sequence of each oligonucleotide strand in the design of a DNA nanostructure is unique, the

position of modification in the structure can be precisely controlled. Even if a hydrocarbon chain
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spacer is usually required between the nucleotide and the modification, the freedom of the
positional control is only limited to several nanometers. Based on this principle, a series of DNA
nanostructure modifications have been reported, mostly for protein modifications.?® %" Yan and
co-workers reported the arrangement of streptavidin molecules into 2D arrays through the
modification of biotin molecules onto DNA tiles (Figure 3(a)).2* Chhabra and co-workers also
reported a method to align two aptamers alternatively in the design of a 2D DNA array, which
enables the generation of multiprotein nanoarrays (Figure 3(b)).%° Mastroianni and co-workers
successfully used a DNA pyramid to group gold nanoparticles in a chiral manner (Figure 3(c)).”

The direct modification of oligonucleotides that are used to build DNA nanostructures is
straightforward and convenient. The construction of DNA nanostructures can be achieved using
the same one-step thermal annealing method. However, it comes with the stringent requirement
that the modified molecule must be compatible with the thermal process (i.e., as high as 95 °C).
Meanwhile, if the same modification needs to be applied at multiple positions on the DNA
nanostructure, each modified oligonucleotide must be prepared separately, which means high cost
and high complexity. The similar thing happens when the position of modification needs to be
changed within the DNA nanostructure. The development of DNA origami nanostructures
introduces a complete set of staple strands which can be used as a platform for the arrangement of
different molecules. It is not uncommon the modification is required at multiple locations and at
different locations so that the effects can be compared. With this background in mind, the
modification of DNA origami nanostructures is often achieved through extension of one or many
staple strands.®® Then a functionalized oligonucleotide strand with complementary sequence can
be added to hybridize with the extended part of the staple strand. This method gives the modified

system higher capacity for variable modifications at multiple sites. The only drawback of the
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method is the precision of modification is sacrificed because of the spatial freedom of the extended
double helix. Following this approach, many modification and organization systems on DNA
nanostructures are developed for different molecules such as quantum dots, metal nanoparticles,
carbon nanotubes, proteins, enzymes, etc.’*% Some examples include arrangement of six gold
nanoparticles on triangular DNA origami (Figure 3(d)),”® attachment of two nanotubes
perpendicular to each other on triangular DNA origami (Figure 3(e)),”” enzyme cascade organized
on rectangular DNA origami (Figure 3(f))"® and shaping of liposomes with lipid-modified DNA
nanocages (Figure 3(g)).8 With the help of complementary sticky ends and a DNA origami
platform, Knudsen and co-workers also managed to route individual polymers into desired shapes

(Figure 3(h)).*®
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Figure 3. Modification and functionalization of DNA nanostructures. (a) AFM image of self-
assembled streptavidin arrays via biotin modifications on 2D DNA arrays. (b) AFM image of
periodic 2D multiprotein nanoarrays by aptamers attached on DNA tiles. (c) Diagram and TEM
images of gold nanoparticles on chiral DNA pyramidal nanostructures. (d) SEM image of six-
AUNP linear structures organized by triangular DNA origami. (¢) AFM image of a cross-junction
of two carbon nanotubes on rectangular DNA origami. (f) AFM image of DNA nanostructure-
directed co-assembly of two enzymes. Inset shows the magnified AFM image of one DNA origami
platform with two enzymes attached. (g) TEM image of DNA-nanocage-controlled formation of
liposomes. Inset shows the magnified image. (h) AFM images of polymer immobilization on DNA
origami. Different shapes of origami-polymer hybrids were used in three cases. Insets show the
corresponding shape designs. Reprinted with permission from: (a) Reference 21, copyright © 2003,
American Association for the Advancement of Science; (b) Reference 69, copyright © 2007,
American Chemical Society; (c) Reference 73, copyright © 2009, American Chemical Society; (d)
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Reference 75, copyright © 2010, American Chemical Society; (e) Reference 77, copyright © 2009,
Springer Nature; (f) Reference 78, copyright © 2012, American Chemical Society; (g) Reference
89, copyright © 2017, Springer Nature; (h) Reference 90, copyright © 2015, Springer Nature.
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A very special case of internal modification on oligonucleotide is the replacement of a
nucleotide with a functional linker, such as 2-aminopurine (fluorescent analog of dG and dA)®! or
deoxyUridine (analog of dT, subject to enzyme removal).®> One specific functional linker of
interest is the photo-cleavable linker (moiety).% Insertion and photo-activation of the linker can
lead to photo-regulation of oligonucleotide function and thus the structural or functional change
of DNA nanostructure. Upon irradiation, the chemical bonds in the photo-cleavable linker can be
cleaved, leading to the cleavage of the DNA strand at the position of the photo-cleavable linker.
Several approaches have been designed to control the deactivation and activation of the system
using the photo-cleavable linkers (Figure 4(a)).** In the first approach, the functional
oligonucleotide is cleaved and thereby deactivated upon irradiation. This is the most
straightforward approach to achieve the photochemical control of the function of
oligonucleotides.® In the second approach, instead of inserting photo-cleavable linkers inside the
functional strand, researchers link the functional strand with a partially complementary inhibitor
strand containing a photo-cleavable linker.% %97 Before exposure to light, the duplex between
functional strand and inhibitor strand is stable so the system stays inactive. After irradiation and
cleavage of the photo-cleavable linker, the functional strand is released and becomes active. A
third approach is designed to simplify the second approach in which two ends of a linear
oligonucleotide are linked by a photocleavable moiety to create a circular oligonucleotide.*®° The
circular oligonucleotide remains inactive before irradiation due to their structural inflexibility.
Upon irradiation, the photocleavable linker gets cleaved and the functional strand becomes linear,
enabling duplex formation with target strand.®®*° The structural regulation of DNA nanostructure
via light has been reported in several cases. Kohman and co-worker reported a novel strategy to

trigger large-scale structural reconfiguration within a spherical DNA origami nanostructure via the

17



cleavage of inserted photo-labile spacers located within the crossover of the staple strands (Figure
4(b)).1% The spacers were cleaved with light irradiation and the origami spheres were transformed
to two tethered hemispheres, which can be potentially used for molecule release and delivery.
Tohgasaki and co-workers reported a similar photoactive DNA pyramid nanocapsule and
successfully demonstrated its biocompatible activation in cells (Figure 4(c)).1°* Others have also
reported the release of proteins and other cargos upon light irradiation of their photocleavable
linker attachment to DNA nanostructure hosts.!%21% However, the photocleavable linkers were
inserted as an extension to the oligonucleotide strands so the configuration of DNA nanostructures
remained unchanged after UV activation. Using the principle that azobenzene can be switched
reversibly between the trans- and cis- isomers by UV lights at different wavelengths,’%* some
groups have developed other methods to manipulate the shape and configuration of DNA
nanostructures with light. Yang and co-workers managed to assemble multiple hexagonal DNA
origamis into various 2D oligomeric nanostructures under visible light and dissemble the system
under UV light.!® Kuzyk and co-workers achieved the configuration switching of two DNA
origami nanostructures by incorporation of azobenzene in the linkage and irradiation by light
(Figure 4(d)).1% An interesting photo-controlled nanomachine was published in 2015 based on
the photoactivated reaction between pyrene modifications and disulfide modifications, which led
to the light-driven walking behaviors of DNA strand on DNA tile platform (Figure 4(e)).1%" Light
has been widely used by chemists as an experimental element to provide energy and regulate
reactions. With all the methods provided to regulate modified DNA nanostructures with light, we

can expect DNA nanostructures to be more widely used in biomedical applications.
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Figure 4. Photochemical control of DNA nanostructures. (a) Different approaches to regulate
photocleavable linker modified oligonucleotide hybridization with light. (b) TEM images of the
closed and open spherical DNA nanostructures before and after light irradiation. Insets show the
corresponding diagrams. (c) Diagram and AFM images of photocaged DNA nanocapsule at closed
and open forms. (d) TEM images of light-induced conformation changes of DNA origami
nanostructures. Inset show the corresponding diagrams of locked and relaxed states. (e) Schematic
illustration and AFM images of the light-driven walking system on DNA origami platform.
Reprinted with permission from: (a) Reference 94, copyright © 2014, American Chemical Society;
(b) Reference 100, copyright © 2015, Royal Society of Chemistry; (c) Reference 101, copyright
© 2019, American Chemical Society; (d) Reference 106, copyright © 2016, Springer Nature; (e)
Reference 107, copyright © 2015, American Chemical Society.
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1.3 Stability of DNA Nanostructures

Although the past 40 years has witnessed significant development of DNA nanotechnology,
one major concern of DNA nanostructures for bioengineering and material science applications is
their low thermal and chemical stability, especially under harsh conditions. There are two contexts
when discussing the stability of DNA nanostructures. One is the stability of hydrogen bonding of
DNA double helices, which correlates to denaturation of DNA. The other is the stability of
covalent chemical bonds in the single-stranded DNA chain, which correlates to degradation of
DNA. The following sections provide a short review of stability of DNA nanostructures under

various conditions.

1.3.1 Thermal stability of DNA nanostructures

The average length of a staple strand in a DNA origami design is 30 nucleotides. The length
of DNA strand used for construction of unscaffolded DNA nanostructures varies from case to case.
The average melting temperature of 30-bp ds-DNA is 65 °C,'% which also depends on the
sequences of the strands and the chemical environment. The addition of Mg?* in the buffer solution
for synthesis of DNA nanostructures can stabilize the hydrogen bonding and increase the melting
temperature.!®® The standard synthesis procedure of a DNA nanostructure usually has a
denaturation temperature of 95 °C, at which all the DNA double strands are expected to de-
hybridize and the entire DNA nanostructure is dissociated. When DNA nanostructures are used
for fabrication purpose, where high temperature is usually required, DNA nanostructures are often
deposited on a substrate such as mica or silicon wafer (SiO2/Si). It has been reported that the

deposition of DNA nanostructures on a dry substrate provided additional electrostatic support and
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helped DNA nanostructures maintain their overall shapes at a much higher temperature on both
SiO./Si substrate (Figure 5)'° and mica substrate.!*! The overall shapes of DNA nanostructures
could be maintained at up to 200 °C in air.}%1! Then the thickness of DNA nanostructures started
to decrease beyond that temperature, indicating the leftover triangular patterns on the substrate

112 \which is consistent

could be the inorganic residues from decomposition of DNA nanostructures,
with the previous reported results characterized by thermogravimetric analysis (TGA).!*114 |t js
generally safe to expect DNA nanostructures to be intact at temperatures lower than 150 °C.
Removal of DNA nanostructures from substrates can usually be achieved by heating the samples

to high temperature (e.g., 400 °C), followed by rinsing the surfaces with water.!?
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Figure 5. Thermal stability of DNA nanostructures on SiO2/Si substrate in air. AFM images of
triangular DNA origami nanostructures heated at (a) 50 °C, (b) 100 °C, (c) 200 °C, and (d) 300 °C
for 10 min. White horizontal lines on the AFM images indicate where the cross sections were
determined. Scale bars denote 250 nm. Reprinted with permission from Reference 110, copyright
© 2014, American Chemical Society.
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1.3.2 Chemical stability of DNA nanostructures

The synthesis of DNA nanostructures usually happens in a buffer solution with a pH of 8
and high concentration of Mg?*. The addition of Mg?* can shield the negative charges of nucleotide

109 and thus allow the DNA double helices to form,

backbones and stabilize the hydrogen bonding
which leads to the self-assembly of DNA nanostructures. As organic materials, dried DNA
nanostructures could also be devastated after 15 min of UV/O3 treatment,'® which is also
commonly used as a method to remove DNA templates after nanofabrication process. In this
section, we will focus on the stability of DNA nanostructures in various pH and Mg?* environments.

The hydrolysis of DNA can occur in either acidic or basic environments, usually under
extreme pH. DNA hydrolysis can happen at three locations, phosphodiester backbone, DNA bases
and glycosidic bonds connecting the nucleotides to the DNA backbone.*® 115 |t was discovered
that all three types of hydrolysis have the minimum reaction rates around neutral pH.**° For acidic
pH range, depurination (hydrolysis of glycosidic bonds only) happens more easily than hydrolysis
of phosphodiester backbone.'® The depurination rate constant relies highly on the sequence of the
DNA strand because the hydrolysis is much more facile at purines than at pyrimidines.t!’ When
deposited on SiO2/Si substrate, the shapes of triangular DNA origami nanostructures started to
change after 10 s immersion when the pH reached 4 in the acidic range or 12 in the basic range
(Figure 6(a)).*°

High magnesium ion (Mg?*) concentration of 10-20 mM is considered a critical
requirement for synthesis of DNA nanostructures. However, this high concentration is often
incompatible with biomedical applications of DNA nanostructures.**®1° It has also been reported

that Na* and other monovalent cations could help increase the melting temperature of ds-DNA and

stabilize the double helix structure.?® Using DNA origami nanostructures as an example, replacing
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Mg?*-containing buffer with pure water through filtering/washing cycles didn’t significantly affect
the overall stability of DNA nanostructures.*® However, defective DNA origami nanostructures
were observed at such low concentration of Mg?* (less than 1 pM) (Figure 6(b)). Rinsing the as-
deposited SiO2/Si substrate with water suggested the similar result. Much lower surface density of
DNA origami nanostructures was also observed, resulting from the weaker electrostatic forces
between DNA nanostructures and SiO, substrate due to the removal of Mg?* from the surface
(Figure 6(c)).*° After immersed in NaCl solution for 10 s, it was observed that triangular DNA
origami nanostructures deposited on SiO/Si substrate partially disintegrated (Figure 6(d)).1° This
was mainly due to the low ionic strength of the solution. Meanwhile, the DNA origami
nanostructures showed an increased height and less shape damage in 0.2 M NaCl solution, which
is consistent with the previous report that Na* could replace Mg?* in the minor groves of DNA
double helices.*?® Removal of Mg?* from TAE (Tris-acetic acid-EDTA) buffer resulted in severe
damage of DNA origami nanostructures while mixture solution of Na;HPO4 buffer and NaCl
provided enough support to stabilize DNA nanostructures (Figure 6(e)).1* In summary, it is
critical to provide enough concentration of Mg?* in the application system for DNA nanostructures.
Otherwise a much higher ionic strength should be provided with Na* or other cations. Some other
methods have been developed to stabilize DNA nanostructures in low-Mg environment, such as

oligolysine coating of DNA nanostructures.?!

23



200 mM NaCl

Figure 6. Stability of triangular DNA origami nanostructures in various chemical environments.
(@) AFM images of as-deposited DNA nanostructures after 10 s immersion in pH 3.96 and pH
12.00 solution on SiO2/Si substrate. (b) AFM images of DNA nanostructures in 1 x TAE buffer
containing 10 mM MgCl, and after applying three filtering/washing cycles with pure water (Mg?*
concentration < 1 uM). (c) AFM images of as-deposited DNA nanostructures before and after 1
hr immersion in pure water on SiO2/Si substrate. (d) AFM images of as-deposited DNA
nanostructures after 10 s immersion in 0.01 M and 0.2 M NaCl solution on SiO2/Si substrate. (e)
AFM images of DNA nanostructures in different solutions. Reprinted with permission from:
(a)(c)(d) Reference 110, copyright © 2014, American Chemical Society; (b)(e) Reference 118,
copyright © 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.3.3 Hydrofluoric acid (HF)-induced DNA damage

Hydrofluoric acid (HF) is not a strong acid, but it is a highly corrosive acid, which can be
used to manufacture semiconductors and many other materials.}?12* It is also an important
chemical for silicon dioxide (SiO2) nanofabrication using DNA nanostructures as templates.
Hydrofluoric acid, when fully hydrolyzed, will generate hydrogen ion (H*) and fluoride ion (F).
The effect of H* to the DNA origami nanostructures was discussed previously in 1.3.2. The acidity
(pKa) of HF is 3.189 (25 °C, zero ionic strength).*?® To reach pH 4, the acidic pH for deformation
of DNA nanostructures, approximately 0.12 mM HF is needed, which is a relatively low
concentration. F"is considered more hazardous to human beings, especially in the form of HF. HF
can cause severe damage to most organic tissues because of the chelation reaction between F~ and
calcium ion (Ca?*) and magnesium ion (Mg?*),1?6128 making HF a more dangerous acid than most
other acids. Even if there were many reports of burns by HF and the treatment in animals, there
were few reports of how HF interacts with cells or molecules down to the um or nm level.

Seo and co-workers first investigated the toxicity of HF at the cellular level by comet
assay.'?? Comet assay, also known as single cell gel electrophoresis (SCGE), is an uncomplicated
and sensitive technique for the detection of DNA damage at the level of the individual eukaryotic
cell.® In comet assay method, a single cell was exposed to damaging factor and then a gel
electrophoresis was performed. An image was obtained to measure the olive tail moment (OTM)
which is the product of tail length and DNA percentage in the tail.*3-13! A healthy and undamaged
cell shows a sphere shape with an OTM value of 0. However, with more DNA damage induced,
the OTM value increases. Seo and co-workers found that HF caused DNA damage in a
concentration-dependent manner. HF at 90 ug/mL (4.5 mM) induced DNA damage five times

more than in the PBS control in 5 min in ice (Figure 7(a)).1? It was also reported that the DNA
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damage by HF might be due to the generation of reactive oxygen species (ROS),*?? which means
that the damage was not related to the backbone structures of DNA but only affected the bases of
nucleotides.

Catania and co-workers also investigated the hydrolysis of DNA induced by HF.**? Their
work focused on the damage of phosphodiester bonds as well as the bonds between the sugar rings
and bases. It was reported that DNA could be completely hydrolyzed by 48% liquid HF at 50 °C
with Thymine (Thy), Guanine (Gua), Adenine (Ade), Cytosine (Cyt), partial deoxycytidine (dC)
and minor amount of 5-Methylcytosine (5-MeCyt) left detected by high-performance liquid
chromatography (HPLC) (Figure 7(b)). The backbone structures of DNA were completely broken
up under the conditions.

To the best of my knowledge, there is no detailed report investigating the HF-induced
damage to DNA nanostructures in a nanofabrication process. Also, it is unclear whether DNA

damage happens when low concentration of HF presents under milder conditions or in gas phase.
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Figure 7. (a) Concentration dependent HF-induced DNA damage measured by comet assay with
olive tail moment. (b) HPLC elution profile of DNA hydrolyzed using 48% HF (50 °C, 4 hr).
Reprinted with permission from: (a) Reference 122, copyright © 2013, Korean Society of

Environmental Risk Assessment and Health Science and Springer Science Business Media

Dordrecht; (b) Reference 132, copyright © 1987, Elsevier, Inc.
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1.4 Applications of DNA Nanostructures

Over the past 40 years, DNA nanotechnology has attracted extensive attentions from many
research communities.'® The development of DNA nanotechnology has provided arbitrary 1D,
2D or 3D DNA nanostructures with a size range from nanometer to micrometer. These DNA
nanostructures, with the abundant varieties of modifications available, can be synthesized precisely
with ‘bottom-up’ self-assembly approaches and exhibit the functions that are not found for DNA
in nature.” The remarkable structural properties and biocompatibility of DNA nanostructures have
qualified them as important materials for the applications of biosensing, drug delivery and
nanofabrication.!3* Recent progress in DNA synthesis technology has lowered the cost of DNA to
$200 per gram,** making DNA nanostructures one of the best candidates for large-scale

applications.

1.4.1 DNA nanostructures as biosensors

DNA nanostructures, which are in nature biomolecules, demonstrated their first and most
intuitive applications in biological applications including diagnostics and therapeutics.*3® There is
a critical need to develop biosensors for ultra-sensitive and simple detection of target analytes
including protein, peptide, DNA and RNA.**” DNA-based biosensors have provided internal
sequence pairing for detection of DNA or RNA targets and external modifications for detection of
other biomolecules, making them one of the best tools for early stage and ultra-sensitive diagnose
of various diseases. DNA nanostructures inherit the advantages from oligonucleotides as
biosensors and offer the possibility to create integrated flatforms for multi-channel detection at the

same time. DNA nanostructures also provide innovative amplification methods and output signal
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types, " indicating broader applications in biosensing field. In the past 20 years, DNA
nanostructure-based biosensors have been applied for the detection of various biomolecules with
optical, electrochemical or topographical signals.

Most of the DNA nanostructure-based biosensors are based on specific molecular
interactions. As a demonstration for nucleic acid detection, Ke and co-workers reported the first
read-out sensor in 2008, in which they used rectangular DNA origami nanostructures to construct
nucleic acid probe tiles for label-free microRNA hybridization.*3® By extending the staple strands
in the DNA nanostructure, they were able to create a set of 20 nucleotide long single stranded
probes on the surface of DNA nanostructure. When RNA targets, which were complementary to
DNA probes, hybridized to the probes and captured onto the origami surface, a topography change
could be easily detected by atomic force microscopy (AFM) (Figure 8(a)). Another DNA
nanostructure based electrochemical biosensor for the detection of microRNA has also been
developed recently.'® Similar methods have also been applied to detect DNA and single-
nucleotide polymorphism (SNP) genotyping.}*142 Instead of topographical signals,
conformational change has also been utilized in DNA sequence detection. 43144

DNA nanostructures have also been widely used for the detection of proteins. The types of
proteins that can be detected are limited due to the interaction types between proteins and DNA.
Proteins must be able to interact directly with DNA (aptamers) or with common modifiers on DNA
(biotins, fluoresceins, etc.).’** Using ‘DNA origami pliers’ or ‘DNA origami forceps’, which
consisted of two levers of ~ 170 nm long connected at a fulcrum, and different ligand modifications,
various single-molecule organic targets (e.g., streptavidin and Immunoglobulin G) (Figure
8(b)),**® inorganic targets (e.g., metal ions),*** and environmental signals (e.g., pH)**® could be

visualized by AFM and quantified by fluorescence measurement due to the conformational change
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of the DNA origami nanostructures.'*® Other protein detection systems have been developed based
on the interaction between aptamer and platelet-derived growth factor (PDGF) monitored in real
time by optical tweezers,'*® the interaction between aptamer and the malaria biomarker
Plasmodium falciparum lactate dehydrogenase (PfLDH) or Thrombin visualized by topography
change, 8" * the interaction between prostate-specific antigen (PSA) and detection antibody
characterized by a rolling circle amplification (RCA) system and absorbance

spectrophotometry, 4

and the interaction between biotin and streptavidin characterized by
conformational change.'** DNA origami nanostructures have also provided platforms to study
enzyme cascade. Glucose oxidase (GOx) and horseradish peroxidase (HRP) were attached onto
DNA origami platform and the best distance for the highest efficiency was determined.’® 49
Unscaffolded DNA nanostructures have also been widely used as platforms for biosensors.
DNA tetrahedron nanostructure, as one of the simplest 3D DNA nanostructures, is the most
popular DNA material for biosensing. DNA tetrahedron nanostructure is a rigid and robust
structure suitable for precise alignment of linear or stem-loop probes on a solid-phase surface.'%’
Electrochemical biosensors have been developed for the detection of DNA,*® microRNA,*!

proteins (e.g., thrombin),’% %2 cocaine (Figure 8(c))™3, ions (e.g., protons and Hg?*)** and

adenosine triphosphate (ATP)*®* by attaching DNA tetrahedron nanostructures on gold substrates.
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Figure 8. Examples of DNA nanostructures as biosensor. (a) (Top) Topographic illustration of the
bar-coded tile designs. The top left corners of the tiles are modified with one to three groups of
topological features that form distinctive bar codes for each tile. Each tile carries a line of probes
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positioned near the right edge of the tile to optimize target-binding efficiency. (Middle and Bottom)
Typical zoom-in AFM images of the bar-coded tiles without targets (Middle) and with targets
(Bottom). Each type of tile is readily identified by its bar code. (b) AFM images of streptavidin
(SA) pinching by biotinylated DNA pliers. After SA addition (right), DNA pliers selectively
pinched exactly one SA tetramer and closed into the parallel closed form. Inset shows the
schematic illustration of SA pinching. (c) Scheme for an aptamer-based electrochemical cocaine
sensor using tetrahedron-decorated gold electrodes. The presence of cocaine fused extended strand
(purple) and biotinylated strand (red). This binding process is transduced to electrochemical
signals via the specific binding of avidin-HRP conjugates to the biotin tag. HRP catalyzed electro-
reduction of hydrogen peroxide (H203) in the presence of 3,3”,5,5’-tetra-methylbenzidine (TMB)
to generate quantitative signals. Reprinted with permission from: (a) Reference 138, copyright ©
2008, American Association for the Advancement of Science; (b) Reference 143, copyright ©
2011, Springer Nature; (c) Reference 153, copyright © 2011, American Chemical Society.
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1.4.2 DNA nanostructures for drug delivery

The field of nanomedicine requires the fabrication of nanoscale objects to serve as delivery
cages for a variety of therapeutic cargos including small molecules, proteins and nucleic acids.
DNA nanostructures are natural biopolymers with outstanding biocompatibility and
biodegradability, making them applicable for in vivo cellular delivery in cancer and enzyme
replacement therapy.'®>1° Recent progress suggested that DNA nanostructures can readily pass
through the membrane barrier and become internalized by cell, with certain modified labels*®® or
with certain geometries.'®1163 Meanwhile, it has been suggested that DNA nanostructures can
maintain their structural stability in physiological conditions with presence of nucleases.6416°
Surface modification and labelling methods have also been developed to enhance the stability of
DNA nanostructures of different sizes and shapes.'?™ 1% DNA nanostructures have been
demonstrated to serve as drug molecule carrier for small molecules (e.g., doxorubicin),'67-169
nucleic acids (e.g., small interfering RNA, aptamers or CpG oligodeoxynucleotides)'®* 162 170-171
and proteins (e.g., antigen-binding antibody fragments or catabolite activator protein).t’217

DNA tetrahedron is a small 3D DNA nanostructure for drug delivery and therefore more
cost-effective and more liable. DNA tetrahedron nanostructure was employed for efficient delivery
of doxorubicin into drug-resistant breast cells.'®® Doxorubicin is a type of anti-cancer drug and can
intercalate into DNA duplexes. Doxorubicin-loaded DNA tetrahedron nanostructures were easily
loaded into the drug-resistant breast cancer cells as well as the wild-type control cells without
additional transfection agents (Figure 9(a)). The drug release significantly and efficiently
inhibited the multidrug resistance (MDR) cell growth (Figure 9(b)). Integrating aptamer to
identify tumor cells and doxorubicin drugs onto a single DNA tetrahedron nanostructure, selective

drug delivery can be achieved as a ‘sense and treat’ nanodevice (Figure 9(c)).}"
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Despite the advances in the development of drug delivery systems using DNA
nanostructures as carriers, there is still long way to go before DNA nanostructures can be applied
for clinical treatments. There are concerns about the stability of DNA nanostructures in complex
intercellular and cellular environments, toxicity of exogenous DNA, biocompatibility of
modifications on DNA nanostructures for cargo encapsulation and sensitivity of detection
signals.t3* 158 With the rapid development in DNA nanotechnology, these challenges will likely

be overcome in the future.
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Figure 9. Doxorubicin (DOX) delivery systems using DNA tetrahedron nanostructure. (a)
Schematic diagram of the DOX-loaded DNA tetrahedron and its cytotoxic effect for multidrug
resistance drugs. (b) Cytotoxicity of DOX (circles) and DOX-loaded DNA tetrahedron
nanostructures (squares) in drug-sensitive MCF-7 breast cancer cells and doxorubicin-resistant
(MCF-7/ADR) breast cancer cells. (c) Illustration of the ‘sense-and-treat” DNA nanodevice for
synergetic destruction of circulating tumor cells. Reprinted with permission from: (a)(b) Reference
169, copyright © 2013, Royal Society of Chemistry; (c) Reference 174, copyright © 2016,
American Chemical Society.
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1.4.3 DNA nanostructures for nanofabrication

With the advantages of high resolution, low cost and shape arbitrariness, DNA
nanostructures have been widely used in nanofabrication, i.e. patterning of different substrates
including but not limited to metals, carbon materials, oxides, semiconductor materials and
polymers, which are later used as micromechanical devices, optical devices or microfluidic chips.
Pattern transfer is a process to copy the shapes of the templates to other materials. The traditional
patterning methods in industry are optical lithography and electron-beam lithography. Polymer
resist is patterned with these lithography methods and then the resulting patterns are transferred
into an underlying substrate by etching or material growth.” The current technique allows the
fabrication of semiconductor chips with feature sizes as small as 7 nm.*">1"® However, these
fabrication processes leads to high capital and operational costs and potential problem with
material incompatibility (especially for many organic and biological materials). At the same time,
the template cost of DNA-based nanofabrication is less than $6 per m? assuming that monolayer
amount of material is used, which is relatively low compared to other traditional materials, making
even larger-scale applications possible.!* Modifications on DNA nanostructures also provide the
potential compatibility for various materials and substrates. However, there are also some
downsides for DNA nanostructures as patterning templates. Typical pattern transfer methods to
etch through a substrate layer or to deposit inorganic layers onto the template usually involve harsh
chemical reaction conditions, at which the stability of DNA is limited. Also, most DNA
nanostructures (especially the widely-used 2D DNA origami structures) is much thinner than the
traditional photoresist polymer and the interaction between DNA and substrate is via weak
electrostatics and van der Waals forces. As a result, DNA nanostructures could be easily lifted off

from the surface in a traditional pattern transfer process and cannot provide thorough protection to
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the surface. Considering the advantages and disadvantages of DNA nanostructures as patterning
templates, researcher have developed numerous novel patterning methods for DNA nanostructure
templates in much milder conditions.

