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Abstract

After their introduction in 2006 by Rothemund, DNA origami nanostructures have emerged as an
important molecular tool for various applications in biophysics, medicine, and engineering. The
efficient addressability and simple synthesis protocol for a variety of two- and three-dimensional
DNA origami structures allow the single-molecule investigation of various biochemical and
biophysical processes. However, under a variety of experimental conditions, the question on the
structural stability of DNA origami nanostructures is of importance and pose significant limitations
regarding their applicability, for instance in protein folding studies that require strongly denaturing
conditions. In the first half of this thesis, the structural stability of DNA origami triangles under
chaotropic agents induced denaturing conditions is studied. Chaotropic agents such as urea and
guanidinium chloride have been used to induce the denaturation of biomolecules. To this end, the
effect of denaturing agents on the structural organization of DNA origami triangles is studied with
dependent on the temperature and cation concentration. At a 6M concentration of urea and
guanidinium chloride, DNA origami structures are found to be stable at 23°C but completely
denatured at 42°C. The structural damage of DNA origami triangles varies with a chaotropic agent.
Importantly the DNA origami were found to be stable overnight under 6M urea and guanidium
chloride at room temperature. Since the stability of DNA in solution partially depends on the
concentration of cations, the role of cations in the stabilization and destabilization of DNA origami
triangles in the presence of chaotropic agents is also characterized. Increased cation concentration
in solution stabilize the DNA origami triangles in urea but destabilize in guanidinium chloride, due
to the possible salting out of Gdm™. In the second half of the thesis, the ability of DNA origami
triangles to self-assemble into a tightly packed monolayer on mica in the presence of Na* is used

to pattern variety of proteins. The role of cation concentration and protein concentration in the
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preparation of a well-ordered protein pattern are discussed. Desorption of DNA origami monolayer
after directed protein adsorption to create heirachical assembly of proteins is discussed.
Additionally DNA origami adsorption in nanoholes arrays, fabricated in gold films on silicon
wafers by nanosphere lithography with a well-defined diameter is investigated. The role of ionic
strength, incubation time, Mg?* concentration, DNA origami concentration on the adsorption
specifictiy is studied. The buffer strength has a surprisingly strong effect on DNA origami
adsorption in the nanoholes and multiple DNA origami triangles with 120 nm edge length can
adsorb in nanoholes as small as 120 nm in diameter. This is due to the low lateral mobility of once
adsorbed DNA origami on the SiO> surface which prevents them from maximizing their contact
area with the oxide surface and thus results in only partial DNA origami localization inside the

nanoholes.



1. Introduction

1.1 Genetic material

The storage, replication, and heredity of distinctive features from parent to offspring had been a
question for several centuries. A long history of the search for an important answer came to an
end through a simple speculative demonstration using pea plants and a well-studied theory by
Gregor Mendel in 1866 called ‘Mendelian inheritance’!. Decades later, scientists integrated their
provisional findings with Mendel’s hypothesis on chromosomes and inheritance, that there is an
innate material in chromosomes called 'gene’ 2 which is the ultimate storage pack of a complete set
of information, required in the synthesis, development of unique phenotypes in an organism, that
is transformed via reproductive cells®. For millions of years, addition, deletion, substitution, and
other modifications in gene sequences due to the biological, environmental, physicochemical
factors, played a significant role in the evolutionary development path of the organisms®*. Genes

are a specific code of nucleobases that defines phenotype, located on chromosomes®.

1.2 DNA as a genetic material

Before the invention of the crystal structure of DNA, three basic findings by bacteriologists which
cemented the role of genetic material in the transformation of information. The fast replicating
nature of experimental organisms, gave an advantage to bacteriologists than others to provide many
impressive experimental results to prove the role of genetic material such as Griffith’s experiment®
on pneumococcus pneumonia. When a mixture of heat-killed virulent strains and nonvirulent
strains of bacteria were administered in host mice, the heat killed virulent strain of bacteria,
transferred its DNA to nonvirulent stain and eventually killed the host. Further important inventions
include the first proof for DNA as a genetic material by Avery—MaclLeod—McCarty experiment’ in

1944 who isolated and studied the chemical nature of DNA along with the role of proteins and
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other substances. The transformation of nonvirulent strain to a virulent strain was studied using
pro-knockout experiments where a DNA digesting enzyme deoxyribonucleodepolymerase could
inhibit the virulence proving that DNA alone is responsible for the virulence. A year before the
publication of crystal structure of DNA, equally critical experimental results from Hershey and
Chase published in 19528 showed that T4 bacteriophages exhibit the role solely based on the DNA
transformation, not by accompanying proteins, even though proteins are partially infused inside

the host cells.

1.3 Molecular structure of nucleic acids

On April 25, 1953, three different manuscripts were published in the journal Nature which studied
the same question of the structure of DNA. Molecular structure of deoxypentose nucleic acid by
Wilkins et al.,° molecular configuration in sodium thymonucleate by Franklin et al.,*® were
published based on X-ray crystallographic images of DNA fibers whereas molecular structure of

nucleic acids by Watson and Crick!! was a theoretical approach.

While Wilkins et al., primarily discussed the repeating helical units in the nucleotide, Rosalind
Franklin’s article focused on the crystal structure of dehydrated A form of DNA and hydrated
biological form of B DNA, notably phosphates lie outside the structure of helix, not in the center

of the helix.

With acceptable explanation on the refusal of Linus Pauling and Robert Corey’s proposal'? that
there are three polynucleotide chains in one DNA molecule, with phosphates inside the axis and
bases outside, James Watson and Francis Crick suggested the structure of DNA as follows; DNA
is a right-handed, antiparallel double helix chain. Monomer unit of DNA called nucleotide consists
of a phosphate, a ribose sugar, and nucleobase. Ribose sugar and bases are to the central axis of the
double helix whereas the phosphates are placed outside the helical axis. Each nucleotide is

4



connected with adjacent nucleotide via phosphodiester bond between ribose sugar and phosphate
called sugar-phosphate backbone. Major components of DNA double helix are two different
nitrogenous nucleobases such as purines (Adenine - A, Guanine - G) and pyrimidines (Thymine -
T, Cytosine - C). Bases in one strand are connected to the respective complementary bases in the
opposite strand via hydrogen bonds. Adenine and Thymine are paired by two hydrogen bonds
(A=T) whereas Guanine and Cytosine are paired by three hydrogen bonds (G = C). The distance
between two base pairs in a helix is 3.4 A. The double helical unit repeats after every ten base pairs

in 34 A length interval. Phosphates are 10.5 A in the distance from the center of double helix axis.

Despite the same theme and experimental results, few crucial findings of Watson and Crick

historically differed their invention from others as follows:

e The need for the presence of peculiar deoxyribose sugar that the additional oxygen atom in
ribose sugar would create too close Van der Waals interaction

e Identification of antiparallel double helix

e Reasoning for uninterrupted helical turns with exact width and number of turns

e Chargaff’s rule: Apart from identifying physical dimensions of DNA using the Xray
diffraction images, Watson Crick base pairing was supported by the critical set of rules
published by Erwin Chargaff and colleagues in 1952 that the base composition of DNA

molecules includes the equal molar concentration of purines and pyrimidines in one chain.

13,14

In other words, if the base composition is known for one chain, then the base composition of