Metallization is one of the earliest and most widely used approaches of DNA-templated
patterning. The negatively charged backbone of DNA and the nitrogenated nucleobases provide a
variety of binding sites for metal ions via electrostatic or coordination interactions.!”” First
example of solution phase metallization of A-DNA with silver (Ag) was reported by Braun and co-
workers in 1998.17® Since then, the metallization of different metals, such as Ag, Pt, Cu and Au on
DNA strands’®18 and DNA nanostructures'®-184 has been reported. Jin and co-workers utilized
gold or silver metalized DNA origami nanostructures as masks for plasma etching-based pattern
transfer to graphene (Figure 10(a)).*®? Instead of metallization of the entire DNA nanostructure,
site-specific metallization methods of DNA nanostructure were also reported by several studies.
The site specification was achieved by extending staple strand(s) in DNA nanostructures and
modifying the ends with metal binding sites.®”-88 185 Pearson and co-workers provided an example
to selectively attach gold nanoparticles and fabricate conductive wires within nanometer scale
resolution (Figure 10(b)).8 Metallization is a critical step to improve the chemical stability of
DNA nanostructures through plasma-based etching processes. However, one significant
shortcoming with DNA metallization methods is that the metal coatings produces were
nonconformal, leading to a significant loss of resolution.

DNA nanostructures also provide the templates for deposition of other materials. Surwade
and co-workers developed a method to pattern inorganic oxides using DNA nanostructure
templates through room-temperature one-step chemical vapor deposition (CVD) process.*® Both

negative-tone and positive-tone patterns of SiO2 with ultra-high resolution were achieved by
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controlling the experimental conditions (Figure 10(c)). Liu and co-workers also developed
methods to coat DNA nanostructures uniformly with SiO; via Stéber method (Figure 10(d)).*¥’

DNA nanostructures have also been used for etch-based pattern transfers. High-resolution
etching and patterning of SiO2 using unmodified DNA nanostructures as templates was
demonstrated by Surwade and co-workers and will be discussed in detail later in 1.4.4.188 Using
the existing SiOz patterns as a hard mask, high-contrast and high-resolution etching of Si can be
achieved through plasma etching process (Figure 10(e)).!2

The development of DNA nanotechnology has also demonstrated the application of DNA
nanostructures for patterning of polymers®®® and carbon materials (e.g., highly oriented pyrolytic
graphite — HOPG and graphene).'®2 1% Tian and co-workers developed a polymer imprinting
technique in which DNA nanostructures can directly print patterns onto a layer of spin-coated
polymer substrate (Figure 10(f)).1% Coating of Al,Os improves the mechanical stability of the

DNA nanostructures, making the imprinting masks reusable.*
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Figure 10. Nanofabrication using DNA nanostructures as templates. (a) Nanopatterning of
graphene via metallized DNA structures that encode and transfer spatial information. Panel (i)
shows the ring-shaped DNA origami nanostructure design. Panel (ii)-(iv) show the AFM images
of the DNA templates immobilized on graphene, the metallized templates on graphene and the
final etched graphene shapes. Panel (V) is a typical height profile of the nanostructure in column
(i))-(iv). (b) Images of the ‘T’ shaped DNA origami with a programmed gap between site-selective
regions of metallization. Panel (1) shows the design of the structure with the red markings as the
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locations of metal attachment. Panel (2) and (3) are the AFM images of the unseeded and seeded
‘T DNA origamis. Panel (4) is the SEM image of the ‘T” DNA origami with a gap following
metallization. (c) (Middle) AFM image of DNA origami nanostructures on SiO/Si substrate. (Left
and Right) AFM images of DNA-templated CVD growth of inorganic oxide (SiO2) showing
negative-tone or positive-tone patterns under different reaction conditions. Insets show the
corresponding cartoon representations. (d) SEM image of a silica-coated triangular DNA origami
nanostructure. () AFM image of triangular patterns on Si substrate using etched SiO> as a hard
mask and plasma etching. (f) Fabrication of poly(methyl methacrylate) (PMMA) stamp by
replication over the triangular DNA origami nanostructures. AFM images are presented for DNA
nanostructures on SiO2/Si substrate and triangular patterns on PMMA stamp. Insets show the
magnified images. Reprinted with permission from: (a) Reference 182, copyright © 2013, Springer
Nature; (b) Reference 185, copyright © 2012, American Chemical Society; (c) Reference 186,
copyright © 2013, American Chemical Society; (d) Reference 187, copyright © 2018, Springer
Nature; (e) Reference 112, copyright © 2015, American Chemical Society; (f) Reference 189,
copyright © 2017, American Chemical Society.
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1.4.4 Vapor-phase HF etching of SiO2

In 2011, our group reported a nanoscale negative-tone pattern transfer method from DNA
nanostructure to SiO,.% DNA nanostructures could modulate the vapor-phase etching of SiO; at
the single-molecule level and as a result, a faithful pattern could be transferred from the DNA
nanostructures to the inorganic substrate, i.e. SiO2. The vapor-phase etching of SiO2 by hydrogen
fluoride (HF) gas is based on the thermodynamically favorable reaction between SiO2 and HF gas
to produce SiF4 and H20:

SiOx(s) + 4HF(g) — SiFa(g) + 2H20(g)

Water is the catalyst in this reaction to help the reactants overcome the kinetic barrier. Due
to the fact that water is both catalyst and product of the etching reaction, as the reaction progresses
on the substrate, the surface water concentration increases and as a result, the reaction rate
increases. The surface etching reaction is autocatalytic. The etching rate of SiO2 is positively
correlated with the concentration of surface-adsorbed water. If the amount of surface-adsorbed
water is not uniform throughout the whole surface, a surface with different thicknesses of SiO>
will be generated after HF etching reaction.

In our previous research, it was shown that DNA nanostructures could modulate the vapor-
phase etching of SiO- at the single-molecule level by changing the amount of water adsorbed near
itself, leading to direct negative-tone and positive-tone pattern transfers from DNA nanostructures
to SiO> at nanometer resolution (Figure 11(a)). After optimization of pattern transfer conditions,
the method could reproducibly produce patterns with sub-10 nm resolution (Figure 11(b))*°? or
high vertical contrast (>10 nm, with sub-20 nm resolution).**?

In the follow-up studies, inorganic salt (e.g., sodium chloride — NaCl), graphene oxide and

also protein (e.g., aloumin) were all proved to promote hydrofluoric acid (HF) etching of silicon
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dioxide layer on silicon wafer, creating negative-tone patterns on the silicon wafer (Figure

11(C)).193
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Figure 11. Vapor-phase HF etching of SiOz. (a) (Middle) AFM image of triangular DNA origami
nanostructures on SiO> surface. (Left and Right) AFM images of negative-tone and positive-tone
triangular patterns produced on SiO> substrate under different etching conditions. Insets show the
corresponding cartoon representations. (b) AMF phase image of SiO» substrate etched with DNA
origami templates showing sub-10 nm resolution. (¢) AFM images of negative-tone patterns
created by different inorganic and organic molecules. Insets in graphene-templated image show
the optical microscopy images of polydimethylsiloxane (PDMS) stamp (for graphene oxide
deposition) and SiO»/Si substrate after HF etching process. Reprinted with permission from: (a)
Reference 188, copyright © 2011, American Chemical Society; (b) Reference 192, copyright ©
2016, American Chemical Society; (c) Reference 193, copyright © 2015, 10P Publishing Ltd.
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1.4.5 Limitations of DNA nanostructures for nanofabrication

It has been almost four decades since the concept of DNA nanotechnology was first coined.
DNA nanostructures have been utilized in various state-of-the-art nanofabrication applications.
With all the great potentials of high resolution, low cost and high programmability, there are still
challenges and limitations ahead. Apart from the concern of thermal and chemical stability as
discussed in 1.3, the major problem for DNA nanofabrication is the deterministic organization of
DNA nanostructures. In an industrial application, the locations and orientations of DNA
nanostructure templates must be precisely controlled. Pioneering work on the lithography-directed
self-assembly of DNA nanostructures was based on the predefined patterns created by e-beam
lithography or deep ultraviolet lithography.%1% The deposition of DNA nanostructures was
guided by the predefined patterns due to size matching and surface modification. However, these
methods require high-cost lithography techniques, which are indeed what DNA-based lithography
is trying to replace. Recent progress has applied DNA-based nanofabrication method for
antifouling applications, in which the placement and alignment of DNA nanostructures is not a
critical issue.*®” Another challenge for DNA-based nanofabrication is the compatibility with a
wider variety of materials. New pattern transfer methods and mechanisms must be developed
within the limited DNA-stable environmental conditions. Meanwhile, defects always present in
the preparation of DNA nanostructures so the fabrication method must be able to tolerate high
defect densities.}”™ With these challenges and concerns solved in the future, we hope that DNA

nanostructures will open up more opportunities for nanofabrication.
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2.0 DNA-Based 3D Lithography Using 2D Templates

2.1 Chapter Preface

Materials contained in this chapter were submitted for publication as a research article.

List of Authors: Angin Xu, Ashley N Pop, Hyojeong Kim and Haitao Liu

Author Contributions: A.X. and H.L. designed and directed the experiments. A.X. conducted

the experiments with help from A.N.P for synthesis of DNA origami nanostructures (2.3.4) and

pattern transfer from negative SiO2/Si substrate to positive PLLA film (2.3.8) and H.K. for 2.3.8.

All authors discussed the results. A.X. and H.L. wrote the manuscript with input from all authors.

44



2.2 Introduction

There is a growing need of creating 3D complex nanostructures for applications in
nano/micro-electronics, energy, and biomedical engineering.!%®-2% Current approaches to 3D
nanofabrication heavily rely on multiple cycles of photolithography (i.e., layer-by-layer
patterning),*® which is time-consuming and cost-inefficient. Photolithography is inherently 2D in
nature because the contrast of its pattern transfer is defined by the presence or absence of a
photoresist layer. During the pattern transfer, the part of the substrate that is covered by photoresist
will be etched to the same depth, producing a uniform vertical contrast. To produce 3D patterns
(i.e., variable vertical contrast) using 2D templates in one step will require a new pattern transfer
mechanism that can produce contrast variation within the template. Here we demonstrate this
capability using chemically-modified DNA nanostructure templates.

Since the concept of DNA nanostructures was created by N. Seeman in 1982, DNA
materials have been constructed into arbitrary shaped 2D and 3D nanostructures with a theoretical
precision of approximately 2 nm, 4 28-32 37,39, 206-207 gGtarting in 2006, scaffolded DNA origami
opened a new era in DNA self-assembly, providing an entirely new class of template for bottom-
up nanofabrication. DNA origami nanostructures can serve as platforms for assembly of metal
nanoparticles,’*" carbon nanotubes,”” quantum dots’® and biological molecules.®® 78! Of
particular relevance to this study, DNA origami nanostructures have been utilized as nanoscale
lithography templates to pattern many materials including but not limited to metals,® 182-184
semiconductors'® & and carbon materials.8* 190 195,208

DNA nanostructure is a versatile and low-cost template for high resolution lithography.
DNA-based lithography is a bottom-up fabrication method yet it offers access to designer patterns

that previously only top-down fabrication methods can provide. DNA-based fabrication has
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already demonstrated sub-10 nm resolution,%2

which is on par with what the state-of-the-art
optical, electron or X-ray lithography can offer. Compared with these competing technologies,
DNA-based lithography has a unique advantage in the overall cost. It does not require expensive
instruments that are typically required for optical, electron or X-ray lithography.?°°-?'* Recent
advances in bio-based manufacturing has pushed the cost of DNA nanostructure to as low as
$0.2/mg, or $0.3/m? for a monolayer amount of 2D DNA template.'3 1 At this price tag, DNA-
based lithography is potentially economical for high resolution patterning over very large areas (>>
m2).

However, the existing DNA-based lithography methods produce patterns of homogeneous
vertical contrast, i.e., they are 2D in nature like the mainstream photolithography. Here, we show
that DNA-based lithography, when using DNA nanostructure templates with site-specific
modifications, produces digitally-controlled vertical contrasts after pattern transfer to a SiO>

substrate. This is the first demonstration of using 2D DNA templates to produce 3D nanoscale

patterns.
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2.3 Experimental Section

2.3.1 Materials

(100)-oriented silicon wafers with 300 nm of thermal oxide layer (SiO2/Si substrates) were
purchased from University Wafers, USA. 2-Amino-2-(hydroxymethyl)-1,3-propanediol (Trizma
base or Tris, > 99.9%), acetic acid (> 99.7%), ethylenediaminetetraacetic acid (EDTA, > 99%),
magnesium acetate tetrahydrate (> 99%), sulfuric acid (95.0%-98.0%), hydrogen peroxide solution
(30% wt. % in water), streptavidin, hydrofluoric acid (HF, 48%), potassium hydroxide (reagent
grade, 90%, flakes), poly(L-lactide) (PLLA) (viscosity ~2.0 dL/g, 0.1 % (w/v) in chloroform
(25 °C)), dichloromethane (99.5%) and acetone (ACS reagent, > 99.5%) were purchased from
Sigma-Aldrich, USA and used as received without further purification. Ethanol (200 proof) was
purchased from Fisher Scientific, USA. Streptavidin was dissolved in water and the concentration
was determined by 280 nm UV absorbance measured by NanoDrop 2000c spectrophotometer
(Thermo Scientific™, USA). Polydimethylsiloxane (PDMS) was fabricated with Sylgard 184
silicone elastomer kit (Dow Corning, Midland, MI, USA). Water (18.2 MQ-cm) was filtered by a
water purification system (Barnstead MicroPure Standard, Thermo Scientific™, USA) and used
throughout the entire experiment for the preparation of chemical solutions and in the cleaning of

the experimental apparatus.

2.3.2 DNA materials

M13mp18 single stranded phage DNA was purchased from Bayou Biolabs and used as the

scaffold DNA strand for DNA origami nanostructure synthesis. Synthetic DNA strands were
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purchased from Integrated DNA Technology, Inc. The complete sequence profile of all 232 staple
strands is listed in 2.3.3 DNA Sequence Profile. In the design of modified triangular-shaped DNA

origami nanostructure, 21 of the staple strands were replaced with corresponding extended strands

(Table 1). BiotinMultiT strand (3°—/3Bio/ — TTTTTTTTTTTTTTT — 5”) was also purchased from
Integrated DNA Technology, Inc. and purified with high-performance liquid chromatography
(HPLC) by the manufacturer. All the DNA samples were used as received without further

purification.
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Table 1. Information of 21 new staple strands to construct modified DNA origami nanostructure.

#

Name

Plate #

Position

New Sequence (5’ - 3°)

1

t1s14i

2

D2

AAAAAAAAAAAAAAATAGCTGTGAGAAAAT
GTGTAGGTAAAGATACAACTTT

t1s16i

2

E2

AAAAAAAAAAAAAAATAGCTGGCATCAAAT
TTGGGGCGCGAGCTAGTTAAAG

t1s18i

F2

AAAAAAAAAAAAAAATAGCTTTCGAGCTAA
GACTTCAAATATCGGGAACGAG

t3s14e

F5

AAAAAAAAAAAAAAATAGCTCAATATGACC
CTCATATATTTTAAAGCATTAA

t3s16e

G5

AAAAAAAAAAAAAAATAGCTCATCCAATAA
ATGGTCAATAACCTCGGAAGCA

t3s18g

H5

AAAAAAAAAAAAAAATAGCTAACTCCAAGA
TTGCATCAAAAAGATAATGCAGATACATAA

t5s14e

F8

AAAAAAAAAAAAAAATAGCTTTAATGCCTTA
TTTCAACGCAAGGGCAAAGAA

t5s516e

G8

AAAAAAAAAAAAAAATAGCTTTAGCAAATA
GATTTAGTTTGACCAGTACCTT

155189

H8

AAAAAAAAAAAAAAATAGCTTAATTGCTTTA
CCCTGACTATTATGAGGCATAGTAAGAGC

10

t7s16e

D11

AAAAAAAAAAAAAAATAGCTTAAAGCTATA
TAACAGTTGATTCCCATTITTG

11

t7s18g

Ell

AAAAAAAAAAAAAAATAGCTCGGATGGCAC
GAGAATGACCATAATCGTTTACCAGACGAC

12

t9s18g

F1

AAAAAAAAAAAAAAATAGCTTGCTGTAGATC
CCCCTCAAATGCTGCGAGAGGCTTTTGCA

13

t-1s14e

H3

AAAAAAAAAAAAAAATAGCTATTTTCTGTCA
GCGGAGTGAGAATACCGATAT

14

t-1s16e

B4

AAAAAAAAAAAAAAATAGCTATTCGGTCTGC
GGGATCGTCACCCGAAATCCG

15

t-1s18g

D4

AAAAAAAAAAAAAAATAGCTCGACCTGCGG
TCAATCATAAGGGAACGGAACAACATTATT

16

t-3s14e

C8

AAAAAAAAAAAAAAATAGCTGTTTTGTCAGG
AATTGCGAATAATCCGACAAT

17

t-3s16e

D8

AAAAAAAAAAAAAAATAGCTGACAACAAGC
ATCGGAACGAGGGTGAGATTTG

18

t-3s18e

ES8

AAAAAAAAAAAAAAATAGCTTATCATCGTTG
AAAGAGGACAGATGGAAGAAAAATCTACG

19

t-5516e

D11

AAAAAAAAAAAAAAATAGCTAACAGCTTGC
TTTGAGGACTAAAGCGATTATA

20

t-5s518g

Ell

AAAAAAAAAAAAAAATAGCTCCAAGCGCAG
GCGCATAGGCTGGCAGAACTGGCTCATTAT

21

t-7s18g

A2

AAAAAAAAAAAAAAATAGCTAAAACACTTA
ATCTTGACAAGAACTTAATCATTGTGAATT
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2.3.3 DNA sequence profile

Complete sequence profile of all 232 staple strands to construct triangular-shaped DNA
origami nanostructure (without modification) is listed below.**
Plate number: 1
t10sl7c, Al, TTAAATATGCA
t10s27c, A2, ATACCGAACGA
t10s7c, A3, TAGCACCATTA
t12s19c, A4, GGATAGCGTCC
t12s29c, A5, GTAGCAATACT
t12s9c, A6, AACAAAGTTAC
t6s13c, A7, CTATTTTTGAG
t6s23c, A8, ACCATATCAAA
t6s3c, A9, TATAAACAGTT
t8s15c, A10, CCAAAAACATT
t8s25¢c, All, AGACTTTACAA
t8s5¢c, B1, CCACCAGAGCC
t-11s18e, B2, ATAAGGCTTGC
t-11s28e, B3, ACTATTAAAGA
t-11s8e, B4, TCAAGATTAGT
t-5s12¢e, B5, TGTAGCATTCC
t-5s22¢, B6, GTGGGAACAAA
t-5s2e, B7, TTAATTAATTT

t-7sl4e, C1, TTTAATTGTAT
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t-7s24e, C2, CGGTGCGGGCC
t-7sde, C3, TTAATTTCATC

t-9s16e, C4, ACTACGAAGGC
t-9s26e, C5, ATGAGTGAGCT

t-9s6e, C6, CTGTCCAGACG

Plate number: 2

t1s24i, A3, CCTGATTAAAGGAGCGGAATTATCTCGGCCTC

t2s11g, A4, AGAAAAGCCCCAAAAAGAGTCTGGAGCAAACAATCACCAT
t2s27f, A5, GGACATTCACCTCAAATATCAAACACAGTTGA

t3s20g, A6, CGCCAAAAGGAATTACAGTCAGAAGCAAAGCGCAGGTCAG
t4s1lg, A7, GCAAATATTTAAATTGAGATCTACAAAGGCTACTGATAAA
t4s27f, A8, TGACCTGACAAATGAAAAATCTAAAATATCTT

t5s20g, A9, AACACTATCATAACCCATCAAAAATCAGGTCTCCTTTTGA
t6s7f, All, ATTAAAGGCCGTAATCAGTAGCGAGCCACCCT

t7s28g, A12, CTATTAGTATATCCAGAACAATATCAGGAACGGTACGCCA
t1s10g, B2, GACGGGAGAATTAACTCGGAATAAGTTTATTTCCAGCGCC
t1s26i, B3, GCAAATCACCTCAATCAATATCTGCAGGTCGA

t2s13g, B4, ACAGTCAAAGAGAATCGATGAACGACCCCGGTTGATAATC
t2s3g, B5, TTTGATGATTAAGAGGCTGAGACTTGCTCAGTACCAGGCG
t3s24e, B6, TAATCCTGATTATCATTTTGCGGAGAGGAAGG

t4s13g, B7, CGTTCTAGTCAGGTCATTGCCTGACAGGAAGATTGTATAA

t4s3g, B8, TTTAACGGTTCGGAACCTATTATTAGGGTTGATATAAGTA
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t5s24e, B9, AATGGAAGCGAACGTTATTAATTTCTAACAAC

t6s15g, B10, ATAAAGCCTTTGCGGGAGAAGCCTGGAGAGGGTAG
t7s10g, B11, ATAAGAGCAAGAAACATGGCATGATTAAGACTCCGACTTG
t7s30g, B12, GAATCCTGAGAAGTGTATCGGCCTTGCTGGTACTTTAATG
t1s12i, C2, TCATATGTGTAATCGTAAAACTAGTCATTTTC

t1s28i, C3, CGACCAGTACATTGGCAGATTCACCTGATTGC

t2s15f, C4, ATAGTAGTATGCAATGCCTGAGTAGGCCGGAG

t2s5f, C5, CCGGAACCCAGAATGGAAAGCGCAACATGGCT

t3s26e, C6, TTATCTAAAGCATCACCTTGCTGATGGCCAAC

t4s15f, C7, CAGGCAAGATAAAAATTTTTAGAATATTCAAC

t4s5f, C8, CTCAGAGCATATTCACAAACAAATTAATAAGT

t5s26e, C9, TAATAGATCGCTGAGAGCCAGCAGAAGCGTAA

t6s17f, C10, TAAGAGGTCAATTCTGCGAACGAGATTAAGCA

t7slde, C11, ATGACCCTGTAATACTTCAGAGCA

t7sde, C12, GCCGCCAGCATTGACACCACCCTC

t11s18h, D1, AATACTGCGGAATCGTAGGGGGTAATAGTAAAATGTTTAGACT
t1s14i, D2, GTGAGAAAATGTGTAGGTAAAGATACAACTTT

t1s2i, D3, CGGGGTTTCCTCAAGAGAAGGATTTTGAATTA

t2s17f, D4, AACCAGACGTTTAGCTATATTTTCTTCTACTA

t2s7f, D5, AAAGACAACATTTTCGGTCATAGCCAAAATCA

t3s28g, D6, AGAGATAGTTTGACGCTCAATCGTACGTGCTTTCCTCGTT
t4s17f, D7, GATTAGAGATTAGATACATTTCGCAAATCATA

t4s7f, D8, GGAGGGAATTTAGCGTCAGACTGTCCGCCTCC
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t5s28g, D9, GAATACGTAACAGGAAAAACGCTCCTAAACAGGAGGCCGA
t7slee, D11, TAAAGCTATATAACAGTTGATTCCCATTTTTG

t7s6e, D12, AGAGCCGCACCATCGATAGCAGCATGAATTAT

t11s28h, E1, TCTTTGATTAGTAATAGTCTGTCCATCACGCAAATTAACCGTT
t1s16i, E2, GGCATCAAATTTGGGGCGCGAGCTAGTTAAAG

t1s30g, E3, TTGACGAGCACGTATACTGAAATGGATTATTTAATAAAAG
t2s1g, E4, GATAAGTGCCGTCGAGCTGAAACATGAAAGTATACAGGAG
t3s10g, E5, GTCAGAGGGTAATTGATGGCAACATATAAAAGCGATTGAG
t3s30g, E6, AGAATCAGAGCGGGAGATGGAAATACCTACATAACCCTTC
t4slg, E7, TAGCCCGGAATAGGTGAATGCCCCCTGCCTATGGTCAGTG
t5s10g, E8, GATAACCCACAAGAATGTTAGCAAACGTAGAAAATTATTC
t5s30g, E9, TTAAAGGGATTTTAGATACCGCCAGCCATTGCGGCACAGA
t6s25g, E10, TCAATAGATATTAAATCCTTTGCCGGTTAGAACCT

t7s18g, E11, CGGATGGCACGAGAATGACCATAATCGTTTACCAGACGAC
t7s8g, E12, CACCGTCACCTTATTACGCAGTATTGAGTTAAGCCCAATA
t11s8h, F1, CAGAAGGAAACCGAGGTTTTTAAGAAAAGTAAGCAGATAGCCG
t1s18i, F2, TTCGAGCTAAGACTTCAAATATCGGGAACGAG

t1s4i, F3, AGCGTCATGTCTCTGAATTTACCGACTACCTT

t2s21g, F4, CCTGATTGCTTTGAATTGCGTAGATTTTCAGGCATCAATA
t3sl4de, F5, CAATATGACCCTCATATATTTTAAAGCATTAA

t3sde, F6, TGTACTGGAAATCCTCATTAAAGCAGAGCCAC

t4s21g, F7, GCGCAGAGGCGAATTAATTATTTGCACGTAAATTCTGAAT

t5sl4e, F8, TTAATGCCTTATTTCAACGCAAGGGCAAAGAA
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t5sde, F9, CCTTGAGTCAGACGATTGGCCTTGCGCCACCC

t6s27f, F10, CAATATTTGCCTGCAACAGTGCCATAGAGCCG

t7s20g, F11, GATAAAAACCAAAATATTAAACAGTTCAGAAATTAGAGCT
t1s20g, G2, GAATACCACATTCAACTTAAGAGGAAGCCCGATCAAAGCG
t1s6i, G3, TTCATAATCCCCTTATTAGCGTTTTTCTTACC

t2s23g, G4, TGGCAATTTTTAACGTCAGATGAAAACAATAACGGATTCG
t3sl6e, G5, CATCCAATAAATGGTCAATAACCTCGGAAGCA

t3s6e, G6, CACCGGAAAGCGCGTTTTCATCGGAAGGGCGA

t4s23g, G7, GATTATACACAGAAATAAAGAAATACCAAGTTACAAAATC
t5sl6e, G8, TTAGCAAATAGATTTAGTTTGACCAGTACCTT

t5s6e, G9, TCAGAACCCAGAATCAAGTTTGCCGGTAAATA

t7s24e, G11, ACAATTCGACAACTCGTAATACAT

t8s179, G12, TAATTGCTTGGAAGTTTCATTCCAAATCGGTTGTA

t1s22i, H2, TCGGGAGATATACAGTAACAGTACAAATAATT

t1s8i, H3, ATGGTTTATGTCACAATCAATAGATATTAAAC

t2s25f, H4, AAGGAATTACAAAGAAACCACCAGTCAGATGA

t3s18g, H5, AACTCCAAGATTGCATCAAAAAGATAATGCAGATACATAA
t3s8g, H6, CATTCAACAAACGCAAAGACACCAGAACACCCTGAACAAA
t4s25f, H7, TAGGAGCATAAAAGTTTGAGTAACATTGTTTG

t5s18g, H8, TAATTGCTTTACCCTGACTATTATGAGGCATAGTAAGAGC
t5s8g, H9, TTGACGGAAATACATACATAAAGGGCGCTAATATCAGAGA
t6s5g, H10, CAGAGCCAGGAGGTTGAGGCAGGTAACAGTGCCCG

t7s26e, H11, TTGAGGATGGTCAGTATTAACACCTTGAATGG
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Plate number: 3

t-6s23f, Al, CGGCGGATTGAATTCAGGCTGCGCAACGGGGGATG
t-7s18g, A2, AAAACACTTAATCTTGACAAGAACTTAATCATTGTGAATT
t-8sl7c, A3, GGCAAAAGTAAAATACGTAATGCC

t-5s2e-t6s23c-3T, A6, TTAATTAATTTTTTACCATATCAAA

t-5522e-16513c-3T, A7, GTGGGAACAAATTTCTATTTTTGAG

t-6s25c, B1, TGGCGAAATGTTGGGAAGGGCGAT

t-7s20g, B2, ACCTTATGCGATTTTATGACCTTCATCAAGAGCATCTTTG
t-8s25f, B3, TCTTCGCTATTGGAAGCATAAAGTGTATGCCCGCT

t-9s30g, B4, CGATGGCCCACTACGTATAGCCCGAGATAGGGATTGCGTT
t-7sde-t8s25¢c-2T, B6, TTAATTTCATCTTAGACTTTACAA
t-7s24e-18s15¢-2T, B7, CGGTGCGGGCCTTCCAAAAACATT

t-6s27f, C1, TGTCGTGCACACAACATACGAGCCACGCCAGC

t-8s27¢, C3, GCGCTCACAAGCCTGGGGTGCCTA

t-9s6e-t10s27¢c-1T, C6, CTGTCCAGACGTATACCGAACGA
t-9s26e-110s17¢c-1T, C7, ATGAGTGAGCTTTTAAATATGCA

t-6s3f, D1, TCCCTTAGAATAACGCGAGAAAACTTTTACCGACC

t-7s28g, D2, TTCCAGTCCTTATAAATCAAAAGAGAACCATCACCCAAAT
t-8s5f, D3, TTCTGACCTAAAATATAAAGTACCGACTGCAGAAC

ts-reml, D4, GCGCTTAATGCGCCGCTACAGGGC

t-11s8e-112s29¢c-0T, D6, TCAAGATTAGTGTAGCAATACT

t-11s28e-t12s19¢-0T, D7, ACTATTAAAGAGGATAGCGTCC
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t-6s5c, E1, GTTTGAAATTCAAATATATTTTAG

t-7s30g, E2, CAAGTTTTTTGGGGTCGAAATCGGCAAAATCCGGGAAACC
t-8s7c, E3, TCAGCTAAAAAAGGTAAAGTAATT

t-5s12e-16s3c-3T, E6, TGTAGCATTCCTTTTATAAACAGTT

t-6s7f, F1, AATAGATAGAGCCAGTAATAAGAGATTTAATG

t-9510g, F3, ACGCTAACGAGCGTCTGGCGTTTTAGCGAACCCAACATGT
t-7s14e-t8s5¢c-2T, F6, TTTAATTGTATTTCCACCAGAGCC

t-7s10g, G1, GCCAGTTACAAAATAATAGAAGGCTTATCCGGTTATCAAC
t-7s89, G2, GCGCCTGTTATTCTAAGAACGCGATTCCAGAGCCTAATTT
t-9s16e-t10s7¢c-1T, G6, ACTACGAAGGCTTAGCACCATTA

t-8s15f, H2, CGGTTTATCAGGTTTCCATTAAACGGGAATACACT

t-9s20g, H3, TGGTTTAATTTCAACTCGGATATTCATTACCCACGAAAGA

t-11s18e-t12s9¢c-0T, H6, ATAAGGCTTGCAACAAAGTTAC

Plate number: 4

t8s27g, Al, CGCGAACTAAAACAGAGGTGAGGCTTAGAAGTATT
t9s28g, A2, TAAAACATTAGAAGAACTCAAACTTTTTATAATCAGTGAG
t-1s14i, A4, CAACAGTTTATGGGATTTTGCTAATCAAAAGG

t-1s24i, A5, AGGAAGATGGGGACGACGACAGTAATCATATT

t-1s4i, A6, TTTAACCTATCATAGGTCTGAGAGTTCCAGTA

t-2s17f, A7, ATTGTGTCTCAGCAGCGAAAGACACCATCGCC

t-2s7f, A8, TCAATAATAGGGCTTAATTGAGAATCATAATT

t-3s28g, A9, GTTTGCGTCACGCTGGTTTGCCCCAAGGGAGCCCCCGATT
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t-4s17f, A10, GTACAACGAGCAACGGCTACAGAGGATACCGA

t-4s7f, A1l, CCCATCCTCGCCAACATGTAATTTAATAAGGC

t-5528g, A12, TTAATGAAGTTTGATGGTGGTTCCGAGGTGCCGTAAAGCA
t9s30h, B2, GCCACCGAGTAAAAGAACATCACTTGCCTGAGCGCCATTAAAA
t-1s16e, B4, ATTCGGTCTGCGGGATCGTCACCCGAAATCCG

t-1s26e, BS, GCCAGTGCGATCCCCGGGTACCGAGTTTTTCT

t-1s6e, B6, TTAGTATCGCCAACGCTCAACAGTCGGCTGTC

t-2s1g, B7, AAAACAAAATTAATTAAATGGAAACAGTACATTAGTGAAT
t-3s10g, B8, AACGTCAAAAATGAAAAGCAAGCCGTTTTTATGAAACCAA
t-3s30g, B9, TAGAGCTTGACGGGGAGTTGCAGCAAGCGGTCATTGGGCG
t-4s1g, B10, GAGCAAAAGAAGATGAGTGAATAACCTTGCTTATAGCTTA
t-5s10g, B11, TCCCAATCCAAATAAGATTACCGCGCCCAATAAATAATAT
t8s7g, C1, AGCCATTTAAACGTCACCAATGAACACCAGAACCA

t9s6e, C2, CCATTAGCAAGGCCGGGGGAATTA

t-12s19h, C3, CCTGACGAGAAACACCAGAACGAGTAGGCTGCTCATTCAGTGA
t-1s16i, C4, GCCGCTTTGCTGAGGCTTGCAGGGGAAAAGGT

t-1s26i, C5, CTCTAGAGCAAGCTTGCATGCCTGGTCAGTTG

t-1s6i, C6, AGTATAAAATATGCGTTATACAAAGCCATCTT

t-2s21g, C7, GCTCATTTTTTAACCAGCCTTCCTGTAGCCAGGCATCTGC
t-3sl4e, C8, GTTTTGTCAGGAATTGCGAATAATCCGACAAT

t-3sde, C9, GATTAAGAAATGCTGATGCAAATCAGAATAAA

t-4s21g, C10, GTTAAAATTCGCATTAATGTGAGCGAGTAACACACGTTGG

t-5s30g, C12, CTAAATCGGAACCCTAAGCAGGCGAAAATCCTTCGGCCAA
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t9s10h, D1, TATCTTACCGAAGCCCAAACGCAATAATAACGAAAATCACCAG
t9s8g, D2, GAGCCAGCGAATACCCAAAAGAACATGAAATAGCAATAGC
t-12s29h, D3, ACGTGGACTCCAACGTCAAAGGGCGAATTTGGAACAAGAGTCC
t-1s18g, D4, CGACCTGCGGTCAATCATAAGGGAACGGAACAACATTATT
t-1s28g, D5, TTTCACCAGCCTGGCCCTGAGAGAAAGCCGGCGAACGTGG
t-1s8g, D6, TTTCCTTAGCACTCATCGAGAACAATAGCAGCCTTTACAG

t-2s23g, D7, GTAACCGTCTTTCATCAACATTAAAATTTTTGTTAAATCA
t-3s16e, D8, GACAACAAGCATCGGAACGAGGGTGAGATTTG

t-3s6e, D9, CACCGGAATCGCCATATTTAACAAAATTTACG

t-4s23g, D10, GGATAGGTACCCGTCGGATTCTCCTAAACGTTAATATTTT
t-5s16e, D11, AACAGCTTGCTTTGAGGACTAAAGCGATTATA

t-5s6e, D12, GTGTGATAAGGCAGAGGCATTTTCAGTCCTGA

t9sl6e, E1, ACTAAAGTACGGTGTCGAATATAA

t-10s17h, E2, ACCAACCTAAAAAATCAACGTAACAAATAAATTGGGCTTGAGA
t-12s9h, E3, TGCTATTTTGCACCCAGCTACAATTTTGTTTTGAAGCCTTAAA
t-1s18i, E4, GCGCAGACTCCATGTTACTTAGCCCGTTTTAA

t-1s28i, E5, CCTTCACCGTGAGACGGGCAACAGCAGTCACA

t-1s8i, E6, CAAGTACCTCATTCCAAGAACGGGAAATTCAT

t-2s25f, E7, ACGTTGTATTCCGGCACCGCTTCTGGCGCATC

t-3s18g, E8, TATCATCGTTGAAAGAGGACAGATGGAAGAAAAATCTACG

t-3s8g, E9, AGCATGTATTTCATCGTAGGAATCAAACGATTTTTTGTTT
t-4s25f, E10, AGTTGGGTCAAAGCGCCATTCGCCCCGTAATG

t-5518g, E11, CCAAGCGCAGGCGCATAGGCTGGCAGAACTGGCTCATTAT
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t-5s8g, E12, ACAAGAAAGCAAGCAAATCAGATAACAGCCATATTATTTA
t9s18g, F1, TGCTGTAGATCCCCCTCAAATGCTGCGAGAGGCTTTTGCA
t-10s27h, F2, AACTCACATTATTGAGTGTTGTTCCAGAAACCGTCTATCAGGG
t-1s10e, F3, AGAGAATAACATAAAAACAGGGAAGCGCATTA

t-1s20e, F4, ACAGGTAGAAAGATTCATCAGTTGAGATTTAG

t-1s2i, F5, CCTTTTTTCATTTAACAATTTCATAGGATTAG

t-2s11g, F6, CCTCAGAACCGCCACCCAAGCCCAATAGGAACGTAAATGA
t-2s27f, F7, CCAGGGTGGCTCGAATTCGTAATCCAGTCACG

t-3s20g, F8, TTAATAAAACGAACTAACCGAACTGACCAACTCCTGATAA
t-4s11g, F9, AGGTTTAGTACCGCCATGAGTTTCGTCACCAGGATCTAAA
t-4s27f, F10, CGCGCGGGCCTGTGTGAAATTGTTGGCGATTA

t-5s20g, F11, ACCAGTCAGGACGTTGGAACGGTGTACAGACCGAAACAAA
t-6s13f, F12, ACAGACAGCCCAAATCTCCAAAAAAAAATTTCTTA

t9s20h, G1, AAAGAAGTTTTGCCAGCATAAATATTCATTGACTCAACATGTT
t-10s7h, G2, ACGACAATAAATCCCGACTTGCGGGAGATCCTGAATCTTACCA
t-1s12i, G3, AGGGATAGCTCAGAGCCACCACCCCATGTCAA

t-1s22i, G4, CGCGTCTGATAGGAACGCCATCAACTTTTACA

t-1s30e, G5, CGAGAAAGGAAGGGAAGCGTACTATGGTTGCT

t-2s13g, G6, AGACGTTACCATGTACCGTAACACCCCTCAGAACCGCCAC
t-2s3g9, G7, AGAGTCAAAAATCAATATATGTGATGAAACAAACATCAAG
t-3s24e, G8, TGTAGATGGGTGCCGGAAACCAGGAACGCCAG

t-4513g, G9, AGCGTAACTACAAACTACAACGCCTATCACCGTACTCAGG

t-4s3g, G10, ACATAGCGCTGTAAATCGTCGCTATTCATTTCAATTACCT
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t-6s15¢c, G12, CGAGGTGAGGCTCCAAAAGGAGCC

t9s26e, H1, ACCACCAGCAGAAGATGATAGCCC

t-1sl4e, H3, ATTTTCTGTCAGCGGAGTGAGAATACCGATAT
t-1s24e, H4, CAGTTTGACGCACTCCAGCCAGCTAAACGACG
t-1sde, H5, TTATCAAACCGGCTTAGGTTGGGTAAGCCTGT
t-2s15f, H6, CACGCATAAGAAAGGAACAACTAAGTCTTTCC
t-2s5f, H7, ACTAGAAATATATAACTATATGTACGCTGAGA
t-3s26e, H8, GGTTTTCCATGGTCATAGCTGTTTGAGAGGCG
t-4s15f, H9, TAGTTGCGAATTTTTTCACGTTGATCATAGTT
t-4s5f, H10, GTTAAATACAATCGCAAGACAAAGCCTTGAAA
t-5s26e, H11, TGCTGCAAATCCGCTCACAATTCCCAGCTGCA

t-6s17f, H12, ACCCCCAGACTTTTTCATGAGGAACTTGCTTT

2.3.4 Synthesis of triangular-shaped DNA origami nanostructures

Triangular-shaped DNA origami nanostructures were synthesized using a previously
published method** & by mixing 8.60 pL of M13mp18 single stranded phage DNA solution (1
mg/mL, equivalent to 454 nM), 15.0 pL of DNA staple strands (mixture of 300 nM for each strand),
77 uL of DI water, and 181 pL of a TAE/Mg buffer. The TAE/Mg buffer solution contains the
following reagents with their corresponding concentrations: 40 mM trizma base, 20 mM acetic
acid, 12.5 mM magnesium acetate and 1 mM EDTA. The thermal cycler (MiniCycler™, MJ
Research, Canada) quickly heated the mixture solution up to 95 °C, then annealed it to 20 °C at a
cooling rate of 1 °C/min. Then at room temperature DNA origami nanostructure sample solution
(ca. 280 pL) was divided equally and transferred into two separate 30 kDa MW centrifugal devices

60



(Nanosep Centrifugal Devices with Omega Membrane, Pall Corporation, Port Washington, NY).
Additional ca. 400 uL of TAE/Mg buffer solution was filled into each centrifugal device and the
mixtures were centrifuged at a speed of 6000 rpm using a single speed benchtop microcentrifuge
(Fisher Scientific, USA) to remove the excess DNA staple strands. The DNA solution was
centrifuged until 1/4 of the original volume (ca. 140 pL) was left on top to ensure that the sample
wasn’t completely dry. The process of adding buffer and centrifuging was repeated five times in
total. The final DNA origami nanostructure sample was stored in TAE/Mg buffer inside a plastic
vial at 4 °C. The prepared DNA origami solution has a concentration of 13.8 nM at 100% yield.
The practical concentrations varied between 2 nM to 4 nM in different batches of samples, based
on the estimation from 260 nm absorbance values by UV-Vis spectrophotometer (Nanodrop 2000c,

Thermo Scientific™, USA).

2.3.5 Modification of streptavidin onto DNA nanostructures

Triangular-shaped DNA origami nanostructures were synthesized using M13mp18 single
stranded phage DNA and 232 short staple strands. To achieve the modification of streptavidin onto
triangular-shaped DNA origami nanostructure, 21 discrete staple strands were selected on one liner
side of the structure and each staple strand was extended with a spacer strand containing a 5-mer
random sequence nucleic acid chain and 15 adenine nucleotides (Table 1, Figure 12(a)). A
complementary DNA strand with 15 thymine nucleotides and biotin modifier on 3’ end was
designed and used to attach biotin molecules onto the DNA nanostructure. With 21 of the original
staple strands replaced by the 21 corresponding extended staple strands (Table 1, Figure 12(b))
in the staple strands mixture, triangular-shaped DNA origami nanostructures with biotin were
synthesized using the aforesaid method by mixing 8.60 uL of M13mp18 single stranded phage
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DNA solution (1 mg/mL, equivalent to 454 nM), 15.0 pL of DNA staple strands (300 nM for each
strand), 18.5 pL of BiotinMultiT DNA strand (25.6 uM), 58 pL of DI water and 181 L of a
TAE/Mg buffer. The annealing and purification methods were performed in the same way. The
BiotinMultiT DNA strand here was in 5 times excess compared to the extended staple strands to
ensure the complete modification of biotin on the DNA nanostructure. Then the DNA samples
were mixed with streptavidin in TAE/Mg buffer solution. Concentration of DNA origami
nanostructures was determined from 260 nm absorbance values from UV-Vis spectrophotometer.
Streptavidin concentration was set to 10 times excess compared to biotin modifiers to ensure
complete modification of streptavidin onto DNA nanostructures. The solution was mixed
thoroughly in a 600 pL microcentrifuge tube and set aside at room temperature for at least 1 hr to
achieve best interaction between biotin and streptavidin. To purify the mixture and to remove all
the excess streptavidin in the solution, the mixture (usually ca. 200 uL) was transferred into a 100
kDa MW centrifugal devices (Nanosep Centrifugal Devices with Omega Membrane, Pall
Corporation, Port Washington, NY). Additional buffer was added to fill the solution to the top of
the centrifugal device for a total ca. 600 pL. The solution was centrifuged at a speed of 6000 rpm
using a single speed benchtop microcentrifuge to remove excess free streptavidin. The centrifuging
process stopped when the volume was back to ca. 200 pL. The process of adding buffer and
centrifuging was repeated two times to eliminate the concentration drop of the DNA nanostructures.
The triangular-shaped DNA origami nanostructures with streptavidin modification were prepared
freshly before use to eliminate the aggregation of DNA nanostructures due to the interaction

between biotin and streptavidin molecules.
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Figure 12. Modification of streptavidin onto triangular-shaped DNA origami nanostructures: (a)
Design of staple extension and attachment of biotin-streptavidin system. (b) Scheme of 21
modification positions on the DNA nanostructure. Template in (b) is reprinted and adapted with

permission from Reference 74, copyright © 2013, American Chemical Society.

2.3.6 Deposition of DNA samples onto SiO2/Si substrates

A SiO2/Si substrate (0.4 cm x 0.8 cm size) was cleaned by immersing it in a newly piranha
piranha solution (3/7 (v/v) 30% hydrogen peroxide/ 98% sulfuric acid solution) in a covered glass
petri dish on a 50 °C heating plate for 30 min. Warning: Piranha solution is a strong oxidizing
reagent and can detonate unexpectedly; extra caution in handling is required. The substrate was
then thoroughly washed with water and dried with a N2 stream. DNA origami nanostructures (20
ML) was pipetted onto the clean and dry SiO»/Si substrate and left in a plastic petri dish without

interruption for 30 min. A wet Kimwipe was inserted between the cover and the bottom of the
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plastic petri dish to maintain humidity inside and reduce evaporation of water from DNA sample.
After 30 min, the substrate was dried with a N2 stream. Then the substrate was immersed into a
9/1 (v/v) ethanol/water solution for 5 s to remove salt impurities and dried again using a N stream.
To ensure complete removal of the salt residues, the immersion and drying steps were repeated

two times.

2.3.7 HF etching of SiO2 with DNA templates

After deposition of sample, the SiO/Si substrate was transferred into a home-built HF
etching system for further HF etching reaction. Warning: Hydrofluoric acid (HF) is a highly
corrosive liquid and a contact poison to human bodies; extra caution in handling is required.
Schematics of the etching setup and details of the etching chamber are shown in Figure 13. The
system consists of 2 plastic containers — one with water and the other one with 48% HF solution,
3 mass flow controllers and an etching chamber. The mass flow controllers were all purchased
from Omega Engineering, Inc. and the model numbers are: USA — FMA-3704 (for HF carrier gas,
range 0 - 100 standard cubic centimeter per minute (sccm)), FMA-5510 (for H2O carrier gas, range
0 - 200 sccm) and FMA-5510 (for dry N2, range 0 - 200 sccm). The home built etching chamber
consists of a stainless steel tube, a stainless steel sample holder, a heating tape (KH-203/5-P,
Omega Engineering, Inc., USA) and a temperature controller (CNi3222-C24, Omega Engineering,
Inc., USA). The temperature detector is located inside the aluminum heating block to obtain
precise control of the temperature of the tube. The fluctuation of the temperature was less than 0.3
°C within the etching period. HF solution was regularly replaced to maintain a consistent output
partial pressure of HF. The exhausted gas from the system was absorbed by saturated potassium
hydroxide (KOH) solution to remove any HF and then vented to the ambient.
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Figure 13. Schematics of the home-built vapor phase HF etching setup.

The SiO»/Si substrate was placed onto the reaction boat at the marked position and
transferred into the heating block (Figure 13). The position was selected based on the preliminary
results (2.4.5), in which multiple positions in the heating block were tested and the one with most
consistent outcomes was picked. VVapors of HF and water were supplied by passing N2 gas through
the respective containers so there were totally three streams of N2 gas in the system — pure N2 gas,
N2 gas saturated with HF vapor and N2 gas saturated with water vapor, which were controlled by
the three mass flow controllers, respectively. Note that hydrofluoric acid used here was a 48%
solution so the N2 gas stream with HF vapor also contained water vapor. Three streams of gas
combined before entering the chamber and went through the reaction chamber continuously. The
flow rates of the three streams of N2 gas carrier determine the partial pressure of each reagent.
Based on the previous research (2.4.4), the best working condition for the HF etching reaction was
[35 °C, N2 flow rate = 55 sccm, N»-carried H20 flow rate = 15 sccm, N2-carried 48% HF flow rate
= 10 sccm, reaction time 20 min] in order to achieve high contrast and high resolution. This
condition was used throughout the experiments except otherwise specified.

In a typical HF etching process, after the SiO./Si substrate was locked in the reaction

chamber, pure N2 gas stream and N2 gas with water vapor stream were first introduced into the

65



chamber for 20 min to achieve equilibrium of water between the substrate surface and the gas flow.
N2 gas carrier for HF vapor was shut off during this preparation process. Then all three streams
were introduced together into the reaction chamber for the set reaction time. After 20 min, the N>
gas carriers for water vapor and HF vapor were immediately shut off. Only high flow rate (ca. 180
sccm) of pure N2 gas was used to clean up any leftover HF on SiO2/Si substrate and in the reaction
system before the substrate was taken out. The sample was washed by water, acetone and then
water again (30 s for each step) after reaction and then dried using a N2 stream. To remove the
organic residues on the substrate, the sample was heated in a 400 °C furnace in air for 1 hr and

rinsed with water for 1 min and then dried using a N2 stream (Figure 14, cleaning step).

2.3.8 Pattern transfer from negative SiO2/Si substrate to positive PLLA film

Due to the intrinsic accuracy limitation of Atomic Force Microscopy (AFM) technique for
scanning negative patterns, PLLA film was used to achieve pattern transfer to positive patterns
from the negative-tone patterns on the etched SiO»/Si substrate. PLLA solution was made by
dissolving 3% (w/w) PLLA into dichloromethane. SiO>/Si substrate, cleaned and heated following
the aforesaid procedure, was further cleaned by piranha solution. The substrate was immersed in
a newly piranha piranha solution (3/7 (v/v) 30% hydrogen peroxide/ 98% sulfuric acid solution)
in a covered glass petri dish on a 50 °C heating plate for 30 min. Warning: Piranha solution is a
strong oxidizing reagent and can detonate unexpectedly; extra caution in handling is required.
The substrate was thoroughly washed with water and dried with a N> stream. Freshly-cleaned
substrate was then fixed onto the spin coater and spin coated by 3% PLLA solution at 4,000 rpm
for 30 s. The spin-coating process was repeated three times to achieve an appropriate thickness of
film.
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PDMS precursor was mixed with curing agent at a 10:1 mass ratio. The prepolymer mixture
was vigorously blended by hand for at least 5 minutes and degassed in a vacuum desiccator. The
mixture was poured over a piranha solution cleaned prime grade silicon wafer. The wafer with the
mixture was placed in the vacuum desiccator to further degas air bubbles. The PDMS prepolymer
on the silicon wafer was cured for 1 hr at 60 °C in the oven. The thickness of the resulting PDMS
film was ca. 1-2 mm. The PDMS film, cut into 0.7 cm x 1.0 cm size, served as a supporting layer
to help peel off the thin PLLA film from the SiO2/Si substrate. With the flat side of PDMS film
stuck to top surface of PLLA film, 10 puL of water was added between the PLLA film and the
Si0O2/Si substrate. The PLLA film was easily separated from SiO2/Si substrate and the positive

features were exposed for analysis (Figure 14).

DNA
HF Cleaning
— —
etching
+ PLLA + PDMS +
— — —

Figure 14. HF etching and PLLA pattern transfer process.
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2.3.9 Atomic Force Microscopy (AFM) characterization

Throughout the study, surface morphologies of the samples were monitored using an
Asylum MFP-3D Atomic Force Microscope (Oxford Instruments, UK) by AC mode in air with
HQ:NSC15/A1 BS AFM probes (325 kHz, 40 N/m) purchased from pumasch (NanoAndMore,
USA). Images were analyzed by Igor Software (Version 6.3.7.2) equipped with Asylum Research
package. Without special annotation, all images were collected at a scan rate of 0.5 Hz and 512

data points per line with the scan size identified by scale bars.

2.3.10 Scanning Electron Microscopy (SEM) characterization

SEM images of the SiO./Si substrates were taken by a Zeiss Sigma 500 VP Analytical FE-
SEM system (Zeiss, Germany) with 1.00 kV EHT and SE2 detector at University of Pittsburgh
Nanoscale Fabrication and Characterization Facility. Resolution of SEM images was set to 1024
x 768. No coating process was performed on the SiO»/Si substrates in order to maintain the original
morphology of the patterns. To reduce the surface charging effect, a different etching condition
[35 °C, N2 flow rate = 70 sccm, N2-carried H20 flow rate = 0 sccm, No-carried 48% HF flow rate
= 10 sccm, reaction time 20 min] was used to prepare the samples for SEM measurements. The
SiO»/Si substrates etched by this condition had shallower negative-tone patterns and less influence

from charging effect was observed on the SEM images.
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2.4 Results and Discussion

2.4.1 DNA-mediated HF etching of SiO2

The pattern transfer used in this work is based on the HF vapor etching of SiO2, which is
an autocatalytic reaction catalyzed by H>O adsorbed on the SiO> surface. The overall reaction
between the vapor phase HF and the SiO. substrate is shown by equation 1:

SiO2(s) + 4HF(g) — SiF4(g) + 2H20(g) [1]

Different mechanisms have been proposed for this reaction?!4?! and the generally
acceptable explanation is that water is a catalyst of the reaction.?” The reaction is initiated by
condensation of HF and H20 in the gas phase onto the SiO; surface and goes through a two-step
process (equation 2 and 3). As more water is produced in the final etching step (equation 3) than
initially consumed in the deprotonation step (equation 2), this reaction is autocatalytic in nature.

6HF + 3H,0 — 3HF, + 3H30" [2]
3HF; + 3H30* + SiO2 — 2HF + SiF4 + 5H,0 [3]

The etching rate of SiO; is positively correlated with the amount of water locally adsorbed
on the substrate surface. Further, the autocatalytic process will amplify the small difference in the
amount of water adsorbed on the surface, increasing the etching selectivity as the etching
progresses. In our previous research, we showed that DNA nanostructures could modulate the
vapor-phase etching of SiO- at the single-molecule level by changing the amount of water adsorbed
near itself. We showed that a molecular-scale pattern could be transferred from the DNA
nanostructure to the SiO, substrate.!® This pattern transfer method produced negative patterns
with sub-10 nm resolution (Figure 11(b))*°? or high vertical contrast (>10 nm, with sub-20 nm
resolution).!*? In later studies, other hydrophilic materials, such as inorganic salt (e.g., NaCl),
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graphene oxide and protein (e.g., aloumin) were all shown to promote HF etching of SiO> etching,
creating negative-tone patterns on silicon wafer.%®

DNA origami nanostructure provides numerous sites for site-specific chemical
modifications. By introducing chemical functional groups onto DNA origami nanostructures, one
can locally change the water-adsorption capability of the DNA nanostructure, therefore locally
changing its catalytic activity in the HF-etching reaction. We hypothesize that if such a modified
2D DNA nanostructure is used as the template for HF-etching of SiO2, 3D nanoscale pattern can
be created on the SiO- surface after a single step of pattern transfer (Figure 15).

To test this hypothesis, we used triangular-shaped DNA origami nanostructure as a model
to study the effect of introducing streptavidin on the vertical contrast of DNA-mediated HF-etching
of SiO,. The triangular-shaped DNA origami nanostructure was selected due to its unique
structural features. Each triangular-shaped DNA origami nanostructure provides three identical
linear sides and a central void. The modification was performed on only one of the three linear
sides and its effect on the pattern transfer was assessed by comparing the contrast of pattern transfer
of the three sides within the same DNA nanostructure. Streptavidin is a commonly used water-
soluble protein in molecular biology, known for its strong and specific non-covalent binding to
biotin. We incorporated biotin-modified DNA strands into the DNA nanostructure, allowing site-
specific attachment of streptavidin.

The modified DNA nanostructure was used as the template for negative-tone pattern
transfer to SiOz, in which DNA nanostructures promoted the etching of Si02.1%8 Our previous
research has identified the optimum etching conditions,**? under which the DNA nanostructures

created uniform triangular-shaped trenches on the SiO surface. Streptavidin molecules were
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expected to increase the adsorption of water vapor, which should locally increase the depth of the

negative-tone pattern (Figure 15).

DNA Streptavidin

‘ + @ ‘ Deposition

HF Cleaning
Etching

Figure 15. HF etching and pattern transfer process of the DNA nanostructures with streptavidin

modification.

2.4.2 Modification of streptavidin onto DNA nanostructures

Triangular-shaped DNA origami nanostructures were synthesized using M13mp18 single
stranded phage DNA and 232 short staple strands. On one side of the DNA nanostructure, 21
discrete staple strands were selected and extended to serve as the attaching points for the
complementary biotin-modified DNA strands (2.3.2). The biotin-modified DNA nanostructures
were then mixed with excess streptavidin in buffer solution and finally purified by membrane
centrifugal filtration.

Figure 16 compares the AFM images of DNA origami nanostructures without and with
modification, presented using two color maps to highlight the topography features. It was observed

that with only biotin modifiers (Figure 16(b)), the modified DNA nanostructures did not show
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significant topography difference compared to their unmodified counterparts (Figure 16(a)); in
both cases, the three sides showed similar heights. Addition of streptavidin (Figure 16(c) before
purification and Figure 16(d) after purification) altered the topography profiles with one side
significantly higher than the other two. Note that the loose round dots in Figure 16(c) represent
the free streptavidin molecules. Figure 16(e) compares the statistical distribution of the heights
for different types of DNA origami nanostructures. For each type of DNA nanostructure, 40
structures were randomly selected and three height values were measured for the three sides of
each DNA nanostructure. We observed that for the DNA nanostructures with streptavidin
modification, the height histogram shows two groups of heights which were significantly different
from each other. The height difference between the two groups was about 0.8 nm and the
population of the higher group was roughly half of that of the lower group. We conclude that the
streptavidin increased the apparent height of the DNA nanostructure by 0.8 nm. Figure 16(d) also
showed that almost 100% of the analyzed DNA nanostructures had successful streptavidin
modification. Note that we did not resolve individual streptavidin on the DNA nanostructure, likely
due to the small distance between the modification site (< 10.6 nm) and large size of the dried

streptavidin molecule (ca. 11.1 nm).®
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Figure 16. Modification of DNA nanostructure using streptavidin. AFM image of triangular-
shaped DNA origami nanostructures (a) without modification, (b) with biotin modifiers, (c) with
excess streptavidin modification and (d) with streptavidin modification after purification. The
images are shown in two color scales. Scale bars denote 500 nm. Inset of (d) shows the design of
streptavidin modification on the DNA nanostructure. (e) Statistical histograms of height
distributions of the three linear sides of the DNA nanostructures. The height was measured at the

center of the side of the DNA nanostructure.
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2.4.3 Calculation of partial pressure of each reagent after mixing in the etching chamber

The containers of water and HF solution and also the tubes to deliver gas into the etching
chamber were all stored at room temperature (20-25 °C average). At 20°C, the saturation vapor
pressure of H20 is 2339 Pa.?!® The equilibrium vapor pressure of 48% HF solution is 2666 Pa of
HF and 666 Pa of H,0.*> From our previous studies, we can assume that N, gas got into
equilibrium with the liquid phase after bubbling through the containers. The total pressure inside
the etching chamber was around 1 atm since the system was balanced with outer atmosphere.

The partial pressure of each vapor inside the chamber was proportional to the flow rate of
N2 through its container. For pure N2 gas = 55 sccm, N2 gas with HF vapor = 15 sccm and N2 gas
with water vapor = 10 sccm, the partial pressure was calculated as followed:

H20: pr2o = 15/80 x 2339 + 10/80 x 666 = 522 Pa.

HF: pur = 10/80 x 2666 = 333 Pa.

For pure N2 gas = 70 sccm, N2 gas with HF vapor = 10 sccm and N2 gas with water vapor
= 0 sccm, the partial pressure was calculated as followed:

H20: pH2o = 10/80 x 666 = 83 Pa.

HF: pur = 10/80 x 2666 = 333 Pa.

As expected, when the flow rate of N2 gas with HF vapor was kept constant, the increase
of flow rate of N2 gas with water vapor will increase the partial pressure of water vapor in the
chamber, leading to higher etching rate. If the 333 Pa (2.5 mmHg) HF partial pressure in the
etching chamber reaches an equilibrium with the SiO2/Si substrate surface at 35 °C, an equivalent

25-30% HF solution is condensed on the substrate surface for etching reaction.??°
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2.4.4 Selection of best working condition for HF etching reaction

Our previous research proposed two best working conditions for HF etching reaction to
achieve high-resolution, high-contrast pattern transfer. The two conditions were [35 °C, pnr = 333
Pa, pH2o = 658 Pa, reaction time 20 min] and [35 °C, pxr = 333 Pa, pH2o = 1090 Pa, reaction time
20 min].*2 To reduce the surface roughness and to potentially highlight the contrast resulted from
the modification effect, we selected the milder condition [35 °C, pnr = 333 Pa, pH2o = 658 Pa,
reaction time 20 min] in our experiment. The HF etching setup was rebuilt with new tubing, parts
and reagents to eliminate possible residues from previous experiments. At the same time, the line
of 2-proponal was eliminated based on the previous results. The partial pressure values were
converted into the flow rates in the system for easy operation purpose. Considering that the average
room temperature was higher than 20 °C, less amount of water was used to reduce surface
roughness. The selected working condition was [35 °C, N2 flow rate = 55 sccm, N»-carried H20
flow rate = 15 sccm, N-carried 48% HF flow rate = 10 sccm, reaction time 20 min]. In our follow-
up experiments, the selected working condition showed consistent results with high contrast and

high level of shape preservation.

2.4.5 Selection of best working position for HF etching reaction

In the HF etching setup, the heating block provided heat through a heating pad wrapped
outside the metal cylinder and a millimeter-size temperature sensor was placed between the
reaction chamber and the heating block for temperature feedback and control. Due to the fully
enclosed design of the reaction chamber and the possible uneven heating from the heating pad, we

performed a series of experiments at different positions inside the reaction chamber to determine
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the best position for experiment consistency. Four different positions were selected on the reaction
boat as shown in Figure 17. Here, position #3 indicated the center of the heating block. The
position of the temperature sensor was slightly toward upstream (left) side of the chamber from
the center position so that two positions were selected on this side. The distance between each two
adjacent positions was 1 cm. Position #1, #3, #4 all showed inconsistency throughout the multiple
parallel samples prepared (Figure 18). Several AFM images showed incomplete shape
preservation with the central voids invisible after etching. We attributed this inconsistency to the
temperature variation inside the reaction chamber. Position #2 showed the best consistency and
was selected for all the experiments (Figure 19). We inferred that Position #2 was indeed the
closest position of the four on the reaction boat to the temperature sensor so that the 35 °C

temperature setting was maintained throughout the experiment.

Mass Flow
Controller

Heating Block

123 4 Reaction Chamber
N, I M | %\
KOH

Reaction Boat
IWHF (48%)

Figure 17. Schematics of the home-built vapor phase HF etching setup and four sample positions.
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Position #1 Position #3 Position #4

Figure 18. AFM images of etched SiO2/Si substrates at different positions. Scale bars denote 500

nm.

Figure 19. AFM images of etched SiO2/Si substrates at Position #2 (best position). Scale bars

denote 500 nm.



2.4.6 Effect of modification on the depth of the patterns measured directly from negative-

tone patterns on SiO2/Si substrates

SiO»/Si substrates were deposited with DNA nanostructures, without or with streptavidin
modification, and then etched with HF vapor. We followed a previously developed method to
quantitatively investigate the enhancement effect of DNA on the HF vapor etching reaction.!*? We
analyzed the vertical contrast by measuring the etching depth at the apexes and used the obtained
values for comparison between different samples. Here the depths of the linear side centers were
also acquired for the triangular patterns. A specific linear side center depth was measured by
drawing a cross section across the opposite apex and the center and reading the peak value from
the profile.

We found that under our experimental condition, streptavidin modified DNA
nanostructures (Figure 20(c)-(d)) showed similar behaviors in the HF vapor etching process
compared to the DNA nanostructures without modification (Figure 20(a)-(b)). Both unmodified
and streptavidin-modified DNA nanostructures produced negative-tone patterns on SiO2. Box
plots (Figure 20(e)) showed the statistical comparison between different groups of depth data. For
the SiO/Si substrates etched by each type of DNA nanostructures, 40 negative-tone triangular
patterns were randomly selected and analyzed. In each box plot, the hollow square indicates the
average of the data and the box defines the 25% percentile and 75% percentile positions of the
data. The whisker range represents the section that is within one standard deviation higher and
lower than the average, beyond which the outliers are plotted. We observed large variation of depth
values (ranged from 2 to 20 nm) between multiple triangular patterns on the samples prepared
following identical steps, making it difficult to investigate the effect of modifications. The

measured depths of triangular patterns without and with streptavidin modification on the DNA
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nanostructures did not show significant difference when the negative-tone patterns were directly

measured by AFM.
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Figure 20. AFM images and corresponding cross sections of HF etched SiO./Si substrates
deposited with: (a) and (b) triangular-shaped DNA origami nanostructures without modification;
(c) and (d) triangular-shaped DNA origami nanostructures with streptavidin modification. Scale
bars denote 500 nm. (e) Box plots of etched depth distribution at the apexes and the linear side
centers for HF etched SiO./Si substrates deposited with two different types of DNA nanostructures.
In each set of box plot, the hollow square represents the average; the box represents the 25%
percentile to 75% percentile range; the whiskers represent one standard deviation lower and higher

than the average value; the solid dots represent outliers outside the whiskers range.
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The overall observations from the negative-tone pattern AFM images were consistent with
previous trends. Within one triangular pattern, it was generally observed that the depths at the
apexes and the linear side centers were different with the apexes generally being deeper (Figure
20). It was well known in our previous research and explained by the fact that the narrow width
provided limited sampling points in AFM scanning and thus might not reflect the true

topography.*?

It was not determined whether there was intrinsic difference in the topography
depths at the apexes and the linear side centers in the triangular patterns. However, this trend was
not always true when the depth values were compared across different triangular patterns. One
piece of evidence was that in Figure 20(e), we could not conclude a significant difference between
the depth values at the apexes and at the linear side centers. Also, during the experiments, the depth
of one particular triangular trench decreased dramatically as the AFM probe finished more scans.
The measured topography profiles were not only related to the true etching behavior of the surfaces
but also related to the quality and status of AFM probes. We believe that AFM artifacts, due to the
limitation of AFM probe sharpness, made it challenging to reproducibly measure the true depth of
the negative-tone nanoscale patterns. The depth of the patterns was underestimated due to the very
narrow width, which prevented the AFM tip to probe the bottom of the trench. AFM artifacts

contributed to the large variations in the measurements and made it impossible to investigate the

effect of streptavidin modification using the negative-tone pattern AFM images.

2.4.7 AFM artifacts and influence on negative pattern imaging

When an AFM probe moves over a hole (negative pattern) on a surface, it may not reach
the bottom of the hole if the width of the probe is larger than the diameter of the hole. The hole
appears smaller and shallower due to this AFM artifacts.??* The AFM artifacts have strong
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influence to the pattern topography when the hole size is small along the scan direction. To prove
that the variation in our negative-tone AFM images was due to the AFM artifacts, we performed
AFM scanning at the same location in different scan directions (0°, 120°, 240°) and compared the
topography images. As a triangular shaped pattern, the overall appearance of the pattern does not
change for the three selected scan directions. However, the position of a specific linear side of the
triangular pattern rotates as demonstrated in Figure 21. Three examples were selected in Figure
22 for comparison purpose. Arrows of one specific color indicate the same linear side of a specific
triangular pattern in three AFM images. The depth values of the linear side centers were measured
and recorded in Table 2. We observed that the deepest linear side of the three in a specific
triangular pattern was always the one that had the smallest angle with scan direction (i.e., the x
axis), regardless of the intrinsic depth of the pattern. The three examples here were randomly
selected and represented the majority of the triangular patterns created by the HF etching reaction.
AFM artifacts contributed to the variations of measured depth values dramatically. We also noticed
that with one AFM probe, the negative patterns turned shallower as the number of scans increased,

suggesting that the sharpness of the AFM probe decreases with more scans.

Figure 21. Demonstration of topography AFM images of a triangular pattern with different scan

directions.
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Figure 22. AFM images of a same piece of SiO2/Si substrate at the same location using different
scan directions. Marks and arrows indicate the same triangular patterns across the three images.

Scale bars denote 500 nm.

Table 2. Depth values of triangular patterns in Figure 22. (Unit: nm)

Scan Direction 0° 120° 240°

Linear Side Red | Green | Blue Red | Green | Blue Red | Green | Blue

1 589 | 459 | 261 | 0.89 1.22 126 | 0.61 1.6 1.02
2 2.33 1.76 | 3.63 0.6 0.8 0.71 1.38 | 0.84 | 0.68
3 6.63 | 434 | 3.35 1.02 1.01 168 | 054 | 119 | 0.63

2.4.8 Pattern transfer from negative-tone SiO2/Si surface to positive-tone PLLA film

In order to accurately measure the topography of the transferred pattern, the negative
patterns created on the SiO2/Si surface were transferred through a polymer imprinting technique
onto a PLLA film (Figure 23).¥° In the imprinting process, PLLA was dissolved into
dichloromethane and spin coated onto the SiO»/Si surface, filling the negative trenches on the
SiO2/Si surface. Then the PLLA film was peeled off and the inverted positive patterns were imaged
by AFM. By scanning the positive patterns and measuring the heights of the triangular patterns on
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PLLA films, we can determine the depth of the negative triangular patterns on SiO2/Si samples.
Figure 24(a) shows that the triangular patterns were successfully transferred onto PLLA films
through the polymer imprinting process. Following the similar methods used to analyze the
negative-tone patterns, we obtained the height values of the triangular patterns at the apexes and
also at the linear side centers. Based on the measurements of 20 randomly selected positive-tone
triangular patterns, the overall average height was 28.1 nm (Figure 24(d)), which is approximately
5 times greater than the average depth of triangular trenches measured from the negative pattern
samples (Figure 20). There was no significant difference between the measured height at the
apexes and at the linear sides of the triangular patterns (Figure 24(d)). The measured height values
also showed much less variation, indicating that the etching process produced uniform contrast.
The triangular-shaped DNA nanostructure was made by folding the long scaffold DNA strand
using hundreds of staple strands. With the only exception of the 97-nucleotide loop structure on
one side (which also partly forms double-stranded hairpin structure), the triangular-shaped DNA
origami nanostructure was composed of a single-layer DNA double helix. The design of the
triangular-shaped DNA nanostructure has several 5 nm voids at the apexes.** However, the height
of the apex (28.6 nm) was slightly higher than that of the middle of the edge (27.5 nm), indicating
a negligible effect of the small voids on the apexes and that the contrast of the pattern transfer is
only related to the local density of DNA materials (or other materials that can alter the local

wettability).
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Figure 23. Fabrication of positive-tone patterned PLLA film using negative-tone patterned SiO2/Si

substrate as template.

Next, we studied the effect of streptavidin modification on the pattern transfer process.
Following the same polymer imprinting process, the negative trenches obtained using two different
types of modified DNA templates (with biotin modifiers only and with streptavidin modification)
were converted into positive-tone patterns on PLLA films. AFM images were acquired and
analyzed, as shown in Figure 24(b)-(c). The triangular patterns obtained using the biotin-modified
DNA nanostructures were very similar to those obtained using unmodified DNA nanostructures.
The attachment of biotin modifiers onto the DNA nanostructures altered the DNA density of the
local edge but the difference was small (less than 15% of a monolayer). Presumably, such a small
change in the density of DNA does not induces a significant change in the etching rate. However,
the triangular patterns obtained using streptavidin-modified DNA samples (Figure 24(c)) always
showed uneven heights among the three linear sides. In each triangular pattern, there was one side
significantly higher than the other two, which had similar heights. Note that because the orientation
of the triangular-shaped DNA nanostructures was not controlled during the deposition, the higher
linear side could be any one of the three.

To statistically evaluate the effect of modification on the etching process, we measured 20
triangular patterns (i.e., 60 edge height values) obtained with each type of templates (unmodified,
biotin-modified and streptavidin-modified). The height data were divided into two groups, in

which one group contained the highest values of the three edge measurements from the same
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triangular pattern and the other group contained the two lower values. We found that for the
patterns obtained from the unmodified DNA templates, there was no statistical difference between
the two groups of data. However, a significant difference was observed for the patterns developed
using the streptavidin-modified DNA templates (Figure 24(e), left panel, red bars). The average
height of the modified edges was 34.2 nm, 25% higher than the average height of the edges without
modification (27.5 nm). The patterns obtained using the biotin-modified templates showed
intermediate results in which a slight enhancement effect could be observed but such difference
was not statistically significant.

Considering that the etching process might not be uniform across the entire SiO2/Si
substrate surface and across different substrates, we also normalized the three height measurements
of each triangular pattern with respect to the smallest value of the three. This process removed any
potential heterogeneity in the pattern transfer across different regions of the wafer. The normalized
heights were shown in Figure 24(e) in blue bars (right panel). With this approach, the average
normalized height was 1.44, 35% higher than that from the patterns without modification (1.07).
These data indicate that the streptavidin modification significantly and locally altered the rate of
HF etching, creating 35% deeper negative trenches. This result is consistent with our hypothesis
that streptavidin increases the local concentration of surface-adsorbed water and hence increasing

the contrast of pattern transfer.
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Figure 24. Analysis of positive-tone triangular patterns on PLLA films. AFM images and
corresponding cross sections of transferred PLLA films from HF etched SiO./Si substrates
deposited with: (a) triangular-shaped DNA nanostructures without modification; (b) triangular-

shaped DNA nanostructures with only biotin modifiers; (c) triangular-shaped DNA nanostructures

with streptavidin modification. Red horizontal lines indicate where the cross sections were

determined. Scale bars denote 500 nm. (d) Average height values of the triangular patterns at the

apexes and the linear side centers. The data were measured from patterns created by unmodified

DNA nanostructures. Error bars represent the standard deviations of the data sets. (e) Height (left
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panel) and normalized height (right panel) of the patterns produced by three different types of
DNA nanostructures. For each type of triangular pattern, the highest value of the three linear sides
was classified into one group while the other lower two values were classified into the other group.
Error bars represent the standard deviations of the data sets. (f) Box plots of apex height values for
patterns created by streptavidin-modified DNA nanostructures. In each box plot, the blue square
represents the average and the box represents the standard deviation range of the data. All data
points are plotted. The yellow lines represent the average normalized height values for edges
without and with modification. (g) AFM image and corresponding cross section of a positive-tone
triangular pattern on PLLA film along its modified linear side. Red line indicates where the cross

section was determined. Scale bar denotes 100 nm.
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An important question is how localized the effect of streptavidin on the contrast is. To
answer this question, we also performed two more sets of data analysis. We first investigated how
far the effect of modification could spread. We modified 21 discrete sites on the DNA
nanostructure to attach streptavidin molecules. The distance between each two adjacent
modification sites is approximately 4.6 nm vertically and 10.6 nm horizontally, with respect to the
modified edge. Considering that streptavidin molecules were attached to the DNA origami
nanostructures via a 20-bp long free DNA strand and also a hydrocarbon chain spacer, the freedom
of movement for the streptavidin molecules on the surface is greater than 6 nm. With such
structural freedom, the streptavidin molecules can potentially cover the entire surface of the
modified linear side and the effect of individual streptavidin cannot be resolved after the etching
process. Indeed, from our AFM images (Figure 24(c)), we didn’t observe individual holes on the
linear side of the triangular-shaped patterns created from modified DNA nanostructure (high
resolution AFM image in Figure 25). Instead, the overall etching behavior on the entire linear side
was homogeneous.

Next, we analyzed the heights of the apexes of the triangular patterns. We found that the
apexes adjacent to the modified linear sides were generally higher than the one opposite to the
modified linear side (Figure 24(f)). However, the average height of the adjacent apexes was still
lower than the modified linear side centers. Figure 24(g) shows a cross section along the modified
linear side of a triangular pattern, where a clear height difference could be observed between the
apexes (unmodified) and the middle portion of the side (modified). This outcome was expected
because all the streptavidin molecules were modified within the middle portion of the side of the
triangle, with a minimum 10 nm distance from the apexes. This data shows that the effect of

modification to the surface wettability is localized and can be controlled to the 10s of nm scale.
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Figure 25. High resolution AFM images of positive triangular-shaped patterns on PLLA film. Top
row images are in mud color map and the corresponding bottom row images are in spectrum black

color map. Scale bars denote 100 nm.

2.4.9 Using AFM to measure the widths of the transferred triangular patterns

We measured the widths of the transferred patterns (both on SiO2/Si and PLLA). A cross
section was drawn through the linear side center and the opposite apex and the peak curve of the
linear side was fit by Gaussian fitting. The FWHM (full width at half maximum) reading from the
fitting curve was defined as the width of the linear side. For the positive triangular patterns on
PLLA film, we also measured the central width of the linear sides of the triangular patterns
following the same procedure. It was observed that the width value of the positive triangular

pattern was significantly larger than that of the negative patterns on the SiO2/Si substrate (Figure

90



26). This observation was expected and also indicated that the AFM artifact led to remarkable
errors when scanning the negative patterns. At the same time, similar to the artifacts observed in
the AFM images of negative patterns, the positive patterns were also affected by the tip-sample
convolution effect. The boundary between the peak of the apex and the peak of the linear side
center was vague in the cross section profile. With the width underestimated in a negative pattern,
AFM could also overestimate the width in a positive pattern in a similar way. Another technique
was required to fully understand the width change in the etching process due to the modification

of streptavidin molecules.
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Figure 26. Comparison of pattern width between negative-tone pattern on SiO2/Si substrate and

positive-tone pattern on PLLA film.

2.4.10 SEM images of SiO2/Si substrates etched with a different working condition

We found that the streptavidin modification did not decrease the resolution of the pattern
transfer. AFM has limited accuracy in measuring width of patterns due to the tip-sample
convolution effect. To obtain accurate measurement of the resolution, we used scanning electron
microscopy (SEM) to image the negative-tone patterns on the SiO./Si substrates. To reduce the

surface charging effect, a milder etching condition was used to prepare the samples for SEM
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measurements. Figure 27 presents two SEM images of SiO./Si substrates etched with the previous
best working conditions [35 °C, N2 flow rate = 55 sccm, No-carried H2O flow rate = 15 sccm, No-
carried 48% HF flow rate = 10 sccm, reaction time 20 min]. The charging effect significantly
affected the image quality to create surrounding artifacts around the true triangular patterns and

the measurement of width values from those images was difficult.

Figure 27. SEM images of SiO2/Si substrates etched with the previous best working conditions

[35 °C, N2 flow rate = 55 sccm, N-carried H20 flow rate = 15 sccm, N2-carried 48% HF flow rate

=10 sccm, reaction time 20 min]. The substrates were deposited with different DNA templates:
(@) Triangular-shaped DNA origami nanostructure without modification; (b) Triangular-shaped

DNA origami nanostructure with streptavidin modification. Scale bars denote 100 nm.

2.4.11 Effect of modification on the width of the patterns

We used scanning electron microscopy (SEM) to image the negative-tone patterns on the
SiO»/Si substrates created by different DNA nanostructure templates. Two different methods were
used to measure the three linear side width values of a randomly selected triangular pattern from

an SEM image (Figure 28). To measure the width value of a specific linear side, a control line
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was drawn through the opposite apex and the linear side center. This control line was perpendicular
to the linear side of interest. In the first method, the grey value profile of the control line could be
acquired. A Gaussian fitting was performed and the width value was defined as full FWHM of the
peak (Figure 29). In the second method, the width was read manually by selecting the two cross
points between the linear side and the perpendicular control line and measuring the distance

between them (Figure 30).

Figure 28. A randomly selected triangular pattern on an SEM image of HF etched SiO2/Si

substrate for comparison between different width analysis methods. Scale bar denotes 200 nm.
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Figure 29. Width values of a randomly selected triangular pattern determined by Gaussian fitting

of grey value profiles and measurements of FWHM.
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Figure 30. Width values of a randomly selected triangular pattern read directly from SEM image.
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The width values read by the second method (Figure 30) were at least 30% shorter than
the FWHM values (Figure 29). We evaluated the grey value curves in Figure 29 and discovered
one phenomenon that the area around the triangular patterns were brighter than the bare SiO2/Si
substrate background baselines on the SEM images (Figure 31). We attributed this to the charging
effect on the non-conductive sample surface, in this case, the SiO2 oxide layer. At the border lines
of the triangular pattern, vertical SiO, surface was exposed to the electrons and the charging effect
was more severe. This artifact leads to an overestimate of the peak height and FWHM of the
Gaussian fitting. We believe that the width values directly read from SEM images were more
accurate because the borderlines between the triangular-shaped patterns were clear on the SEM

images. This method was used to generate the statistical data below.
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Figure 31. Influence of charging effect on the measurement of FWHM.
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In Figure 32(c), we show the statistical results obtained from 20 triangular patterns for two
types of DNA nanostructure templates. The patterns obtained from unmodified templates showed
an average width of 22 nm with a 20% variation. The average width is similar to the theoretical

width of the triangular-shaped DNA nanostructure (20.6 nm).
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Figure 32. Analysis of edge widths of negative-tone triangular patterns on SiO2/Si substrates by
SEM. SEM images of HF etched SiO2/Si substrates deposited with (a) unmodified DNA
nanostructures and (b) streptavidin-modified DNA nanostructures. Scale bars denote 200 nm. (c)
Column plot width comparison between patterns from different types of DNA nanostructures. For
a specific triangular pattern, the highest width value of three linear sides was classified into Group
1 while the other two values were classified into Group 2. Error bars represent the standard

deviations of the data sets.

For the triangular-shaped patterns created by the streptavidin-modified DNA
nanostructures, the three width values from each pattern were again divided into two groups, with
the widest in Group 1 and the other two in Group 2. However, the two groups did not show
significant difference as in the case of height measurement (Figure 32(e)). In addition, the width

values from the modified DNA nanostructures (20 nm in average) were not significantly different
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from the ones without modification. From the above observation, we conclude that the streptavidin
modification significantly increased the depth of the transferred pattern without increasing the

width.

2.4.12 Observation of ‘tail’ structures from negative-tone triangular patterns

An interesting observation from the SEM images was related to the small 97-nucleotide
loop on one side of the triangular DNA origami nanostructure. Evidence of the negative pattern
etched by the loop was previously observed under AFM with limited resolution. The small ‘tail’
was only observed in AFM images in several cases with 2.0 = 0.4 nm in depth and 7 £ 1 nm in
length.12 Here we have consistently observed the SiO- trenches patterned by the loop. Using the
unmodified DNA template, about 65% of the triangular patterns were observed with small ‘tails’
at the center of only one linear side (Figure 33). The width of these ‘tails’ was no more than 6 nm,
limited by the resolution of SEM due to the charging effect. This observation indicates that our
method can be potentially used for pattern transfer from a single DNA strand with ultra-high

resolution of as low as sub-10 nm.
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k97-nt loop

Figure 33. SEM images of triangular-shaped trenched on SiO2/Si substrate. Arrows indicate the
‘tails’ created by the loop structure in the DNA origami nanostructures. Scale bar denotes 100 nm.

Inset shows the 97-nucleotide loop structure of triangular-shaped DNA nanostructure.
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2.5 Conclusion

We have studied the effect of chemical modification of DNA nanostructures on the
nanoscale pattern transfer using HF etching of SiO.. We attached streptavidin molecules onto one
side of the triangular-shaped DNA nanostructures. The unmodified DNA templates produce
negative-tone patterns of ca. 27 nm in depth and ca. 22 nm in width. We found that streptavidin
locally promotes the HF etching reaction, increasing vertical contrast of the transferred pattern by
35% without noticeable increase in the width. The effect is consistent with the idea that hydrophilic
molecules locally increase the HF-etching reaction rate by increasing surface-adsorbed water.
Given the many different kinds of modifications that can be applied to DNA nanostructures, our
result suggests that complex 3D patterns can be prepared by using a modified 2D DNA template
in a single pattern transfer step. The knowledge obtained from this study highlight the potential of
applying DNA nanostructures to wider nanofabrication applications, with the advantages of low

cost, high contrast, and high resolution.
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3.0 HF-Induced DNA Damage during Negative-Tone Pattern Transfer Process from DNA

Nanostructures to SiO2

3.1 Chapter Preface

Materials contained in this chapter are in preparation for publication as a research article.

List of Authors: Angin Xu and Haitao Liu

Author Contributions: A.X. and H.L. designed and directed the experiments. A.X. conducted

the experiments. A.X. and H.L. discussed the results and wrote the manuscript.
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3.2 Introduction

The development of DNA nanotechnology has made it possible to construct arbitrary-
shaped 2D or 3D DNA nanostructures.® 511 14 29-32, 37, 39, 206207 geaffolded DNA origami
nanostructures, since their invention in 2006,* opened up a new field of bottom-up nanofabrication.
With the advantages of high resolution and relatively low cost, DNA nanostructures have been
widely used as nanoscale lithography templates in nanofabrication of metals,8 182-184
semiconductors,*® 188 carbon materials®* 190195 208 and polymers.t8 191 However, the stability of
DNA nanostructures in the harsh chemical conditions used for pattern transfer methods has always
been a concern.

In 2011, our group reported a nanoscale negative-tone pattern transfer method from DNA
nanostructure to SiO2 (1.4.4).1%8 The method could reproducibly produce with sub-10 nm
resolution (Figure 11(b))! or high vertical contrast (>10 nm, with sub-20 nm resolution).'?
Recent progress also indicated that complex 3D patterns can be prepared by using a modified 2D
DNA template in a single pattern transfer step (Chapter 2).

Although our previous studies established a promising approach for high resolution, high
contrast and high complexity pattern transfer from DNA nanostructures to SiO2. One important
scientific question was left unsolved about the reusability of DNA nanostructure templates. If the
template remains intact, they may be used for other purposes (e.g., sensing, directed material
deposition) after nanofabrication. In addition, reusing the templates can further reduce the
fabrication cost.

Hydrofluoric acid is not a strong acid, but it is a highly corrosive acid, which is known to
induce DNA damage under high temperature and high concentration.*?> *2 In the vapor-phase HF

etching system, gas phase HF was used instead of liquid phase HF, meaning that most HF
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molecules present as HF instead of H* and F~ ions even with the small amount of water presented
in the reaction chamber. The relative amount of HF in the system is significantly lower than the
previously reported cases.*? The experimental conditions are also milder.

In the previous studies, it was claimed that DNA nanostructures remained on the wafer
surface after HF etching pattern transfer process.*®® The claim was made for the pattern transfer
process under low relative humidity environment, in which positive-tone patterns were transferred.

110 \vere able to decrease

Heating and washing steps, which were believed to remove DNA residues,
the height of the positive patterns by 1-2 nm, consistent with the height of triangular DNA origami
nanostructures (Figure 34(a)).'® Another report by Diagne and co-workers made the same
conclusion by monitoring the surface topography change throughout the entire HF etching process
(Figure 34(b)). However, in this case, the height drop after removal of DNA nanostructure was
only 2.6 nm, which was only half of the height of the DNA origami nanostructure (5.7 nm). Neither
of the studies provided more insight into the damage of DNA nanostructures during the pattern
transfer process. Also, in our follow-up study, we mainly focused on the high relative humidity
conditions and the negative pattern transfer process, in which higher contrast could be created and
the etching reaction was better controlled.''? With more water in the system, HF could induce
damage to DNA. There is by far no direct evidence on the fate of DNA after this pattern transfer

process. Here we investigate the integrity of DNA nanostructures after their use as templates in

HF etching of SiO,.
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Figure 34. Comparation of pattern heights before and after removal of DNA nanostructure
templates. (a) Temporal evolution of the height of the ridges obtained from the positive-tone
pattern transfer process. Measurements were carried out before (SiO> + DNA,; black) and after
(SiO2 only; red) cleaning of the surface via heating and piranha solution treatments. (b) AFM
images (2D representation on top and 3D representation on bottom) of DNA origami
nanostructures in air, SiO pattern after 30 s HF vapor etching but before removal of DNA
templates and SiO» after removal of DNA templates. Reprinted with permission from: (a)
Reference 188, copyright © 2011, American Chemical Society; (b) Reference 192, copyright ©
2016, American Chemical Society.
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3.3 Experimental Section

3.3.1 Materials

(100)-oriented silicon wafers with 300 nm of thermal oxide layer was purchased from
Addison Engineering, Inc. These wafers will be referred to as SiO/Si substrates. 2-Amino-2-
(hydroxymethyl)-1,3-propanediol (Trizma base or Tris, > 99.9%), ethylenediaminetetraacetic acid
(EDTA, > 99%), acetic acid (= 99.7%), magnesium acetate tetrahydrate (> 99%), sulfuric acid
(95.0% - 98.0%), hydrogen peroxide solution (30% wt. % in water), hydrofluoric acid (HF, 48%)
and potassium hydroxide (reagent grade, flakes, > 90%) were purchased from Sigma-Aldrich,
USA and used as received without further purification. Ethanol (200 proof) and 10 x TBE buffer
(Tris-Borate-EDTA) was purchased from Thermo Fisher Scientific and diluted 10 times with water
before use to make 1 x TBE buffer. Taqg DNA polymerase (recombinant, with matched 10 x Taq
buffer and 50 mM MgClI> solution) and GeneAmp dNTP blend (2.5 mM each) were also purchased
from Thermo Fisher Scientific. PCR 20 bp low ladder was purchased from Sigma-Aldrich and
used without purification. Gel loading buffer (containing bromophenol blue) was purchased from
Sigma-Aldrich as well. SYTO 9 green fluorescent nucleic acid stain (DNA excitation at 485 nm
and emission at 498 nm) was purchased from Thermo Fisher Scientific. SYBR Green | nucleic
acid gel stain (10,000 x in DMSO, excitation at 490 nm and emission at 502 nm) was purchased
from Sigma-Aldrich. Water (18.2 MQ) was filtered by a water purification system (Barnstead
MicroPure Standard, Thermo Scientific, Waltham, MA) and used throughout the entire experiment

for the preparation of chemical solutions and in the cleaning of the experimental apparatus.
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3.3.2 DNA materials

DNA nanotube strand (5’-CCAAGCTTGGACTTCAGGCCTGAAGTGGTCATTCGAA
TGACCTGAGCGCTCA-3")%7 was purchased from Integrated DNA Technology, Inc. (IDT) and
purified by Polyacrylamide Gel Electrophoresis (PAGE) by the manufacturer. Polymerase Chain
Reaction (PCR) strands (Table 3) were also purchased from IDT and purified by PAGE by IDT.
All the DNA samples were used as received without further purification. DNA powders were
dissolved in deionized water and concentrations were measured and calculated by 260 nm UV

absorbance measured by NanoDrop 2000c spectrophotometer (Thermal Scientific, Inc.).

Table 3. PCR DNA strands sequences.

Name Sequence (5’-3°)

ForwardPrimer25 GCACCTTAGTCTTTCTTTGAAGCAG

FP25-Comp CTGCTTCAAAGAAAGACTAAGGTGC

ReversePrimer25 TACTTACTCTCGTCTCCTGCAACAC
GCACCTTAGTCTTTCTTTGAAGCAGTTATGGACAACAGTCAA

PCR1 ACACAATTCAAATTATGGAGTATGTGTTGCAGGAGACGAGA
GTAAGTA
TACTTACTCTCGTCTCCTGCAACACATACTCCATAATTTGAAT

PCR2 TGTGTTTGACTGTTGTCCATAACTGCTTCAAAGAAAGACTAA
GGTGC

PCR3 GCACCTTAGTCTTTCTTTGAAGCAGTTAGGACACGTCAACCA

TTCAATAGGGTATGTGTTGCAGGAGACGAGAGTAAGTA
TACTTACTCTCGTCTCCTGCAACACATACCCTATTGAATGGTT
GACGTGTCCTAACTGCTTCAAAGAAAGACTAAGGTGC

PCR4
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3.3.3 Preparation of buffer solution for DNA nanostructure synthesis

10 x TAE/Mg buffer solution was prepared by dissolving trizma base (tris), EDTA, acetic
acid and magnesium acetate tetrahydrate in water in which the concentrations of the reagents were
tris-acetic acid 400 mM, EDTA 10mM, magnesium acetate 125 mM and pH was 8.0. The buffer

solution was further diluted ten times with water to make 1 x TAE/Mg buffer solution.

3.3.4 Synthesis of DNA nanotubes

DNA nanotubes were synthesized following a previously published method.?®” DNA
nanotubes were formed by mixing the single DNA nanotube strand solution (in water) with 10 x
TAE/Mg buffer to achieve a final concentration of 2 uM for single strands in a total volume of
200 pL. The mixture underwent a slow annealing process in a 1-liter beaker with boiling water
(about 100 °C) kept in a plastic insulation box. The cooling down process from 100 °C to room
temperature took about 48 hr. The sample was then transferred into a 4°C refrigerator for further

cooling and storage. The DNA nanotubes were used without further purification.

3.3.5 Annealing of complementary DNA double helix templates

OligoDNA PCR1 and PCR2 were annealed to make a complementary DNA double helix
templates, which served as a 90-bp standard band for agarose gel electrophoresis. PCR1 (100 nM,
45 pL) and PCR 2 (100 nM, 45 pL) were mixed thoroughly with 10 pL of 10 x TAE/Mg buffer
solution at room temperature. Then the mixture went through a rapid annealing process in a thermal

cycler (MiniCycler™, MJ Research). The mixture was heated up to 94 °C rapidly and held steady
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at that temperature for 2 min. Then the temperature decreased to 20 °C in 15 min. OligpDNA
PCR3 and PCR4 were annealed following the same procedure to make an 80-bp standard band for
agarose gel electrophoresis.

In the cases for high concentration DNA deposition, PCR1-PCR2, PCR3-PCR4 and
ForwardPrimer25-FP25-comp double helix mixtures were annealed in a 1 x TAE/Mg buffer
solution (final concentration) to make the highest possible concentration depending on the batches
of the OligopDNA samples. Then the mixtures were annealed using the same procedure as described

in the previous paragraph. The final concentrations were in the range of 10-50 pM.

3.3.6 Deposition of samples onto SiO2/Si substrates

A SiO2/Si substrate (0.4 cm x 0.8 cm size) was cleaned by immersing it in a newly prepared
piranha solution (3/7 (v/v) 30% hydrogen peroxide/ 94% sulfuric acid solution) in a covered glass
petri dish on a 50 °C heating plate for 30 min. Warning: Piranha solution is a strong oxidizing
reagent and can detonate unexpectedly; extra caution in handling is required. The substrate was
then thoroughly washed with water and dried with a N2 stream. In some experiments, SiO/Si
substrates were pre-incubated in 10 x TAE/Mg buffer to achieve higher density of DNA deposition.
To perform pre-incubation, a SiO2/Si substrate was immersed in 10 x TAE/Mg buffer for 24 hr
and dried with a N2 stream. Then the substrate was immersed into a 9/1 (v/v) ethanol/water solution
for 5 s to remove salt impurities and dried again using a N2 stream. To ensure complete removal
of the salt residues on the surface, the immersion and drying steps were repeated two times.

DNA sample solution (20 pL) was pipetted onto the clean and dry SiO2/Si substrate and
left in a plastic petri dish without interruption for 30 min. A wet Kimwipe was inserted between
the cover and the bottom of the plastic petri dish to maintain humidity inside and reduce
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evaporation of water from DNA sample. After 30 min, the substrate was dried with a N2 stream.
Then the substrate was immersed into a 9/1 (v/v) ethanol/water solution for 5 s to remove salt
impurities and dried again using a N2 stream. To ensure complete removal of the salt residues, the

immersion and drying steps were repeated two times.

3.3.7 HF etching of SiO2 using DNA templates

After deposition of DNA sample, the SiO/Si substrate was transferred into a home-built
HF etching system for further HF etching reaction (Figure 13). Warning: Hydrofluoric acid (HF)
is a highly corrosive liquid and a contact poison to human bodies; extra caution in handling is
required. The SiO./Si substrate was pasted onto the reaction boat at the marked position and
transferred into the heating block (Figure 13). Vapors of HF and water were supplied by passing
N2 gas through the respective containers so there were totally three streams of N2 gas in the system
— pure N2 gas, N2 gas with HF vapor and N2 gas with water vapor, which were controlled by the
three mass flow controllers, respectively. Note that hydrofluoric acid used here was a 48% solution
so the N2 gas stream with HF vapor also contained water vapor. Three streams of N2 gas combined
before entering the chamber and went through the reaction chamber continuously. The flow rate
of the three streams of N2 gas carrier determined the partial pressure of each reagent. The best
working condition [35 °C, N2 flow rate = 55 sccm, N-carried H20 flow rate = 15 sccm, N2-carried
48% HF flow rate = 10 sccm, reaction time 20 min] was used throughout the experiments except
otherwise specified.

In a typical HF etching process, after the SiO2/Si substrate was placed in the reaction
chamber, pure N2 gas stream and N2 gas with water vapor stream were first introduced into the
chamber for 20 min to achieve equilibrium of water between the substrate surface and the gas flow.
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N2 gas carrier for HF vapor was shut off during this preparation process. Then all three streams
were open and introduced together into the reaction chamber for the set reaction time (20 min).
After 20 min, the N2 gas carriers for water vapor and HF vapor were immediately shut off. Only
high flow rate (ca. 180 sccm) of pure N2 gas was used to clean up any leftover HF on SiO2/Si
substrate and in the reaction system before the substrate was taken out.

To evaluate the HF-induced DNA damage, the etched substrates underwent an optional
washing and heating steps as described below, depending on the purpose of experiments. To test
the existence of DNA templates after etching process, the etched substrates were used directly for
characterization or sample preparation without any cleaning process. The standard cleaning
process was that the sample was washed by water, acetone and then water again (30 s for each
step) after taken out from the chamber and then dried using a N2 stream. To remove the organic
residues on the substrate, the sample was heated in a 400 °C furnace in air for 1 hr and rinsed with
water for 1 min and then dried using a N2 stream. After heating process, the sample was cleaned
in a Novascan PSD digital UV/Oz cleaner for 60 min and washed with piranha solution in a covered
glass petri dish on a heating plate (50 °C) for 30 min. Finally, the sample was rinsed with water

thoroughly and dried using a N2 stream before characterization.

3.3.8 Retrieval of DNA samples from SiO2/Si substrates

DNA samples were retrieved from SiO»/Si substrates with the help of water. In a 2 mL
microcentrifuge tube, the SiO2/Si substrate piece was inserted to the bottom and 100 pL of water
was added to fully immerse the substrate surface. The closed microcentrifuge tube was kept

undisturbed under room temperature for 24 hr to ensure the complete retrieval of DNA samples.
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Then the SiO/Si substrate was removed from the liquid. The solution with DNA samples were

refrigerated before further use.

3.3.9 Polymerase Chain Reaction (PCR)

PCR was used to help determine the sequence integrity of DNA strands after HF etching
pattern transfer process. Artificial synthetic PCR templates and primers were listed in Table 3. In
a 500 pL microcentrifuge tube, a 100 pL reaction mixture was prepared. ForwardPrimer25 and
ReversePrimer25 were added to achieve final concentrations of 12.5 uM each. Tag reaction buffer,
MgCl> solution, dNTP solution and Taq DNA polymerase were added to achieve final amounts of
1x, 1.5 mM, 200 uM and 0.5 U, respectively. PCR3 and PCR4 strands, for which the
concentrations depended on the source, were also added to the system. Deionized water was added
last to make up the volume difference. PCR program was set into 2 segments: (1) 94 °C, 180's; (2)
(35cycles) 94 °C, 15s/58 °C, 30 s/ 72 °C, 15 s. During the optimization process, different number
of cycles were tested as specially indicated. Segment 2 here was the main PCR reaction segment.
The second temperature in segment 2 (called ‘annealing temperature’) was estimated by the

melting temperature of primers and tested through the study.

3.3.10 Fluorescence microscopy sample preparation and image scanning

Si0,/Si substrates with different samples under dry state were incubated with 5 pL diluted
(2 M in water) SYTO 9 green fluorescent nucleic acid stain for 5 min. The substrates were then
rapidly blown dry with N2 flow and fluorescence microscopy images were taken within 1 hr to

minimize the effect of photobleaching to fluorescence dye. The images were acquired with an
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Olympus BX 51 WI microscope equipped with Fluorescein isothiocyanate (FITC) dichroic filter,
40 x lens and a Hamamatsu EM-CCD camera. Fluorescence microscopy images were processed
with ImagelJ software for better contrast presentation. The exposure time for bright field images

was set to 0.0006 s. For fluorescence images, the exposure time was set to 5 s.

3.3.11 Agarose gel electrophoresis

Agarose gel electrophoresis was used to analyze fragments of DNA samples with a Mini-
Sub cell GT cell system by Bio-Rad. To make 3% agarose gel, 1.5 g of agarose was mixed with
50 mL 1 x TBE buffer in a 250 mL Erlenmeyer flask and heated by a 1000 W microwave oven
for 1 min for complete dissolution. The solution was cooled down to about 70 °C before 5 pL of
SYBR Green I nucleic acid gel stain was added to the system. The mixture was then poured into a
preset agarose gel mold and the air bubbles were removed before the gel cooled down to room
temperature in 20 min. The agarose gel was then loaded into the cell tank. Adequate amount of 1
x TBE buffer was added to the cell tank to immerse the entire agarose gel. DNA sample (20 L)
was mixed with 4 uL of Sigma-Aldrich gel loading buffer thoroughly and the mixture was loaded
into one well of the agarose gel. The loading process was repeated for each sample. For PCR 20
bp low ladder, 5 pL of DNA ladder was mixed with 1 pL Sigma-Aldrich gel loading buffer
thoroughly and loaded into the agarose gel. The cell was then connected to a Bio-Rad PowerPac™
Basic Power Supply and ran at 75 V for 2 hr. The gel images were taken with ChemiDoc Imaging
Systems (BIO-RAD) using ‘UV — SYBR Green’ mode and the exposure time was set to automatic.
Gel image analysis was achieved with ImageJ software. In the case of 25-bp DNA sample analysis,

4% agarose gel was prepared with 2.0 g of agarose following the same procedure. Also, 50% (v/v)
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glycerol-water solution was used as gel loading buffer to eliminate the effect of bromophenol blue

to the sample bands.
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3.4 Results and Discussion

3.4.1 Calculation of HF concentration inside the reaction chamber

A theoretical calculation was performed to estimate the equivalent concentration of HF
inside the reaction chamber so that the HF-induced damage during vapor-phase HF etching
reaction could be compared to the previous reports in HF solution. The containers of water and HF
and also all the tubes to deliver gas into the etching chamber were stored at room temperature (20-
25 ° C average). The saturation vapor pressure of H.O at 2666 °C is 2339 Pa.?!® The equilibrium
vapor pressure of 48% HF solution is 2666 Pa of HF and 666 Pa of H20.*'? From our previous
studies, we can assume that N> gas got into equilibrium with the liquid phase after bubbling
through the containers. The total pressure inside the etching chamber was around 1 atm since the
system was balanced with outer atmosphere. The partial pressure of each vapor inside the chamber
was proportional to the flow rate of N2 through its container. For total vapor = 80 sccm and N2 gas
with HF vapor = 10 sccm, the partial pressure of HF was calculated as followed:

HF: pnr = 10/80%2666 = 333 Pa = 2.5 mmHg

The temperature inside the reaction chamber was set to 35 °C so we could estimate that the
percentage of HF inside the chamber at liquid-gas equilibrium was 25 - 30% (Figure 35).2%° That
means, if the 333 Pa (2.5 mmHg) HF partial pressure in the etching chamber reaches an equilibrium
with the SiO»/Si substrate surface, a thin layer of 25-30% HF solution (equivalent to 15-20 M) was
condensed on the SiO2/Si substrates and react over time in the chamber. This is considered a
relatively high concentration of HF and the corresponding pH of the solution is <1. This
concentration is significantly larger than 90 pg/mL, which is believed to induce significant damage
for DNA (Figure 7(a)).
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Figure 35. Isotherms of the partial pressure of hydrogen fluoride over solutions of hydrofluoric
acid. Reprinted and adapted with permission from Reference 220, copyright © 1947, American

Chemical Society.

3.4.2 Observation of DNA templates under fluorescence microscope

An in-situ method to directly visualize DNA on the SiO2/Si substrates was to stain
substrates with fluorescence dye and observe the surfaces with fluorescence microscopy. DNA
nanotubes were selected for this part of the experiments due to their large structures in micrometer
scale. SYTO 9 green fluorescence nucleic acid dye has a high affinity for DNA.??? It is believed

to have multiple binding modes, including intercalation and charge interaction with the phosphate
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backbone, as well as binding to the groove of the DNA double helix.??®> SYTO 9 can be used to
determine the chain integrity of DNA double helix molecules. The clean wafers (blank control)
didn’t show much background fluorescence signal and no tube-shape signals were observed. Then
DNA nanotubes were deposited on a clean SiO./Si substrate and fluorescence microscopy images
were taken for the sample (Figure 36). DNA nanotubes were clearly visible from the fluorescence

images but not visible under bright field due to the low contrast.

Bright Fluorescence

Figure 36. Fluorescence microscopy images of DNA nanotubes deposited on SiO/Si substrate

under bright field and FITC channel (fluorescence) at the same location. Scale bars denote 40 pm.

Then we moved onto the measurements of etched SiO./Si substrates. The positions of
negative trenches and the position of fluorescent nanotubes were compared by overlapping the
images under bright field (white light) and FITC channel (fluorescence) of the same area. Each
Si0O2/Si substrate was deposited with DNA nanotubes and etched using the listed conditions (Table
4). No washing steps were performed. The sample was directly stained with SYTO 9 and
fluorescence microscopy images were obtained (Figure 37). Exposure time was set to 5 s in all

these images.
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Table 4. Etching conditions for DNA nanotubes samples on SiO>/Si substrates (Figure 37).

Temperature | N flow rate Na-carried Na-carried Reaction
Sample # C) (sccm) H20 flow rate | 48% HF flow Time (min)
(sccm) rate (sccm)
1 35 55 15 10 20
2 35 45 25 10 20
35 35 35 10 20
Sample 3 § ;

Fluorescence

Figure 37. Fluorescence microscopy images of Sample #1 - #3 (Table 4) under bright field and

FITC channel (fluorescence) at the same locations. Scale bars denote 40 pum.

The nanotube-shaped patterns in bright field images and fluorescence images in Figure 37

were consistent with each other, suggesting that the DNA nanotubes were preserved after the HF

etching process. Note that there were more tube-shaped patterns shown in the fluorescence images

than in the bright field images. We attributed this to the fact that fluorescence signals had a lower

detection limit than bright field images. The contrast provided by the nanometer scale trenches on

the SiO,/Si substrate was too small for optical microscopy. Only the DNA nanotube bundles could

create large scale and deep trenches visible under bright field. It was observed that in general,
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deeper trenches showed higher contrast for bright field microscopy images. However, sample #3
had an overall rough surface and the observation of trenches under bright field was not easy. The
etching condition [35 °C, N2 flow rate = 45 sccm, N»-carried H20 flow rate = 25 sccm, N2-carried
48% HF flow rate = 10 sccm, reaction time 20 min] showed the best results.

DNA is believed to hold poor thermal stability for long time. Based on literature, bulk
DNA decomposition started at 230 °C with two maxima rate at 233 and 300 °C measured by
thermogravimetric analysis (TGA). A residue weight of 53% was observed after heating at
500 °C.!3 Another report focused on the topography of dry-deposited DNA origami
nanostructures under high temperature thermal treatment (300 °C) in air or argon. The shapes of
nanostructures were well maintained while the heights decreased dramatically (50%).*° It was
believed that the remaining residues were inorganic, which could be easily removed by rinsing
with adequate amount of water. Washing and heating steps after HF etching pattern transfer
process were believed to remove DNA residues (both inorganic and organic).°

To make sure that the fluorescence signals arose from the existing DNA nanotubes instead
of artifacts created by the trenches, we prepared another three samples (Table 5) and this time, a
complete series of washing steps were performed after the HF etching step. The exposure time was
set to 5 s in these fluorescence images (Figure 38). Nanotube-shaped trenches could still be
observed under bright field. However, no corresponding fluorescence signals were observed in the
fluorescence images. The removal of DNA through the washing steps was efficient. Some random
fluorescence signals were observed in the images, which might arise from the leftover stains after
the sample was blown dried with N2 stream. It can be concluded that DNA nanostructures can be
preserved after the HF etching pattern transfer process and then be removed with heating and

washing steps. This conclusion is valid for all the tested conditions including the best working

117



condition [35 °C, N2 flow rate = 55 sccm, N»-carried H2O flow rate = 15 sccm, No-carried 48%

HF flow rate = 10 sccm, reaction time 20 min]. Considering that the DNA damage in HF solution

of equivalent concentration (25-30%) is more severe, we believe that there is a different

mechanism between vapor phase HF and dry-deposited DNA samples with limited amount of

water condensed on the surface.

Table 5. Etching conditions for DNA nanotubes samples on SiO2/Si substrates (Figure 38).

Bright

Fluorescence

Temperature | N flow rate Na-carried No-carried Reaction
Sample # C) (sccm) H20 flow rate | 48% HF flow Time (min)
(sccm) rate (sccm)
35 55 15 10 20
35 45 25 10 20
35 35 35 10 20
Sample 4 Sample 5

Figure 38. Fluorescence microscopy images of Sample #4-6 (Table 5) under bright field and FITC

channel (fluorescence) at the same locations. Scale bars denote 40 um.

118




3.4.3 Agarose gel electrophoresis of DNA strands retrieved directly from SiO2/Si substrates

Water is believed to remove DNA nanostructures from SiO./Si surface due to the
desorption of Mg?*.1'° DNA strands were deposited on the SiO2/Si substrates and retrieved from
the surface using water after or without HF etching reaction. The retrieved DNA samples were
directly analyzed with agarose gel electrophoresis. A 90-bp ds-DNA solution was prepared by
annealing the mixture of PCR1 and PCR2 to achieve a final concentration of 9.9 uM for ds-DNA.
The solution was deposited on two pieces of pre-incubated SiO2/Si substrates. One piece was kept
clean at room temperature while the other piece went through the etching reaction. Then DNA
samples were retrieved from both substrates and analyzed by agarose gel electrophoresis (Figure
39). Lane 1 was loaded with PCR 20 bp low ladder. Lane 2 and Lane 3 were loaded with DNA
samples retrieved from SiO2/Si substrates without and with etching reaction, respectively. Lane 4
was loaded with the standard sample of 45 nM 90-bp ds-DNA. Comparing the band strength of
Lane 2 to Lane 4, we can estimate that Lane 2 contained 70 nM of ds-DNA sample and Lane 3
contained 30 nM of ds-DNA sample. No smaller pieces of DNA strands were observed from
agarose gel. After etching, less amount of DNA samples could be retrieved from the SiO./Si
substrates. We speculate that DNA has a higher affinity to the etched trenches due to the larger
area for electrostatic interaction.

Even though no broken pieces were observed on the agarose gel, there was still possible
damage in DNA molecules. The detection limit of agarose gel electrophoresis was determined by
the dye used in the system — SYBR Green | in this case. SYBR Green | is able to detect 1- 2 ng of
24-mer synthetic DNA on a 5% polyacrylamide gel electrophoresis (PAGE).??* Lane 3 contained
30 nM of 90-bp ds-DNA with a loading volume of 20 pL. Converting to grams, we estimated that

there were 32 ng of 90-bp ds-DNA in the sample. With a detection limit of 1 ng, we also estimated
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that no more than 3% of broken pieces of the same length existed in the sample. Considering that
phosphodiester bonds had the same possibility of being broken at any location within the DNA
chain, a 90-bp ds-DNA had 89 potential broken pieces of different lengths. Even with 3%
possibility for each of them, the possible total percentage of breakage was still very high. It was
also possible that the broken pieces were too small and ran out of the gel under the running

conditions.

Figure 39. Agarose gel electrophoresis analysis of 90-bp ds-DNA samples retrieved from SiO2/Si

substrates without and after HF etching reaction.

The 90-bp ds-DNA experiment was repeated with different etching conditions. Four pieces
of pre-incubated SiO2/Si substrates were deposited with 9.9 uM ds-DNA solution in 1 x TAE/Mg

buffer. One piece was kept clean at room temperature while the other three pieces went through
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the etching reactions under different conditions (Table 6). Then DNA samples were retrieved from
the substrates and analyzed by agarose gel electrophoresis (Figure 40). Lane 1 and Lane 8 were
both loaded with PCR 20 bp low ladder. Lane 2, 3, 4 and 5 were loaded with DNA samples
retrieved from SiO2/Si substrates without and with etching reaction, respectively. Lane 6 and 7
were loaded with the standard sample of 45 nM and 5 nM 90-bp ds-DNA standard samples,
respectively. Only a vague band was observed for the DNA samples retrieved from SiO2/Si
substrates without etching reaction. No DNA bands were observed from any of the three samples
retrieved from SiO2/Si substrates after etching reaction. The deposition of DNA onto SiO»/Si
substrates could be affected by numerous factors including the humidity of the environment and
then the retrieval process was also affected. Comparing Figure 39 and Figure 40, it was observed
that the efficiency of deposition and retrieval of DNA templates varies dramatically from case to

case.

Table 6. Etching conditions for 90-bp ds-DNA samples deposited on SiO/Si substrates

(Figure 40).
N2-carried N»-carried .
Lane # Tem(&g;"t“re N2 (';':g';'n;ate H20 flow | 48% HF flow T?niic(tr's; )
rate (sccm) rate (sccm)
2 No Etching
3 35 55 15 10 20
4 35 45 25 10 20
5 35 35 35 10 20
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12 3 45 6 7 8

Figure 40. Agarose gel electrophoresis analysis of 90-bp ds-DNA samples retrieved from SiO./Si
substrates without and after HF etching reactions of different conditions. The red circle indicates

the vague band in Lane 2.

As an effort to increase the concentration of broken pieces for better imaging and
observation, we shortened the ds-DNA samples to 25-mer. A 25-bp ds-DNA sample was prepared
with ForwardPrimer25 and its complimentary strand FP25-comp. Four pieces of pre-incubated
SiO»/Si substrates were deposited with 19.8 uM ds-DNA solution in 1 x TAE/Mg buffer. One
piece was kept clean at room temperature while the other three pieces went through the etching
reactions under different conditions (Table 7). Then DNA samples were retrieved from the
substrates and analyzed by agarose gel electrophoresis (Figure 41). Lane 1 and Lane 8 were both
loaded with PCR 20 bp low ladder. Lane 2, 3, 4 and 5 were loaded with DNA samples retrieved
from SiO>/Si substrates without and with etching reactions, respectively. Lane 6 and 7 were loaded
with the standard sample of 1.25 uM and 50 nM 25-bp ds-DNA, respectively. A clear band was

observed for Lane 6 with 1.25 pM ds-DNA standard samples. A vague band was also observed
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for Lane 7 with 50 nM ds-DNA standard samples. However, no visible bands were observed for
Land 2-5, indicating that there was little amount of DNA retrieved from the SiO./Si substrates.
Shorter DNA strands are usually more difficult to be deposited on the SiO2/Si substrates, providing
that fewer affinity sites are provided in each molecule. It was not of surprise that no visible DNA
strands could be retrieved from the SiO/Si substrates on which only little amount of DNA strands
were initially adsorbed. Even if the method provided a new route for direct observation, the
practical difficulty due to the limitation of detection sensitivity made it impossible to draw any
useful conclusion. With the data from direct fluorescence observation in 3.4.2, we may also
conclude that the reusable DNA templates were difficult to be recollected using conventional

methods.

Table 7. Etching conditions for 25-bp ds-DNA samples deposited on SiO/Si substrates

(Figure 41).
N»-carried N»-carried .
Lane # Tem(&g;"t“re N2 (';':g';'n;ate H20 flow | 48% HF flow T?niic(tr's; )
rate (sccm) rate (sccm)
2 No Etching
3 35 55 15 10 20
4 35 45 25 10 20
5 35 35 35 10 20
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Figure 41. Agarose gel electrophoresis of 25-bp ds-DNA samples retrieved from SiO/Si

substrates.

3.4.4 PCR amplification of DNA templates retrieved from SiO2/Si substrates

An artificial PCR system was designed to amplify the DNA templates to ensure the
sequence integrity of the DNA samples retrieved from SiO2/Si substrates. A set of 80-bp
complimentary strands PCR3 and PCR4 were designed as the templates of the PCR system.
ForwardPrimer25 and ReversePrimer25 served as pair of PCR primers. To determine the best
number of PCR cycles for the PCR system, we compared the results of blank control, 5 nM
templates and 10 pM templates with different PCR cycles (Table 8 and Figure 42). The low
concentration of 10 pM templates served as a good simulation of the DNA samples retrieved from

Si02/Si substrates. In each gel, Lane 1 was loaded with PCR 20 bp low ladder. Lane 2-6 were
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loaded with PCR products after different numbers of cycles with Lane 2 as the most and Lane 6
as the least. Lane 7 was loaded with the positive control with 50 nM standard 80-bp bands. The
PCR system was expected to yield ~ 50 nM 80-bp ds-DNA products when all the primers were
consumed. Lane 8 was loaded with either a positive control (for blank control gel and 10 pM
templates gel) or a negative control (for 5 nM templates gel) for the purpose of comparison
between PCR products and primer dimers. No visible bands were observed in the blank control
sample before 50 cycles. After 50 cyclers, a shorter strand of DNA band appeared on the gel with
low concentration. This behavior accorded with primer dimers. On the other hand, even for 10 pM
templates, 30 cycles were sufficient to achieve complete amplification in the PCR reaction.

Number of cycles was set at 35 for the following experiments.

Table 8. Contents of lanes in the agarose gels of blank control, 5 nM templates and 10 pM

templates to determine the best cycle number (Figure 42).

(Tempfl:a)ilt(;li:rc])l:]r:eai:ation) Blank Control 5 nM Templates 10 pM Templates
Lane 1 PCR 20 bp low ladder
Lane 2 60 cycles (0) 60 cycles (5 nM) 60 cycles (10 pM)
Lane 3 50 cycles (0) 50 cycles (5 nM) 50 cycles (10 pM)
Lane 4 40 cycles (0) 40 cycles (5 nM) 40 cycles (10 pM)
Lane 5 30 cycles (0) 30 cycles (5 nM) 30 cycles (10 pM)
Lane 6 20 cycles (0) 20 cycles (5 nM) 20 cycles (10 pM)
Lane 7 50 nM 80-bp templates (no PCR) — positive control
Lane 8 60cycles(5nM) |  60cycles (0) | 60 cycles (5nM)
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Blank control 5 nM Templates 10 pM Templates

1 2 3 4 5 6 7 8 12 3 4 5 6 7 8 12 3 4 5 6 7 8

N -
\ - — — —

N =
{
{

Figure 42. Determination of cycles for PCR amplification using blank control, 5 nM templates

and 10 pM templates.

Then the method was applied to the analysis of DNA samples retrieved from SiO2/Si
substrates without or with etching reactions. Blank SiO»/Si substrates were first used as blank
control (Table 9 and Figure 43(a)) after the reaction chamber was cleaned thoroughly. No DNA
samples were deposited on any of the SiO2/Si substrates. Lane 1 was loaded with PCR 20 bp low
ladder. Lane 2 to 6 were loaded with samples retrieved from SiO>/Si substrates without or with
etching reactions (Table 9). Lane 7 was loaded with a freshly prepared blank control sample, i.e.,
the PCR products without any templates. Lane 8 was loaded with the standard sample of 50 nM
80-bp ds-DNA as a positive control. No obvious DNA bands were observed for Lane 2 — 7. The
blank control result was reproducible, indicating no contamination was introduced into the system.
Also, blank SiO2/Si substrates were not contaminated with DNA samples from chamber or the

deposition area.
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Table 9. Etching conditions for blank SiO2/Si substrates (Figure 43(a)).

N2-carried

Nz-carried

Lane e | Temperatue | NaAOW e | iow | agos HE flow | 21N
rate (sccm) rate (sccm)

2 No Etching

3 No Etching

4 35 55 15 10 20

5 35 45 25 10 20

6 35 35 35 10 20

Table 10. Etching conditions for SiO2/Si substrates with DNA samples (Figure 43(b) and (c)).

No-carried

No-carried

Lane # Temg‘g?t”re N2 (';'é’g':’n;ate H20 flow | 48% HF flow T?nizc(tr'slr;] )
rate (sccm) rate (sccm)
2 No Etching
3 35 55 15 10 20
4 35 45 25 10 20
5 35 35 35 10 20
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SiO,/Si Substrates (c) SiO,/Si Substrates

a i i b
(@) Blank Si0,/Si Substrates  (P) - DNA templates with DNA templates

12 3 4 5 6 7 8 12 3 4 5 6 7 8 12 3 4 5 6 7 8

Figure 43. Agarose gel electrophoresis of PCR products from samples retrieved from blank
SiO»/Si substrates and SiO2/Si substrates deposited with DNA templates, without or with etching

reactions (Table 9 and Table 10). (b) and (c) were two parallel tests.

The mixture of PCR3 and PCR4 was annealed to achieve a final concentration of 21.7 pM.
The ds-DNA solution was deposited on four pieces of pre-incubated SiO2/Si substrates. One piece
was kept at room temperature while the other three pieces went through the etching reactions under
different conditions (Table 10). Then DNA samples were retrieved from the substrates and
analyzed through agarose gel electrophoresis (Figure 43 (b)). Lane 1 was loaded with PCR 20 bp
low ladder. Lane 2- 5 were loaded with DNA samples retrieved from SiO2/Si substrates without
and with etching reaction, respectively (Table 10). Lane 6 was loaded with a freshly prepared
blank control sample, i.e., the PCR products without any templates. Lane 7 was loaded with the
PCR products from 5 nM standard 80-bp templates. Lane 8 was loaded with the standard sample

of 50 nM 80-bp ds-DNA.. The experiment was repeated once (Figure 43(c)). The blank control
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again showed clean lane on the agarose gel. Lane 2 to 5 all showed bands at the 80-bp mark,
indicating that 80-bp DNA templates could be well preserved after the deposition and etching
process. Using ImageJ software, we calculated the relative densities of the bands. The band
densities were roughly 10-110% compared to Lane 8 and showed large variations across the lanes
and parallel samples. For most of the cases, the band densities were less than 50% compared to
Lane 8, meaning that the retrieved concentrations of DNA templates from the SiO2/Si substrates
were significantly lower than 10 pM. Assuming a monolayer of 80-bp ds-DNA templates on the
substrate initially, we could estimate the amount of DNA deposited and thus estimate the retrieval
yield. An 80-bp ds-DNA strand with B-DNA structure maintains cylinder shape with a diameter
of 2.0 nm.??® Each bp of ds-DNA raises around 0.34 nm?2 so the total length of the ds-DNA strand
is 27.2 nm. With the cylinder lying on the substrate, the surface area of one ds-DNA strand is 2.0
nm x 27.2 nm = 54.4 nm?. For a wafer of 4 mm x 8 mm, there were about 5.9 x 10! molecules in
a monolayer coverage, which is equivalent to 9.8 x 103 mol. If all the DNA templates were
retrieved at 100% yield in 100 puL water, the concentration in the retrieved solution would be 9.8
nM and the concentration in PCR reaction would be 4.9 nM. The recovery yield is less than 0.2%.
According to this number, it is possible that the retrieval method we used was not effective enough
to recover DNA templates from SiO2/Si substrates. This is also supported by the large variation in
the amount of DNA retrieved among different parallel experiments. It is also possible that large
amount of DNA strands was indeed damaged and could not be amplified by PCR reaction. Even
without any possible damage, the data shows that it is difficult to recover DNA samples and reuse
them into another nanofabrication process. However, the success of PCR amplification means that
the whole sequence of the templates could be well preserved. These results, combined with our

fluorescence microscopy observations for DNA nanotubes, confirmed our hypothesis that the
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DNA nanostructures can be preserved after the HF etching pattern transfer process. There is still
long way to go before the DNA nanostructures can be considered reusable nanomaterials for
fabrication purpose, at least in the HF-etching reaction.

One interesting phenomenon was that with more severe etching, the SiO/Si substrate
showed slightly better retrieval yield and thus slightly higher amount of product after PCR process.
The HF etching process created negative-tone trenches on the SiO» substrate and the deposited
DNA samples were supposed to have a better adhesion to the substrate via electrostatic force due
to the larger contact area available in the 3D trenches. It was also generally accepted that the DNA
samples might undergo more damages under harsh etching conditions, meaning Lane 5 was
supposed to hold the least amount of integrated DNA templates. All these contradictions indicated
that the retrieval efficiency, other than the damage from the HF etching process, played the key
role in the process. It is impossible to quantitatively calculate the percentage of damage of the
DNA samples through this PCR amplification method. A more effective retrieval method must be

developed to achieve the recycling of DNA templates.
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3.5 Conclusion

DNA nanostructures have served as templates for various nanofabrication applications.
One major concern is the stability of DNA nanostructures in the harsh chemical conditions used
for pattern transfer methods. Here we investigated the stability and reusability of DNA
nanostructure templates after the HF etching negative-tone pattern transfer process. With the help
of SYTO 9 fluorescent nucleic acid stain and fluorescence microscopy, a direct observation of
DNA nanotubes presence after HF etching reaction and their disappearance after washing steps
was achieved. These results confirmed that DNA nanostructures can be preserved after the HF
etching pattern transfer process. A PCR amplification system was designed and used for
amplification of the retrieved PCR templates from the HF etched SiO,/Si substrates. The results
further confirmed the sequence integrity of at least minor amount of DNA strands. We can
conclude that the DNA nanostructures can be preserved after the HF etching pattern transfer
process. The lack of effective retrieval method makes it almost impossible to quantitatively
investigate the percentage of damaged DNA templates after the HF etching process. It is also the
bottleneck to achieve recycling and reusing of the DNA templates. There is still long way to go

before the reusability of DNA nanostructures as nanofabrication templates can be fully realized.
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4.0 Deposition of DNA Nanostructures on Highly Oriented Pyrolytic Graphite (HOPG)

4.1 Chapter Preface

Materials contained in this chapter were published as a research article in Langmuir; materials and
figures used in this chapter have been reprinted with permission from: Ricardo, K. B.; Xu, A;
Salim, M.; Zhou, F.; Liu, H., Deposition of DNA nanostructures on highly oriented pyrolytic

graphite. Langmuir 2017, 33 (16), 3991-3997. Copyright © 2017, American Chemical Society.

List of Authors: Karen B. Ricardo, Angin Xu, Muhammad Salim, Feng Zhou and Haitao Liu.

Karen B. Ricardo and Angin Xu contributed equally to the work.

Author Contributions: K.B.R, A.X. and H.L. designed and directed the experiments. K.B.R. and
A.X. conducted the experiments and analyzed the results together with help from M.S. for XPS
characterization and F.Z. for CVD. Specifically, A.X. was responsible for the results and
discussions presented in part of 4.4.2, all of 4.4.3, part of 4.4.4, part of 4.4.5, all of 4.4.6 and part
of 4.4.7. All authors discussed the results. K.B.R., A.X. and H.L. wrote the manuscript with input

from all authors.

Materials contained in this chapter was used in the doctoral dissertation of Karen B. Ricardo
(University of Pittsburgh, 2017). All the materials in the research article are included in this
dissertation for the completeness of entire research project and as one of my efforts to develop the

applications of DNA nanostructures.
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4.2 Introduction

DNA nanostructures have been a useful template for patterning at the nanometer length
scale.!% 226 programmable structures can be created using synthetic, short strand DNA with or
without a single strand viral scaffold DNA to form 2D and 3D shapes,®” °* % 227 making them
useful for a wide variety of applications that include, but are not limited to, metallization,'® growth

186 and nanomaterial positioning.228-22°

of oxides,
The sp? carbon materials have been widely studied because of their excellent mechanical,
thermal and electrical properties.?3%232 Among the many different types of carbon materials (e.g.,

graphite, semiconducting and metallic carbon nanotubes, and single and multilayer graphene),

HOPG is often used as the model to understand the basic properties of extended sp? carbons in

233 236

wetting,%*® adsorption,?** tribology,?® biosensing,?*® and surface chemistry.?®” Therefore, a
fundamental understanding of the interaction between DNA nanostructure and HOPG will pave
the way to integrating DNA nanostructure with a broad range of sp? carbon materials.

The interaction between graphitic surfaces with DNA has been studied for many years.%-
240 Husale, et al. reported a strong binding interaction between single-stranded DNA (ss-DNA)
and exfoliated graphene and demonstrated preferential orientation of the ss-DNA towards the
graphene lattice.?** They also attempted to deposit DNA origami on graphene but the origami
structures were not stable because they did not add Mg?* in the buffer. Regarding DNA - HOPG
interactions, all deposition procedures in literature involved surface modification,?®® applying a
voltage,?*?43 or the modification of the DNA origami. Recently, DNA nanostructures have been
deposited on graphene; however, most of these efforts involve a modification of the substrate to

enhance DNA-carbon interaction, such as doping,'®> ?** and assisted immobilization.*? It was

recently reported that cross-shaped DNA origami structure was deformed when deposited onto
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graphene.?®® In contrast, on 1-pyrenemethylamine modified graphene, DNA nanostructures were
deposited without such deformation and were successfully used for subsequent metallization.'® A
related study also investigated the deposition of a cross shaped DNA nanostructure on pristine and
1-pyrenemethylamine-modified MoS; surfaces.?® Similar to the case of graphene, the origami was
found to deform upon contact with the pristine MoS; surface but the shape could be preserved by
adding a layer of 1-pyrenemethylamine to the MoS; substrate. These preliminary reports points to
the need to better understand and control the interaction between graphitic surface and DNA
nanostructures.

Recently, it was reported that freshly exfoliated HOPG presented a water contact angle of
64.4°," much smaller than the previously accepted value of 86°. It was further shown that the
commonly observed hydrophobicity of graphite is due to adventurous airborne hydrocarbon
contamination.?*® This finding points to a previously unknown factor that could impact graphitic
carbon-DNA interaction and opens new opportunities to control the deposition of DNA
nanostructures onto graphitic substrates.

Herein we report a detailed study of the deposition of triangular DNA origami
nanostructures on exfoliated HOPG without any surface or DNA nanostructure modification.
Atomic force microscopy (AFM) was used to analyze the DNA origami. The results showed that
the deposition was accompanied by a structural reconfiguration of the DNA origami to maximize
Van der Waals interaction between the DNA bases and the substrate. Surface contamination of
HOPG by airborne hydrocarbons did not significantly impact the outcome of the deposition.
Despite the structural change, the morphology of the DNA nanostructure remained unchanged on
the HOPG surface for at least a week, comparable to the stability of DNA nanostructures deposited

on other substrates, such as SiO2.1%° This result provides new insight into the interaction between
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graphitic carbon and DNA nanostructures and could aid the development of biosensors and

electrochemistry applications.
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4.3 Experimental Section

4.3.1 Materials

(100)-oriented silicon wafers with 300 nm of thermal oxide layer (SiO2/Si substrates) were
purchased from University Wafers, USA. HOPG (SPI-2 grade) was purchased from SPI Supplies.
2-Amino-2-(hydroxymethyl)-1,3-propanediol (Trizma base or Tris, > 99.9%), acetic acid (>
99.7%), ethylenediaminetetraacetic acid (EDTA, >99%), magnesium acetate tetrahydrate (> 99%),
sulfuric acid (95.0%-98.0%), hydrogen peroxide solution (30% wt. % in water), hexane
(anhydrous, 95%), isopropanol (> 99.5 %) and acetone (ACS reagent, > 99.5%) were purchased
from Sigma-Aldrich, USA and used as received without further purification. Tetraethyl
orthosilicate (98%, Arcos Organics), ammonia (NHsOH, 28.0-30.0 %, J.T. Baker) and ethanol
(200 proof) was purchased from Fisher Scientific, USA. M13mp18 single stranded phage DNA
was purchased from Bayou Biolabs and used as the scaffold DNA strand for DNA origami
nanostructure synthesis. Synthetic DNA strands were purchased from Integrated DNA Technology,
Inc. The complete sequence profile of all 232 staple strands is listed in 2.3.3 DNA Sequence
Profile. Water (18.2 MQ-cm) was filtered by a water purification system (Barnstead MicroPure
Standard, Thermo Scientific™, USA) and used throughout the entire experiment for the

preparation of chemical solutions and in the cleaning of the experimental apparatus.
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4.3.2 Synthesis of DNA origami nanostructures

Triangular-shaped DNA origami nanostructures were synthesized using a previously
published method* by mixing 15.0 pL of DNA staples (300 nM for each staple), 8.60 pL of
M13mpl18 DNA (454 nM), 77 pL of DI water and 181.0 uL of a TAE/Mg buffer. The stock
TAE/Mg buffer solution contained the following reagents with its respective concentrations: 150.0
mM of Mg(OACc)z2, 2.0 mM of acetic acid, 2.0 mM of EDTA, and 40 mM of tris. The stock solution
was then diluted for all the experiments and the concentrations were 12.5 mM of Mg(OAc)2,0.17
mM of acetic acid, 0.17 mM of EDTA and 3.33 mM of tris after dilution. The diluted TAE/Mg
solution with the DNA was then heated to 95 °C and slowly cooled down to 25 °C at a rate of 1
°C/min. After the cooling process was completed, the sample (ca. 280 uL) was divided equally
and transferred into two separate 30 kDa MW centrifugal devices (Nanosep Centrifugal Devices
with Omega™ Membrane, Pall Corporation, Port Washington, NY). Additional ca. 400 uL of
diluted buffer solution was added into each centrifugal device and the mixtures were centrifuged
at a speed of 6000 rpm using a single speed benchtop microcentrifuge (Fisher Scientific, USA) to
remove the excess DNA staple strands. The DNA origami solution was centrifuged until 1/3 to 1/4
of the original volume was left to ensure that the solution was not completely centrifuged to
dryness. The process of adding buffer and centrifuging was repeated five times. The final DNA
triangle solution was stored inside plastic vials at 4 “C. Different concentrations and volumes of
M13mp18 DNA scaffold strands were used where noted for the purpose of comparing different
staple-to-scaffold ratios.

Another TAE/Mg (TAE/Mg-2) buffer stock solution was also prepared for comparison
purpose and contained the following reagents with their respective concentrations: 125 mM of

Mg(OAc)2, 200 mM of acetic acid, 10 mM of EDTA and 400 mM of tris. TAE/Mg-2 buffer had a
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higher acetic acid concentration and overall buffer concentration. The stock solution was then
diluted for all the experiments and the concentrations were 12.5 mM of Mg(OAc)2, 20 mM of
acetic acid, 1 mM of EDTA and 40 mM of tris. The synthesis and purification steps for DNA

origami nanostructures in TAE/Mg-2 buffer were the same as in TAE/Mg buffer.

4.3.3 Preparation of mixture of DNA nanostructures and irrelevant ss-DNA

The concentration of triangular-shaped DNA origami nanostructures was determined by a
UV-Vis spectrophotometer NanoDrop 2000c (Thermo Scientific, Wilmington, DE). Triangular-
shaped DNA origami nanostructures were thoroughly mixed with different concentrations of an
irrelevant ss-DNA in 1 x TAE/Mg buffer. The irrelevant DNA single strand was purchased from
Integrated DNA Technology, Inc. and was used without further purification. The sequence of the
strand was 5’-ACATTCCTAAGTCTGAAACATTACAGCTTGCTACACGAGAAGAGCCGC
CATAGTA -3’. This ss-DNA was considered irrelevant because it does not have longer than 8
nucleotide complimentary sequence with M13mp18 single stranded phage DNA and any of the

staple strands.

4.3.4 Cleaning of SiO2/Si substrate

A clean Si wafer with 300 nm of oxide (SiO2/Si substrate) was used as a support for the
HOPG samples or as a substrate for the deposition of DNA nanostructures. In order to preserve a
clean sample, the wafer was immersed in a piranha solution (3/7 (v/v) 30% hydrogen peroxide/
98% sulfuric acid solution) in a covered glass petri dish on a 50 °C heating plate for 30 min.

Warning: Piranha solution is a strong oxidizing reagent and can detonate unexpectedly; extra
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caution in handling is required. The sample was then removed and copiously rinsed with DI water

(>10 mL) and blow-dried with N> gas.

4.3.5 Exfoliation of HOPG

HOPG with a dimension of 20 mm x 20 mm x 1 mm was cleaved following the Scotch
tape method?*® using double-sided tape (Scotch by 3M). Once the tape was attached to the HOPG,
it was gently massaged to remove any air bubbles present. The tape was then slowly removed and
a continuous layer of HOPG was obtained. This tape was then attached to a clean SiO>/Si substrate
for support. The HOPG layer on the tape was exposed to air and used as a substrate for the

following experiments.

4.3.6 Deposition of DNA nanostructures on HOPG and SiO2/Si substrate

The synthesized DNA origami solution was diluted with the TAE/Mg buffer (except
otherwise noted) and 20 pL was deposited using a pipet to a HOPG substrate prepared using the
procedure in 4.3.4. The purpose of the dilution was to ensure that no more than monolayer of DNA
origamis were deposited on the HOPG surface. The HOPG was then left undisturbed for 40 min
in a plastic Petri dish. To keep a humid environment and avoid evaporation, a wet Kimwipe was
put between the cover and the bottom of the Petri dish. The HOPG substrate was then slowly dried
using a rubber tube to flow N2 gas. Then the substrate was completely covered with 20 uL 9/1
(v/v) ethanol/water solution for 10 s and blown dry again with N2 flow. The process was repeated
three times to remove any residues present from the buffer solution. In the optimization process,

multiple solvents were tested to clean the HOPG substrates, including water, 9/1 (v/v)
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ethanol/water solution, ethanol, acetone and hexane. The same deposition and cleaning methods

were used for the deposition of DNA nanostructures onto SiO2/Si substrates.

4.3.7 Chemical Vapor Deposition (CVD) growth of SiO2 using DNA origami on HOPG as a

template

The CVD growth of SiO, was carried out on a 300 cm® chamber with 2.0 mL of each
reagent, in accordance to our previous work:'® water, TEOS (98%, Acros Organics), NHsOH
(28.0-30.0 % J.T. Baker) and isopropanol (> 99.5 %, Sigma Aldrich). The distance between
substrate and the surface of each reagent was approximately 2 cm. After four hours, the sample

was removed.

4.3.8 Atomic Force Microscopy (AFM) characterization

AFM measurements were taken with a Digital Instruments Nanoscope IHIA from Veeco
Systems in tapping mode in air using HQ:NSC15/Al BS AFM probes (325 kHz, 40 N/m)
purchased from pmasch (NanoAndMore, USA). Some AFM images, where specifically noted,
were collected using an Asylum MFP-3D Atomic Force Microscope (Oxford Instruments, UK) by
AC mode in air. Images were analyzed by Igor Software (Version 6.3.7.2) equipped with Asylum
Research package. All images collected had a scan rate of 1.0 Hz and 512 data points per line with

scan size identified by scale bars.
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4.3.9 X-ray Photoelectron Spectroscopy (XPS) characterization

XPS measurements for the samples were conducted with a Thermo Scientific™ Escalab
250Xi. X-Ray source was monochromatic and used an Al anode with a spot size of 0.2 mm for
the deposition experiments and 0.4 mm for the CVD experiments, with a takeoff angle of 45°. A
minimal of 3 survey scans (10 scans for CVD experiments) were employed for good signal to
noise ratio. Higher resolution scans were performed with a minimum of 64 scans. Measurements
were acquired, peaks deconvoluted, and analyzed using the Thermo Scientific TM Avantage Data
System or the XPSPEAK 4.1 software. Peak fitting allowed for Lorentzian-Gaussian ratio control
as well as difference spectra optimization, with the Smart method being implemented to calculate

the background spectrum.
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4.4 Results and Discussion

4.4.1 Morphology change of DNA origami nanostructures upon deposition onto HOPG

A schematic illustration of the deposition process of the DNA triangle origami onto HOPG
is shown in Figure 44(a). A previous report attempted to deposit DNA origami triangles on HOPG
for imaging purposes but observed no deposition.?*® Contrary to that report, we found that the
deposition of DNA nanostructures was achieved after depositing approximately 20 pL of the DNA
origami solution onto HOPG. In this experiment, HOPG was exfoliated and immediately used
(within 30s of exfoliation) for DNA deposition. Great care was taken whenever rinsing the HOPG
substrate since the interaction of the DNA origami with the HOPG substrate is different from other
substrates (e.g., SiO2/Si). It was important to determine the best rinsing process because AFM is a
very sensitive characterization method and a clean surface is essential to obtain high quality images.
The solvents tested ranged from polar to non-polar. It was discovered that having a 9/1 (v/v)
ethanol/water solution was optimal (Figure 45), as shown elsewhere.''° This solution removed the
salt residues from the deposition without losing the origami structures.

AFM imaging was performed to examine the morphology of the DNA triangle. We found
that the overall shape of the origami was preserved, but the lateral segments of the triangle were
significantly deformed (Figure 44(b)) when compared to the ones deposited on a SiO2/Si substrate
(Figure 44(c)). We analyzed the cross section of 10 DNA nanostructures to extract the full width
at half maximum (FWHM) values of the lateral triangle sides (Figure 44(d)). The DNA
nanostructures deposited on HOPG were ca. 2.1 times wider in size compared to the ones deposited
on SiO2/Si. Note, in this analysis, the effects of AFM tip convolution and tip-sample interaction
were neglected.??! It was also found that ca. (74.7 + 5.0) % of the DNA nanostructures conserved
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their triangular shapes (i.e., structures having a hole surrounded by three deformed edges). XPS
elemental analysis showed the presence of Mg in the sample (Figure 44(e)), which was present in
the buffer solution, and P atom from the DNA backbone (Figure 44(h)). Other elements such as
nitrogen and oxygen were also found, but they were not quantified due to likely contribution from
airborne contamination (Figure 44(f) and (g)).

To understand the observed shape deformation of DNA nanostructures, we note that ss-

241 251

DNA interacts strongly with graphitic materials such as graphene*** and carbon nanotubes.
Computational simulations of DNA nanostructures have also demonstrated that under aqueous
conditions, the DNA origami goes through spontaneous dehybridization with a length of 3-6 base
pairs.?>? One explanation for our observation is that the interaction between the DNA origami and
the HOPG surface involved partial structural rearrangement and partial dehybridization of the
DNA duplex, exposing the DNA bases to create z-r a stacking interaction with HOPG 1% 251,253
This conformation change caused the expansion of the lateral size of the DNA nanostructure.

To test if the above hypothesis was correct, we studied the effect of temperature on the
deposition. We reasoned that the DNA dehybridization would be suppressed at lower temperature
and thus the morphology of DNA nanostructure would be better preserved. Indeed, when the
deposition was conducted in an ice bath, the average FWHM of the lateral size of the DNA
nanostructure deposited on HOPG was smaller (33.5 £ 5.6 nm) than the value for samples
deposited on HOPG samples at room temperature (Figure 46). Surprisingly, the density of the

DNA nanostructure also increased, suggesting that entropy might also play a significant role in the

deposition process.
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Figure 44. (a) Schematics of the deposition process. Representative AFM images of the triangular-
shaped DNA origami nanostructures deposited on HOPG (b) and SiO2/Si (c). The scale bars
represent 500 nm. The cross sections below show the height profiles of selected DNA

nanostructures in the image (marked by white lines). (d) Comparison of FWHM values of the

lateral triangle sides of triangular-shaped DNA origami nanostructures deposited on two different
substrates. (e-h) XPS spectrum (Mg 1s, O 1s, N 1s, P 2p) of the deposited triangular-shaped DNA

origami nanostructures on HOPG.
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Figure 45. Representative AFM images of the DNA nanostructures deposited onto HOPG after
being rinsed with different solvents: (a) No rinse. (b) Water. (c) 9/1 (v/v) ethanol/water solution.
(d) Ethanol. (e) Acetone. (f) Hexane. The scale bars denote 750 nm.

10 nm

Figure 46. Effect of low temperature on the deposition process. (a) Photographic image of the
experimental setup. (b) Representative AFM image of the deposited origami. The scale bar denotes
750 nm.
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4.4.2 Comparison of deposition density between HOPG and SiO2/Si substrates

SiO»/Si is one of the most often used substrates for studying DNA nanostructures. The
interaction between the DNA origami and the HOPG is promoted by strong Van der Waals forces
while its interaction with a SiO2/Si substrate has an electrostatic nature, using Mg?* as an
intermediate.?* 1t was of interest to analyze the qualitative magnitude of the interaction between
DNA and the two substrates. To this end, we exfoliated the HOPG substrate and exposed it to air
for different periods of time (5 s to 1 hr) before using it for the deposition of DNA nanostructure.
AFM images of the deposited DNA nanostructure were taken at 4 locations, 20 um apart from
each other. The results showed that the density of the DNA triangle did not change among these
samples (Figure 47 and Table 11). However, the ratio between the density of triangles found on
HOPG and SiO2/Si was ca. 1:2, demonstrating that the interactions between DNA and the two
substrates were significantly different. A similar experiment was performed by adjusting the ionic
strength of the buffer by increasing the Mg?* solution concentration from 12.5 mM to 125.0 mM.
In this case, although the amount of deposited DNA nanostructures decreased, the ratio of density
of triangles between the HOPG and the SiO2/Si substrate remained ca. 1:2, indicating that the ionic

interaction between DNA and SiO2/Si was again stronger under this condition (Figure 48).
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Figure 47. Representative AFM images of the DNA nanostructures deposited on different
substrates. These images represent one of the four images taken per sample: (a) Fresh HOPG (~ 5
s), (b) HOPG with 30 min of air exposure, (¢) HOPG with 60 min of air exposure, and (d) SiO2/Si.
The scale bars denote 750 nm. (e) Histogram graph representing the number of DNA
nanostructures per AFM image (3 um x 3 pum). Error bars represent the standard deviations out of

4 images per sample (Table 11).

Table 11. The number of DNA origami nanostructures presented at each 3 um x 3 um AFM

image scanned for 4 samples (or 3 samples) with 12.5 mM Mg?* buffer solution (Figure 47).

Average +

Location1 | Location 2 Location 3 Location 4 Standard

Deviation
Fresh HOPG 47 36 59 38 45+5
30 min HOPG 51 66 54 63 59 +4
60 min HOPG 49 46 41 -- 45+ 2
SiO2/Si 102 115 98 103 105+ 4
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Figure 48. Representative AFM images of the DNA nanostructures deposited on different
substrates when the concentration of Mg?* in the buffer solution increased from 12.5 mM to 125.0
mM. These images represent one of the four images taken per sample: (a) Fresh HOPG (~ 5 s), (b)
HOPG with 30 min of air exposure, (¢) HOPG with 60 min of air exposure, and (d) SiO./Si. The
scale bars denote 750 nm. (e) Histogram graph representing the number of DNA nanostructures
per AFM image (3 pm x 3 pm). Error bars represent the standard deviations out of 4 images per

sample.

4.4.3 Deposition of DNA origami synthesized with TAE/Mg-2 buffer onto HOPG

AFM images in 4.4.3 were collected using Asylum MFP-3D Atomic Force Microscope.
Triangular-shaped DNA origami nanostructures were prepared using TAE/Mg-2 buffer, diluted to
the same concentration, deposited on freshly exfoliated HOPG and characterized following the
same process. Despite the difference between the buffer solutions used, a similar deposition
behavior was observed. The overall shape of the origami was preserved in both cases with

significant deformation (Figure 49). FWHM measurements for TAE/Mg DNA nanostructures and
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TAE/Mg-2 DNA nanostructures were (45 + 3) nm and (50 + 3) nm, respectively, showing no

statistical difference between the deposition using different buffers,

TAE/Mg TAE/Mg-2

Figure 49. AFM images of the DNA nanostructures synthesized with different buffer solutions on
HOPG: (a) TAE/Mg-2 buffer solution and (b) TAE/Mg buffer solution. Scale bars denote 500 nm.
(c) Comparison of FWHM values of the lateral triangle sides of triangular-shaped DNA origami

nanostructures synthesized with different buffer solutions when deposited on HOPG.

Another quantitative experiment to compare the deposition of triangular-shaped DNA
origami nanostructures prepared with two buffer solutions was to calculate the percentage of DNA
origami nanostructures that conserved their triangular shapes on the HOPG surface. The shape
conservation percentages for TAE/Mg and TAE/Mg-2 buffer solutions were (74.7 £ 5.0) % and
(50.0 £ 7.6) %, respectively. Based on the previous discussion, buffer solutions could affect the
overall shape preservation of DNA nanostructures on HOPG. If the shape was preserved, the
deformation of DNA triangle was not significantly affected by the buffer solutions.

Triangular-shaped DNA origami nanostructures synthesized with TAE/Mg buffer
solutions were deposited onto different substrates (HOPG, SiO2/Si, mica) and their densities on
the surface were compared (Figure 50). AFM images showed that the density of DNA

nanostructures on three substrates followed the trend: Mica > SiO./Si > HOPG. The density
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comparison between HOPG and SiO2/Si was consistent with the previous discussion (Figure 47)

and only about half DNA nanostructures were observed on HOPG when compared to SiO2/Si.

Figure 50. AFM images of deposition of triangular-shaped DNA origami nanostructures prepared
with TAE/Mg buffer solution onto different substrates: (a) HOPG, (b) Mica and (c) SiO2/Si. Scale

bars denote 500 nm.

Deposition of DNA nanostructures synthesized using the TAE/Mg-2 buffer without
dilution was also performed. AFM images showed that the densities of DNA nanostructures on
HOPG and mica were high and more than one layer of nanostructures were observed (Figure 51).
However, the density of DNA nanostructures on SiO/Si was significantly lower. Dilution and
deposition of DNA nanostructures in TAE/Mg-2 buffer showed comparable densities on HOPG
and mica substrates (Figure 52, Table 12) but the DNA nanostructures on SiO2/Si were difficult
to find (data not shown due to the extremely low density).

The data shown indicated that the relative DNA nanostructure density on different
substrates (both HOPG and SiO,/Si) was highly affected by the detailed composition of the buffer
solution used to prepare and dilute DNA nanostructures. For example, increasing the final
concentration of acetic acid (from 0.17 mM to 20 mM) and Tris (from 3.33 mM to 40 mM) resulted
in an increase density of deposited DNA nanostructure on HOPG but a decrease on SiO>/Si.
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However, in any case, DNA nanostructure could be deposited on HOPG and a reasonable density

was observed.

Figure 51. AFM images of deposition of triangular-shaped DNA origami nanostructures prepared
with TAE/Mg-2 buffer solution (without dilution) onto different substrates: (a) HOPG, (b) Mica
and (c) SiO2/Si. Scale bars denote 500 nm.

Figure 52. AFM images of deposition of triangular-shaped DNA origami nanostructures prepared
with TAE/Mg-2 buffer solution (after dilution) onto different substrates: (a) HOPG and (b) Mica.

Scale bars denote 500 nm.
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Table 12. The number of triangular-shaped DNA origami nanostructures prepared by TAE/Mg-2
buffer solution (after dilution) present at each 2 um x 2 um AFM image scanned for 2 samples

for each substrate (Figure 52).

Location 1 Location 2 Average
Fresh HOPG 16 10 13
Mica 10 15 12

4.4.4 Effect of wettability of HOPG

In the above experiments, the HOPG substrate was used immediately (< 30 s) after
exfoliation. As discussed in the introduction, the wettability of graphitic surfaces can be
significantly impacted by airborne hydrocarbons contamination. Given this recent development, it
was of interest to analyze if the deposition of DNA nanostructure can be achieved when the HOPG
surface was exposed to air for longer periods of time. The longer the HOPG is exposed to air, the
more hydrocarbon contamination present in the atmosphere can adsorb onto HOPG, making it
more hydrophobic.?*’ Preliminary results in Figure 47 didn’t show significant deposition behavior
difference for HOPG substrates exfoliated within 1 hr. Here, freshly exfoliated HOPG substrates
were left exposed to air ranging from 5 s up to 4 hr. We previously showed that exposing a freshly
cleaved HOPG to air for > 1 hour will render its surface hydrophobic (water contact angle > 80°).
247288 The result showed that the exposure time of the HOPG did not significantly affect the
deposition outcome. After 4 hours of air exposure the deposition of DNA nanostructure was still
observed (Figure 53). FWHM analysis of the cross sections of 10 representative triangular shapes
on 5 s and 4 hr samples showed that the lateral side width was slightly smaller in the case of air-
aged HOPG but the difference was close to the error bar (Figure 53(g)). Since the airborne
contamination did not significantly affect the deposition process, we concluded that the interaction
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between the DNA origami nanostructure and the HOPG was not dictated by the wettability of the

substrate.

N
S

FWHM (nm)

5s (fresh) _. 4 hr
Time

Figure 53. AFM images of the triangular-shaped DNA origami nanostructures deposited onto
HOPG exfoliated and exposed to air for different times: (a) ~ 5 s (fresh); (b) 30 min; (c) 1 hr; (d)
2 hr; (e) 3 hr; (F) 4 hr. The scale bars denote 750 nm. (g) Comparison of FWHM values of the
lateral triangle sides of triangular-shaped DNA origami nanostructures deposited on HOPG
exfoliated for different times. The analysis was performed for 10 DNA nanostructures on each

image in (a) and (f).

Similar experiments were repeated with DNA nanostructures prepared using TAE/Mg-2
buffer. Different HOPG samples were left exposed to air for ~ 5 s (fresh) and 4 hr before deposition
of DNA nanostructures prepared with TAE/Mg-2 buffer solution. The result (Figure 54) showed

that again the exposure time of the HOPG did not affect the deposition process, meaning that buffer
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solution didn’t significantly affect the deposition of DNA nanostructures on HOPG surface. AFM

images in Figures 54 were collected using Asylum MFP-3D Atomic Force Microscope.

Figure 54. AFM images of the triangular-shaped DNA origami nanostructures deposited onto
HOPG exfoliated and exposed to air for different times: (a) ~ 5 s (fresh); (b) 4 hr. The scale bars

denote 500 nm.

4.4.5 Stability of deposited DNA nanostructures

Having established the successful deposition of DNA nanostructures on HOPG, we moved
our attention to the stability of deposited DNA nanostructures in air. Same-location AFM images
were taken after the sample was exposed to air for up to a week (Figure 55). It was observed that
the average FWHM of the lateral triangle sides of triangular-shaped DNA origami nanostructures
remained unchanged, indicating the absence of diffusion of the DNA backbone on HOPG in the
dry state. A similar result was also observed when the DNA nanostructures were deposited in a

Si0./Si wafer (Figure 56).
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Figure 55. Same location AFM images of the DNA nanostructures at different times after the
deposition on HOPG. (a) Fresh (~ 2 hr). (b) 2 days. (c) 4 days. (d) 5 days. (e) 7 days. The scale

bars denote 750 nm.
. . 10‘”"1
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Figure 56. Same area AFM images of the DNA nanostructures at different times after the
deposition on SiO2/Si substrate. (a) Fresh (~2 hours). (b) 2 days. (c) 5 days. (d) 7 days. The scale
bars denote 750 nm.
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4.4.6 Role of single stranded DNA

Single stranded DNA (ss-DNA) is known to strongly adsorb onto HOPG.?42% |arge
excess amount of ss-DNA was used in the synthesis of DNA origami nanostructures. Although
most of these ss-DNA was removed by the purification process, it was important to understand the
effect of ss-DNA on the deposition process. For this purpose, DNA origami nanostructures with
different staple-to-scaffold ratios (1:1 to 10:1) were successfully synthesized via thermal annealing
process and purified by the same methods (Table 13). The corresponding AFM images on mica
(Figure 57(a)) show the well-defined DNA origami structures. Then DNA origami nanostructures
were deposited on the freshly cleaved HOPG surface. The deposition of the DNA nanostructures
was achieved on HOPG no matter what staple-to-scaffold ratio was used in synthesis. Immediately
after the deposition process, AFM imaging was performed to examine the shapes of the DNA
nanostructures (Figure 57(b)) and the results showed that the triangular shapes of DNA origami
nanostructures were similar in all cases. However, all the AFM images showed the deformation of
lateral segments of the triangular-shaped DNA origami nanostructures, consistent with our earlier
observations. No significant difference was observed between samples with different staple-to-
scaffold ratios. As discussed above, ss-DNA has a strong interaction with HOPG surface, which
presumably causes the structural deformation of DNA nanostructures when deposited on the
HOPG surface. At the largest staple-to-scaffold ratio, more single stranded staples were left over
in the sample after the purification step, meaning that more single strands could be deposited on
HOPG surface. However, even at a 10:1 staple-to-scaffold ratio, the remaining single strands did
not affect the spontaneous DNA nanostructure deposition process on HOPG. AFM images in

Figures 57 were collected using an Asylum MFP-3D Atomic Force Microscope.
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Table 13. Different reagent concentrations used for the synthesis of DNA origami nanostructures

for the comparison between different staple-to-scaffold ratios.

Reagent Volume/ pL #1 #2 #3 #4 #5

ONA soution ( maimiL < sbamy | 85T | 0 | 0 | 300 | o0
e | 0 [ ew w3 | 0 |

PONA Stap'i;gga:& r:;z::; resolution | 155 | 150 | 150 | 150 | 150
Deionized water (pL) 77 77 71 82 76

1 x TAE/Mg buffer (uL) 181 181 181 181 181
Staples : Scaffold Ratio 1.2:1 10:1 6:1 3:1 1:1
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Figure 57. AFM images of triangular-shaped DNA origami nanostructures synthesized with
different staple-to-scaffold ratios (Table 13) and deposited onto mica (a) and HOPG (b). Scale
bars denote 500 nm.
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Another approach we used was the addition of non-hybridizing irrelevant ss-DNA to the
DNA origami solution. This ss-DNA does not contain a complimentary sequence longer than 8
nucleotides with respect to the M13mp18 single stranded phage DNA or any of the staple strands.
The mixture (ratio of ss-DNA : DNA origami = 0 - 5) was deposited on the freshly cleaved HOPG
substrate. The AFM images of these samples showed similar morphology, demonstrating that the
added ss-DNA did not significantly affect the deposition of the DNA nanostructures on HOPG
(Figure 58 and Table 14). We have also used other types of DNA and DNA nanostructures such
as .-DNA and DNA tile nanostructures for the deposition (Figure 59). Surprisingly, the deposition
of these DNA nanostructures onto HOPG was not successful. A possible explanation could be due
to limited surface area of these DNA structures, leading to much smaller van der Waals interaction

between DNA structures and the HOPG surface.

Table 14. Molar concentrations of DNA origami nanostructures and irrelevant DNA ss-DNA in

different experiments.

Experiment # 1 2 3 4

DNA origami nanostructures (nM) 1.2 1.2 1.2 1.2
Irrelevant ss-DNA (nM) 0 1.2 3.0 6.0
Ratio of ss-DNA : DNA origami 0 1:1 2.5:1 5:1
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Figure 58. AFM images for mixture of DNA origami nanostructures with different amounts of
irrelevant ss-DNA. The image numbers correspond to the sample numbers in Table 14. Scale bars
denote 500 nm.
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Figure 59. AFM images of the deposition of other DNA samples on HOPG and SiO,/Si substrates.
(@) 2-DNA on HOPG. (b) 2.-DNA on SiO>/Si. (c) Tile DNA nanostructures on HOPG. (d) Tile
DNA nanostructures on SiO,/Si. The synthesis of the DNA tile was detailed elsewhere.®” Scale

bars denote 750 nm.

4.4.7 Application in area-selective CVD

HOPG is one of the most common substrates used for imaging and deposition of
nanomaterials.?’-2® More importantly, with the exception of step edges, the basal plan of HOPG
is chemically inert. This particular feature makes HOPG a desirable substrate if one wishes to
initiate chemical transformation on and only on the deposited DNA nanostructures. As an example,
we previously reported that DNA nanostructures could promote chemical vapor deposition (CVD)

of inorganic oxides (e.g., Si02).1% In that work, the DNA nanostructures were supported on a
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SiO2/Si substrate, which was also active for CVD. As a result, it was difficult to confine the CVD
of SiO2 only on DNA nanostructures.

We carried out CVD growth of SiO2 on the DNA origami deposition on HOPG using
TEQOS, NH4OH, water, and isopropanol and the growth of SiO2 was successful (Figure 60). The
average SiO, growth was ca. 8.5 nm, as shown in the cross-section analysis (Figure 60(a)). XPS
data confirmed the presence of SiO; after the CVD growth, with a surface Si coverage of (4.35 +
0.76) atom% (Figure 60(b)). The thickness of CVD-grown SiO, was much higher compared to
our previous report of SiO> growth on DNA nanostructures deposited on a SiO2/Si substrate (ca.
2 nm). We attributed the improvement to the inertness of the HOPG substrate, which improved
the spatial selectivity and also allowed more aggressive reaction conditions to be used. XPS
analysis of the carbon peak before and after the CVD growth were similar, demonstrating that the
CVD process was selective and that most of the HOPG surface was not covered by SiO» (Figure
60(c)). The CVD growth of TiO2 was also explored but was not as successful due to the high
reactivity of the TiO2 precursor, which leads to TiO, deposition at the reactive step edges of

HOPG.?®
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Figure 60. (a) AFM image and cross section analysis of the CVD growth of SiO2 on the DNA
nanostructures deposited on the HOPG surface. While horizontal line indicates where the cross
section was determined. The scale bar denotes 750 nm. (b) XPS spectrum (Si 2s) of the sample
after CVD of SiOa. (c) XPS C 1s (Black) before CVD deposition and (Red) after CVD deposition
of SiOa.
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4.5 Conclusion

In summary, we have studied the deposition of DNA nanostructures onto HOPG from an
aqueous buffer solution. No surface modification on the HOPG or modification of the DNA
nanostructures was needed to achieve the deposition. We observed significant structural
deformation of the DNA nanostructures, which we attribute to the z-z interaction between the
DNA bases and the HOPG substrate. The deposition was not sensitive to the surface contamination
of the HOPG surface by airborne hydrocarbon. The deposited DNA nanostructures were stable for
at least a week. As a demonstration for nanofabrication application, the DNA nanostructures on
HOPG substrate was used as templates to promote site-selective chemical vapor deposition of
SiO2. We hope this study will expand the use of DNA nanostructure in a broader range of surface-

related studies and applications.
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5.0 Photochemical Active DNA Tetrahedron Nanostructure

5.1 Chapter Preface

Materials contained in this chapter are in preparation for publication as a research article.

List of Authors: Angin Xu, James Hemphill, Alexander Deiters and Haitao Liu

Author Contributions: A.X., A.D. and H.L. designed and directed the experiments. A.X.
conducted the experiments with help from J.H. for synthesis and supply of oligonucleotide strands
with photo-cleavable linkers. All authors discussed the results. A.X. and H.L. wrote the manuscript

with input from all authors.
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5.2 Introduction

A single-step synthesis method of DNA tetrahedron structure was first reported by
Goodman and co-workers in 2004 (Figure 61(a)).3! The design of the DNA tetrahedron
nanostructure is simple, in which each of the four component oligonucleotides runs around one
face of the tetrahedron and hybridizes with each other to form edges of double helices. Since then,
a family of DNA tetrahedron nanostructures, either regular or irregular, were designed and
synthesized through self-assembly process.?®® The high-yield synthesis of the DNA tetrahedron
nanostructures is conveniently achieved by mixing the four component oligonucleotides of
equimolar quantities and performing a rapid thermal annealing process. The DNA tetrahedron
structure is the simplest possible 3D DNA polyhedron structure. The structure is mechanically
robust and rigid with braced geometry. The range of configurations the structure can adopt is well
controlled. All these intrinsic structural features make it a potential geometrical building block. By
extending the oligonucleotides beyond the vertices, different DNA tetrahedrons can hybridize via
the sticky ends, creating a larger structure with face-to-face or vertex-to-vertex tetrahedrons
(Figure 61(b)).3! 20 The reversible reconfiguration of DNA tetrahedron nanostructure was also
demonstrated by adding a specially designed hairpin structure into one of the edges (Figure 61(c)).
By adding a complementary ‘fuel’ strand to the system, the hairpin structure can be opened and
the DNA tetrahedron nanostructure is expanded.?%

The DNA tetrahedron nanostructure is one of the most popular DNA materials for
biosensing'®-1% and drug delivery.1®® 174 261 The current drug delivery applications of DNA
tetrahedron nanostructures allows the selective delivery of doxorubicin, especially to drug resistant
cells. Recently, Zhang and co-workers also managed to probe and regulate apurinic/apyrimidinic

endonuclease (APE1) in cells via inserting an apurinic/apyrimidinic (AP) site in the DNA
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tetrahedron nanostructure.?®? Meanwhile, each DNA tetrahedron structure has a well-defined inner
pocket in nanometer scale. The edge of each DNA tetrahedron nanostructure was less than 10 nm
so its inner pocket has a diameter of about 2-3 nm. This is a suitable size for hosting some large
molecules, including proteins. One reported application demonstrated the encapsulation of a single
molecule of cytochrome ¢ (a 12.4 kDa protein) within this rigid DNA tetrahedral cage (Figure

61(d)).?%® The DNA cages may allow functional control of proteins.

Strands

(a) 1 2 3 4

17 bp (5.8 nm

N
=
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S 5

Equivalent for Equivalent for Open, 10.2 nm Closed, 3.4 nm

A,B,C or D digest E or F digest

Figure 61. DNA tetrahedron nanostructures. (a) Synthetic scheme of the first DNA tetrahedron
nanostructure, with representations of the final product illustrating both possible enantiomers. (b)
DNA tetrahedron dimer. (c) Reconfigurable DNA tetrahedron with views of the open and closed
states.wile (d) Encapsulation of cytochrome c inside DNA tetrahedron nanostructure Reprinted
with permission from: (a) Reference 31, copyright © 2004, Royal Society of Chemistry; (b)
Reference 260, copyright © 2005, American Association for the Advancement of Science; (c)
Reference 206, copyright © 2008, Springer Nature; (d) Reference 263, copyright © 2006, Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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Light has been widely used by chemists to provide energy and regulate reaction. As an
external source, light can be precisely controlled spatially and temporally.®* Insertion and photo-
activation of a photo-cleavable linker can lead to photo-regulation of oligonucleotide function and
thus the structural or functional change of a DNA nanostructure. Several designs of photochemical
active cages have been demonstrated for cell uptake and molecule delivery.'%-1t However, the
nanocages used in those cases were larger than 50 nm, which may lead to potential problems with
the function control of the encapsulated molecules, especially when the molecule is significantly
smaller than the cavity of the nanocage. The encapsulation of protein and enzyme inside a DNA
nanostructure is often achieved by site-specific modifications®®* so the encapsulation efficiency is
generally higher for the more compact DNA nanostructure of smaller size. Meanwhile, the
biosafety of DNA nanostructures uptake into cells has always been a concern for scientists. It is
believed that the amount of DNA inside a cell is strictly maintained at a certain level. Larger DNA
nanostructures can cause a significant increase in the amount of exogenous DNA in cells, which
may lead to unexpected problems.2®

Here we want to demonstrate a sub-10 nm photochemical active DNA tetrahedron structure
which can be partially or completely opened by light control. This will broaden the applications
of DNA tetrahedron nanostructures for drug delivery by adding another method for selective

targeting in vivo.
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5.3 Experimental Section

5.3.1 Materials

Unmodified oligonucleotides used for regular DNA tetrahedron synthesis (Table 15,
Figure 62) were purchased from IDT and used without further purification. Oligonucleotide
strands with photo-cleavable linkers (Table 16, Figure 62) for photochemical active DNA
tetrahedron synthesis were synthesized by Dr. Alexander Deiter’s group (Department of Chemistry,
University of Pittsburgh) and purified with polyacrylamide gel electrophoresis (PAGE). The
photo-cleavable linker (Figure 62) is sensitive to 365 nm irradiation. DNA strand gets cut off at
the linker position when exposed to 365 nm light.

2-Amino-2-(hydroxymethyl)-1,3-propanediol (Trizma base or Tris, > 99.9%),
Ethylenediaminetetraacetic Acid (EDTA, > 99%), magnesium chloride hexahydrate (> 99.0%),
hydrochloric acid (ACS reagent, 37%), Tris-Borate-EDTA buffer (TBE buffer, 10 x concentrate),
acrylamide/ bis-acrylamide (29:1, 30% solution), ammonium persulfate (APS, > 98.0%),
N,N,N’,N’-Tetramethylethylenediamine (TEMED, ~ 99%), PCR 20-bp low ladder (200 ug/mL),
gel loading buffer (containing bromophenol blue as an indicator of pH and mobility), stains-all (~
95%), formamide (> 99.5%) and glycerol (> 99.0%) were purchased from Sigma-Aldrich, USA
and used as received without further purification. Stains-all can be used to stain different biological
molecules: DNA — blue; RNA — Purple; Protein — Red. Here, DNA was the only target molecule
in our gel so the bands given by a black-white gel imager were all DNA signals. Water (18.3 MQ)
was filtered by a water purification system (Barnstead MicroPure Standard, Thermo Scientific,
Waltham, MA) and used throughout the entire experiment for the preparation of chemical solutions
and in the cleaning of the experimental apparatus.

169



Table 15. Sequences of oligonucleotides used to form regular DNA tetrahedron.

Strand Number Sequences of Oligonucleotides (5°-3”)

1 ACATTCCTAAGTCTGAAACATTACAGCTTGCTACACGAGAAGAGC
CGCCATAGTA

) TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAG
GGTCCAATAC

3 TCAACTGCCTGGTGATAAAACGACACTACGTGGGAATCTACTATG
GCGGCTCTTC

4 TTCAGACTTAGGAATGTGCTTCCCACGTAGTGTCGTTTGTATTGGA
CCCTCGCAT

Table 16. Sequences of oligonucleotides with photo-cleavable linkers used to form

photochemical active DNA tetrahedron.

Strand Number Sequences of Oligonucleotides with Photo-cleavable Linkers (5°-3”)

1* ACATTCCTAAGTCTGAA-(linker)-CATTACAGCTTGCTACAC-
(linker)-AGAAGAGCCGCCATAGTA

o TATCACAGGCAGTTGA-(linker)-AGTGTAGCAAGCTGTAAT-
(linker)-G

- TCAACTGCCTGGTGATA-(linker)-AACGACACTACGTGGGAA-
(linker)-CTACTATGGCGGCTCTTC

. TTCAGACTTAGGAATGT-(linker)-CTTCCCACGTAGTGTCGT-
(linker)-T

5.3.2 Preparation of buffer solution

Synthesis buffer solution was prepared by mixing trizma base, hydrochloric acid, EDTA,

and magnesium chloride. The concentrations of tris, EDTA and Mg?* are 100 mM, 10 mM, and
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200 mM, respectively and hydrochloric acid was added to adjust the pH of the buffer to 8.0. The
buffer is termed the standard 10 x TEM buffer, which means it is 10 times concentration of 1 x
TEM buffer. The buffer was used in the synthesis of DNA tetrahedrons and it was diluted to 1 x

TEM buffer when used to make the synthesis mixture with oligonucleotide strands.

5.3.3 Synthesis of regular DNA tetrahedron nanostructure

Regular DNA tetrahedrons were constructed following reference®! but the annealing time
was extended for a better synthesis result. Equimolar quantities (1 pM) of oligonucleotides #1 to
#4 (Table 15) were mixed in 1 x TEM buffer. The mixture was put into a thermal cycler
(MiniCycler™, MJ Research). The temperature was raised to 95 °C and kept at 95 °C for 2 minutes,
and then reduced to 20 °C over 15 min (Figure 62). The 100% yield of DNA tetrahedrons was 1

MM.

5.3.4 Synthesis of photochemical active DNA tetrahedron nanostructure

Oligonucleotides with photo-cleavable linkers #1* to #4* (Table 16) were used instead of
oligonucleotides #1 to #4 in 5.3.3 to synthesize photochemical active DNA tetrahedron (Figure
62). For the ‘partially’ photochemical active DNA tetrahedron, a mixture of oligonucleotide with

and without photo-cleavable linkers were used.
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Figure 62. Scheme of DNA tetrahedron nanostructure synthesis and the photochemical cleavage

of photochemical active DNA tetrahedron.

5.3.5 Irradiation of DNA tetrahedron nanostructures

The samples were transferred into individual UV-transparent plastic microcuvettes for
irradiation with the photo illuminator with 365 nm wavelength. The microcuvettes were lied down

on the illumination plate to achieve the highest irradiation efficiency.

5.3.6 Polyacrylamide Gel Electrophoresis (PAGE) analysis

Polyacrylamide Gel Electrophoresis (PAGE) analysis was carried out by a set of BIO-RAD

Mini-PROTEAN Tetra Cell with 0.75 mm thickness gel plates. The power supply was a PowerPac
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Basic Power Supply from BIO-RAD. PAGE gel at a gel concentration of 12.5% was used to
analyze all the samples. Acrylamide (4.2 mL, 30%), 10 x TBE buffer (1.0 mL), deionized water
(3.8 mL), APS (6.4 mg) were mixed thoroughly in a 50 mL centrifuge tube. Then 5.0 uL of
TEMED was added to the solution immediately before the solution was transferred in between the
gel plates using a micropipette. The gel was left undisturbed for 1 hr for complete solidification.

The concentration of DNA sample used for PAGE analysis was ecither 10 uM for
oligonucleotides or 1 uM for the synthesized DNA tetrahedrons. DNA sample was mixed with gel
loading buffer before deposited into a gel well. Two types of gel loading buffers were used in the
experiment. The first type was purchased from Sigma-Aldrich and referenced herein as ‘Sigma-
Aldrich gel loading buffer’. It contained bromophenol blue as an indicator of pH and mobility.
Bromophenol blue showed up as a band around 15-20 bp position on a 12.5% PAGE gel. To use
Sigma-Aldrich gel loading buffer for DNA sample loading, 20 uLL of DNA sample was thoroughly
mixed with 4 uL of gel loading buffer and then transferred into a gel well using a micropipette.
The sample and gel loading buffer volumes were decreased to 5 uLL and 1 pL, respectively, for the
loading of PCR 20 bp low ladder. Sigma-Aldrich gel loading buffer was used throughout the
experiment unless otherwise specified.

The second type of gel loading buffer was made by mixing equal amount of glycerol and
water and referenced herein as ‘A.X. gel loading buffer’. To use A.X. gel loading buffer for DNA
sample loading, 20 uL. of DNA sample was thoroughly mixed with 2 uL of gel loading buffer and
then transferred into a gel well using a micropipette. The sample and gel loading buffer volumes
were decreased to 5 pL. and 0.5 pL, respectively, for the loading of PCR 20 bp low ladder.

After samples of suitable volumes were loaded to different gel lanes, the gel electrophoresis

is performed in 1 x TBE buffer at 200 V for about 1.5 hours. Then the gel was carefully removed
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from the gel plates and stained with stains-all solution (0.005 g stains-all dissolved in 22.5 mL
formamide and 27.5 mL water) for 15 min. The staining process was carried out in dark to avoid
photolysis of the dye. After removed from the staining solution, the gel was carefully washed with
water to clean up the dye residues on the gel surface. Finally, the gel images were taken with

ChemiDoc Imaging Systems (BIO-RAD) using ‘white’ mode.

5.3.7 Atomic Force Microscopy (AFM) characterization

The structure of DNA tetrahedron was scanned using an Asylum MFP-3D Atomic Force
Microscope by AC mode in air with HQ:NSC15/Al BS AFM probes (325 kHz, 40 N/m) purchased
from pmasch (NanoAndMore USA). Images were analyzed by Igor Software (Version 6.3.7.2)
equipped with Asylum Research package. The image was collected at a scan rate of 1 Hz and 512

data points per line with the scan size identified by scale bar.
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5.4 Results and Discussion

5.4.1 Formation of DNA tetrahedron nanostructures

Oligonucleotide strands #1 - #4 (without photo-cleavable linkers), #1* - #4* (with photo-
cleavable linkers) were loaded to PAGE gel with formed regular DNA tetrahedrons and
photochemical active DNA tetrahedrons. Gel electrophoresis analysis showed the successful
formation of both regular DNA tetrahedrons and photochemical active DNA tetrahedrons (Figure
63(a) and (b)). The four oligonucleotide strands went through a 1:1:1:1 reaction and almost no
reagent was left over after the reaction since there were no visible bands in Lane 6-9 corresponding
to the bands in Lane 2-5 in both gels. Pure products were formed with thick bands shown on PAGE
gel, indicating the formation of the expected DNA tetrahedrons. Defining 200 bp ladder as the
standard, the relative mobility of each DNA sample was presented in Figure 63(c). No significant
difference in relative mobility was observed for the two types of DNA tetrahedrons. The
substitution of regular nucleotides in DNA strands by the photo-cleavable linkers didn’t affect the
formation of DNA tetrahedrons.

One note here is that DNA tetrahedron was much slower than a typical 102-bp ds-DNA in
the gel when compared to PCR 20 bp low ladder in Lane 1, in which the sixth band from the
bottom indicated a standard 120-bp ds-DNA sample. This is because the 3D structure of DNA
tetrahedron reduced the molecule’s mobility and made the structure more difficult to travel through
the gel, which was also the reason for smeared bands observed in Lane 6-9 in both gels. Another
note is that more than one bands were observed for oligonucleotide strands, especially the ones
without photo-cleavable linkers. We attributed these vague bands to impurities in the samples of
nucleotides due to the lack of purification of oligonucleotides by the manufacturer, the random
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aggregation of DNA strands and the natural degradation of oligonucleotides. The same behavior

was later observed in all the PAGE gels.

(@) (b) (c)
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Figure 63. Gel electrophoresis results for synthesis of the DNA tetrahedrons. (a) Lane 1: PCR 20
bp low ladder. Lane 2-5: Oligonucleotide strands #1 - #4. Lane 6: regular DNA tetrahedrons. Lane
7: regular DNA tetrahedrons. Lane 8: photo-cleavable DNA tetrahedrons. Lane 9: photo-cleavable
DNA tetrahedrons. (b) Lane 1: 20-bp ladder. Lane 2-5: Oligonucleotide strands with photo-
cleavable linkers #1* - #4*. Lane 6: regular DNA tetrahedrons. Lane 7: regular DNA tetrahedrons.
Lane 8: photo-cleavable DNA tetrahedrons. Lane 9: photo-cleavable DNA tetrahedrons. (c)
Comparison of relative mobility of different DNA samples using 200 bp ladder (marked with
arrows in (a) and (b) gels) as the standard.

ACAIr mode AFM was also used to characterize the formation of DNA tetrahedrons. AFM
images (height and phase) and corresponding cross section result are shown in Figure 64. The
shapes seen on the AFM images were blurry and did not reveal any tetrahedral (or triangular)
shapes. The observed structure had a height 0.5 nm and a width of about 30 nm, which were
relatively far away from the true structure size of around 6 nm. Considering that DNA tetrahedron

structures was flattened in air on a substrate, the observed features are most likely a result of tip-
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convolution effect. ACWater mode AFM or ultrasharp AFM probe may help with the scanning

but they were technically difficult to achieve on our Asylum MFP-3D instrument.
- i y

Figure 64. ACAIir AFM images of DNA tetrahedrons. (a) Height image. White horizontal line

indicates where the cross section was determined. Scale bar: 200 nm; (b) Corresponding cross
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section; (c) Phase image. Scale bar: 200 nm.

5.4.2 Photochemical activity of DNA tetrahedron nanostructures

Based on the sequence design in Table 16, two photo-cleavable linkers were introduced
into each of the four oligonucleotides used to construct the DNA tetrahedron. The photo-cleavable
linkers were purposely placed at each vertex of DNA tetrahedron to achieve best cleavage

efficiency and to minimize the influence of photo-cleavable linkers on the synthesis of DNA
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tetrahedron. A total of eight photo-cleavable linkers existed in one DNA tetrahedron made with
oligonucleotides #1* - #4*. The estimated melting temperature of a 17-bp ds-DNA in 1 x TEM
buffer is over 40 °C.1% In other words, after 365 nm irradiation at room temperature, the 3D DNA
tetrahedron structure should break to 6 double-strand DNA (Figure 62). The newly formed strands
after irradiation should be 17-bp ds-DNA (the edge length of the DNA tetrahedron) with one
unpaired nucleotide on each side of the strand.

Oligonucleotide strands #1 - #4 (without photo-cleavable linkers), #1* - #4* (with photo-
cleavable linkers) were irradiated individually under 365 nm light for 10 min and then analyzed
with PAGE gel (Figure 65). Oligonucleotides #1 - #4 remained unchanged after irradiation while
Oligonucleotides with photo-cleavable linkers #1* - #4* disintegrated after irradiation. Almost no
band was seen at the single strand locations for Lane 6 - 9, suggesting high efficiency of linker
cleavage. The broken pieces were too small and ran out of the gel. The bottom band (around 15 -

20 bp) was from bromophenol blue in the gel loading buffer.
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Figure 65. PAGE gel analysis of oligonucleotides after 10 min 365 nm irradiation. Lane 1: PCR
20 bp low ladder. Lane 2 - 5: Oligonucleotide #1 - #4 (Table 15) after 10 min 365 nm irradiation.
Lane 6 - 9: Oligonucleotide with photo-cleavable linkers #1* - #4* (Table 16) after 10 min 365

nm irradiation.
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The regular DNA tetrahedron and photo-cleavable DNA tetrahedron were also irradiated
for 10 min at 365 nm. The gel image in Figure 66 showed the comparison of DNA tetrahedrons
before and after irradiation (Lane 2 - 5). Regular DNA tetrahedron maintained the same band
position after irradiation while photochemical active DNA tetrahedron band disappeared from gel
after irradiation. This indicated that the shape and structure of regular DNA tetrahedron didn’t
change after irradiation. However, the structure of photochemical active DNA tetrahedron changed
and the produced pieces were much smaller so they travelled out of the gel in the 1.5 hr running
time.

Oligonucleotides after irradiation were also used to synthesize DNA tetrahedrons.
Oligonucleotides #1 - #4 after irradiation were mixed together and went through the standard
annealing process before gel electrophoresis analysis. Parallelly, oligonucleotides with photo-
cleavable linkers #1* - #4* were also mixed and went through the standard annealing process
(Figure 67). These two processes made up the samples in Lane 6 and 7 in Figure 66.

From the results of Lane 6 and 7 in Figure 66, regular oligonucleotides #1 - #4 were still
able to form a DNA tetrahedron by base pair recognition after irradiation. However,
oligonucleotides with photo-cleavable linkers #1* - #4* were not able to form a 3D tetrahedral
structure after irradiation. These results further confirmed the photochemical behaviors of the
DNA tetrahedron with photo-cleavable linkers and eliminated the other possibilities leading to the

breakdown of the structure.
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Figure 66. PAGE gel analysis of DNA tetrahedrons before/ after 365 nm irradiation. Lane 1: PCR
20 bp low ladder. Lane 2 - 3: Regular DNA tetrahedron before and after irradiation. Lane 4 - 5:
Photochemical Active DNA tetrahedron before and after irradiation. The samples loaded in Lane

6 - 7 are described in Figure 67.

Strand 1 Strand 2 Strand 3 Strand 4

3 3 3 3
365nm, 10 min  95° C = 20° C Annealing Gel
Lane 6 > » Electrophoresis
Analysis
5 5 5 5

Strand 1* Strand 2* Strand 3* Strand 4*

) 365nm, 10min  95° C > 20" C Annealing Gel
) » Electrophoresis
5)

Analysis
Figure 67. Sample preparation scheme of Lane 6 and 7 samples in Figure 66.

Lane 7

I e e
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Finally, to confirm the size of the broken pieces, A.X. gel loading buffer was used to load
samples. As mentioned before, the broken pieces of the DNA tetrahedron after irradiation should
be 17-bp ds-DNA. Bromophenol blue also showed up at around 15 - 20 bp for 12.5% PAGE gel.
Removal of bromophenol blue should reveal the broken pieces in the samples. Different samples
including oligonucleotides #1 - #4, photochemical active DNA tetrahedron before and after
irradiation were loaded to the gel with A.X. gel loading buffer for comparison. Oligonucleotide #1
- #4 were used here to indicate the positions of the reactants. From Figure 63, oligonucleotides #1
- #4 and oligonucleotides with photo-cleavable linkers #1* - #4* were confirmed to have identical
gel electrophoresis behaviors. At the same time, a sample of Sigma-Aldrich gel loading buffer
(with bromophenol blue) was diluted 5 times with 1 x TBE buffer and loaded to Lane 8 of the gel
for comparison (Figure 68). Lane 7 in Figure 68 clearly showed the band for broken pieces, which
corresponds to 15 - 20-bp standard ds-DNA when compared to the PCR 20 bp low ladder bands
in Lane 1 and bromophenol blue band in Lane 8. The experimental result here was consistent with
our expectation, in which 17-bp ds-DNA were left over after irradiation. It was also observed that
the band for Lane 7 was much wider than the band of DNA tetrahedron in Lane 6 even if the
amount of DNA were the same in two samples. This was because the broken pieces were a mixture

of 6 different sequences of ds-DNA whose mobility might be slightly different.
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Figure 68. PAGE gel analysis of broken pieces from the DNA tetrahedron nanostructures after
irradiation. Lane 1. PCR 20 bp low ladder loaded with A.X. gel loading buffer. Lane 2 - 5:
oligonucleotides #1 - #4 (Table 15) loaded with A.X. gel loading buffer. Lane 6 - 7: Photochemical
active DNA tetrahedron before and after 365 nm irradiation loaded with A.X. gel loading buffer.
Lane 8: Sigma-Aldrich gel loading buffer (containing bromophenol blue).

5.4.3 Optimization of irradiation time

Different irradiation times (3 min, 5 min, 7 min) were tested for photochemical active DNA
tetrahedrons. PAGE gel analysis (Figure 69) showed that 3 min was enough for complete

breakdown of the tetrahedral structure, indicating that the reaction was highly efficient.
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Figure 69. PAGE gel analysis of DNA tetrahedrons after different irradiation time. Lane 1: PCR
20 bp low ladder. PAGE gel analysis of DNA tetrahedrons after different irradiation times. Lane
2: 3 min. Lane 3: 5 min. Lane 4: 7 min.

5.4.4 Partial and complete breakdown of DNA tetrahedron nanostructure

Combination of oligonucleotides #1 - #4 (Table 15) and oligonucleotides with photo-
cleavable linkers #1* - #4* (Table 16) also gave opportunity to achieve partial breakdown of DNA
tetrahedron structures. In those cases, only some of the vertex connections were ‘unlocked’,
producing different 2D structures. Based on geometrical estimation, Table 17 lists a theoretical
summary of the structure sizes after irradiation when combining oligonucleotides #1 - #4 (Table
15) and oligonucleotides with photo-cleavable linkers #1* - #4* (Table 16). Here, the symbol ‘~’
indicates an approximation due to the fact that there are unpaired nucleotides at the vertexes of the
DNA tetrahedron structure not counted into the number of base pairs. Figure 70 presents the

predicted DNA structures after irradiation.
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Table 17. Theoretical summary of structure sizes after irradiation.

# of Photo-cleavable Strands/ | # of Photo-cleavable Structure after Irradiation
# of Regular Strands Linkers

0/4 0 ~ 102 bp, 3D Structure

~ 102 bp, 2D Structure with a little
1/3 2 s

more flexibility

212 4 ~ 85 bp + ~ 17 bp, 2D Structure
3/1 6 ~51bp + 3 x~17 bp, 1D Structure
4/0 8 6 x ~ 17 bp bp, 1D Structure
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Figure 70. Scheme of synthesis and partial breakdown of different types of photochemical active

DNA tetrahedron nanostructures.

In the experiment, oligonucleotides #1 - #4 (Table 15) and oligonucleotides with photo-
cleavable linkers #1* - #4* (Table 16) were first mixed together to synthesize the DNA

tetrahedrons. Here the DNA tetrahedron with 6 photo-cleavable linkers was made with
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oligonucleotides #1* + #2* + #3 + #4*. The DNA tetrahedron with 4 photo-cleavable linkers was
made with oligonucleotides #1 + #2* + #3 + #4*. The DNA tetrahedron with 2 photo-cleavable
linkers was made with oligonucleotides #1* + #2 + #3 + #4*. Then the DNA tetrahedrons were
irradiated at 365 nm for 10 min. The products were loaded to PAGE gel with A.X. gel loading
buffer and the gel image is provided in Figure 71 (b). For comparison purpose, gel electrophoresis
analysis of regular DNA tetrahedron and photochemical active DNA tetrahedron with 8 photo-
cleavable linkers was also performed with A.X. gel loading buffer used instead of Sigma-Aldrich
gel loading buffer (Figure 71(a)). Relative mobility analysis in Figure 71(c) confirms the partial
breakdown of DNA tetrahedrons with larger leftover pieces when the number of oligonucleotides
with photo-cleavable linkers went down. Again, due to the 2D and 3D structures of the broken
pieces, the bands didn’t show up at the same distance as the standard samples of same molecular

weight in PCR 20 bp low ladder.
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Figure 71. Gel electrophoresis results for photochemical activities of the photochemical active
DNA tetrahedrons. (a) Lane 1: PCR 20 bp low ladder. Lane 2: Regular DNA tetrahedrons after
light irradiation. Lane 3: Photochemical active DNA tetrahedrons synthesized with strands
1*+2*+3*+4* (totally 8 photo-cleavable linkers) after light irradiation. (b) Lane 1: PCR 20 bp low
ladder. Lane 2: Photochemical active DNA tetrahedrons synthesized with strands 1*+2*+3+4*
(totally 6 photo-cleavable linkers) after light irradiation. Lane 3: Photochemical active DNA
tetrahedrons synthesized with strands 1+2*+3+4* (totally 4 photo-cleavable linkers) after light
irradiation. Lane 4: Photochemical active DNA tetrahedrons synthesized with strands 1+2+3+4*
(totally 2 photo-cleavable linkers) after light irradiation. (c) Comparison of relative mobility of
UV treatment products of Photochemical active DNA tetrahedrons with different numbers of

photo-cleavable linkers using 200 bp ladder (marked with arrows in (a) and (b) gels) as the standard.
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5.5 Conclusion

In this study, we designed a photochemical active DNA tetrahedron structure. Regular
DNA tetrahedron and photochemical active DNA tetrahedron were both successfully synthesized
using an easy, one-step annealing reaction with high yield. The photochemical activities of both
types of DNA tetrahedrons were tested. Photochemical active DNA tetrahedron broke down after
as short as 3 min of 365 nm irradiation while the regular DNA tetrahedron maintained its 3D
structure. The breakdown of DNA tetrahedron was caused by cleavage of photo-cleavable linkers
via UV light irradiation. Combination of regular single strands and photo-cleavable single strands
leads to DNA tetrahedron structures that could be partially broken down upon irradiation. Larger
pieces were left over when fewer photo-cleavable linkers were introduced in the structure. Our
study demonstrated a successful design of photo-regulated 3D DNA nanostructure within sub-10
nm scale. This photochemical active DNA tetrahedron can be potentially applied for selective and

controlled molecule encapsulation and delivery using precise UV light activation.
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6.0 Conclusions and Prospective

In this dissertation, | have described my research on the development of DNA
nanotechnology. | have demonstrated several approaches to chemically modify DNA
nanostructures that are motived by their potential applications in nanofabrication and drug delivery.
Multiple types of DNA nanostructure have been utilized or modified in my research work,
including DNA origami nanostructures, DNA nanotubes and unscaffolded DNA tetrahedron
nanostructures. Nanofabrication methods have been demonstrated for both SiO» substrates and
carbon materials (HOPG). My research provided new insight into the applications of DNA
nanotechnology and will serve as a foundation for more innovative opportunities in the future. In
this section, | will provide brief summaries of my projects and discuss some potential future

directions.
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6.1 DNA-Based 3D Lithography Using 2D Templates

In Chapter 2, I have studied the effect of chemical modification of DNA nanostructures on
the nanoscale pattern transfer using HF etching of SiO.. Streptavidin is a one of the most
commonly used modifiers on DNA nanostructures thanks to its strong and specific interaction with
biotin. Streptavidin is a hydrophilic protein and it is expected to increase the HF-etching reaction
rate by increasing the amount of surface-adsorbed water. The unmodified DNA templates
produced negative-tone patterns of ca. 27 nm in depth and ca. 22 nm in width. Streptavidin
molecules were modified onto one side of the triangular-shaped DNA origami nanostructure and
was able to locally promote the HF etching reaction. The vertical contrast of the transferred pattern
was increased by 35% while no noticeable increase in the width was observed. The knowledge
obtained from this study suggests the possibility of utilizing DNA nanostructures for wider range
of nanofabrication applications, with the advantages of low cost, high contrast, and high resolution.

Given the many different kinds of modifications that can be applied to DNA nanostructures,
our result suggests that the future direction of the method can be focused on creating complex 3D
patterns for semiconductor electronic devices. The goal can be achieved by a single pattern transfer
step using a 2D DNA template modified with various types of functional groups. Following a
similar approach as described in Chapter 2, the effect of other types of modifications, including
both hydrophilic and hydrophobic ones, such as polymers, metal nanoparticles, and carbon
nanotubes, on the pattern transfer process can be investigated and compared. With the combination
of two or more types of modifications, the promotional and inhibitive effects can be achieved
within one single DNA nanostructure and hence highly complex patterns can be created on a SiO>
substrate (Figure 72). The patterns created using the preceding method can further be used to

fabricate field-effect transistors. For example, two deeply etched pockets, which open up the
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connection to the bottom substrate, can be converted into the source and drain electrodes, while
the less etched areas in between will be used as the gate dielectric.?®® This approach may establish

a new pathway to the scalable fabrication of nanoscale electronics.

Sio, Removal of
HF Etching DNA
Substrate Substrate ? Substrate

= DNA m Promotional Modifier = Inhibitive Modifier

Figure 72. Scheme of DNA-mediated pattern transfer process with two promotional and/or

inhibitive modifiers.
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6.2 HF-Induced DNA Damage during Negative-Tone Pattern Transfer Process from DNA

Nanostructures to SiO2

In chapter 3, | investigated the stability and reusability of DNA nanostructure templates
after the HF etching negative-tone pattern transfer process. With the help of SYTO 9 fluorescent
nucleic acid stain and fluorescence microscopy, a direct observation of DNA nanotubes presence
after HF etching reaction and their disappearance after washing steps was achieved. These results
confirmed that DNA nanostructures can be preserved after the HF etching pattern transfer process.
Using PCR amplification, we were able to confirm the sequence integrity of some remaining DNA
strands. Considering that the DNA damage in HF solution of equivalent concentration (25-30%)
is more severe, the results suggest a different mechanism between vapor phase HF and dry-
deposited DNA samples with limited amount of water condensed on the surface, which may be of
interest for further investigation in the future. The lack of effective retrieval method made it almost
impossible to quantitatively investigate the percentage of damage to the DNA templates after the
HF etching process. It is also the bottleneck to achieve recycling and reusing of the DNA templates
for other nanofabrication processes. The research work provided several standard methods to study
the reusability of DNA nanostructure templates and suggested that DNA nanostructures are more
chemically stable than expected.

For future research, a key issue is to find an efficient and cost-effective retrieval method
for DNA templates. A preliminary test using buffer solution failed, which is understandable due
to the high concentration of Mg?* within the buffer solution. Other solution-based methods may
be performed and compared in the future. Another approach is to pre-modify the DNA
nanostructure templates with magnetic beads before applying them for nanofabrication process.”-

268 Then the DNA nanostructure templates can be easily recollected after each fabrication cycle.
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However, a lot of issues may arise from this technique including the cost of modification, the effect
of magnetic beads to the fabrication reaction and the interaction between the beads and the
substrate. The last approach, which is very specific to the presented SiO; patterning system, is to
use a milder method to remove the top layer of the SiO> substrate and free the deposited DNA
nanostructures. Buffered oxide etch solution (HF/NH4F mixture, 48%/ 40%, 1:6) has been tried in
the preliminary test but ended up leading to DNA damage. Different methods may have to be
developed for different fabrication systems. Without removing DNA templates from the substrate
surface, an alternative approach to realize the reusability of DNA templates is to develop in-situ
reutilization methods to use the DNA molecules as templates for other applications including
another round of nanofabrication of different materials (e.g., metals) or biochemical signal
transduction. There is still long way to go before the reusability of DNA nanostructure templates
can be fully realized. Solving this problem will potentially lead to broader industrial applications

of DNA nanostructures in the future.
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6.3 Deposition of DNA Nanostructures on Highly Oriented Pyrolytic Graphite (HOPG)

In Chapter 4, we have successfully deposited DNA nanostructures onto HOPG from an
aqueous buffer solution and the deposition process was carefully investigated. No surface
modification on the HOPG was needed to achieve the deposition. Significant structural
deformation of the DNA nanostructure occurred, exposing the DNA bases to the HOPG substrate
to maximize the z-z interaction. Surface contamination of HOPG did not affect the deposition
process and the deposited DNA nanostructures were stable for at least a week. As a demonstration
for application, the DNA nanostructure templates on HOPG can promote site-selective chemical
vapor deposition of SiO». This study will expand the use of DNA nanostructure in a broader range
of surface-related studies and applications.

It will be of interest to design more applications for the DNA-deposited HOPG system,
especially using DNA nanostructures as templates for organizing and depositing other molecules
or materials. Efforts have been made to achieve CVD growth of TiO, on HOPG surface. However,
due to the high chemical reactivity of titanium chloride (TiCls) and titanium isopropoxide
precursors, the preliminary trials also led to significant growth of TiO2 on the step edges of HOPG
surface. Other titanium precursors can be investigated and the experimental conditions can be
optimized to achieve CVD growth of TiO,. Metal nanoparticles (e.g., gold)?® and other inorganic
materials (e.g., Al203)?"° may also lead to potential applications like electrocatalysis or fabrication
of nanoelectronics when deposited on HOPG substrates. DNA nanostructures may also serve as
templates for HOPG patterning via oxygen plasma etching.?’* | hope this work can lead to broader

applications of using DNA nanostructures as templates for fabrication of carbon materials.
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6.4 Photochemical Active DNA Tetrahedron Nanostructure

In Chapter 5, I designed and successfully synthesized a photochemical active DNA
tetrahedron structure through an easy, one-step annealing reaction with high yield. The
photochemical activities of the photochemical active DNA tetrahedrons were investigated and its
complete dissociation occurred after as short as 3 min of 365 nm irradiation. Partial breakdown
and structural change of DNA tetrahedron nanostructure was achieved by altering the number of
photo-cleavable linkers in the design. This photochemical active DNA tetrahedron can be
potentially applied for selective and controlled molecule encapsulation and delivery using precise
UV light activation.

In the follow-up experiments, the applications of the photochemical active DNA
tetrahedron could be explored. The size of the DNA tetrahedron is suitable for encapsulation of
proteins. Using cytochrome c¢ as an example, we can demonstrate the selective delivery of
molecules. Encapsulation of other molecules can also be achieved by designing the capturing
ligands inside the tetrahedron structure. It will be critical to show the function control of the
encapsulated molecule via UV light irradiation. Another idea is to use the photochemical active
DNA tetrahedron nanostructure to selectively regulate enzyme activities like APEL. It has been
reported that insertion of AP site in DNA tetrahedron structure leads to regulation of APE1 activity,
which can help enhance the efficiency of cancer treatment drugs. Light irradiation can be used to
selectively inhibit APE1 in cancer tissues but remain the activity of APE 1 in healthy cells, leading

to selective treatment by cancer drugs.??
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6.5 Final Remarks

In summary, | have demonstrated several approaches to chemically modify DNA
nanostructures and proposed their potential applications for nanofabrication, drug delivery or
biosensing. DNA nanostructures provide abundant structural and chemical information and can be
used for broad fields in material science and biochemistry. | hope these results will serve as a

stepping stone for the future development of DNA nanotechnology.
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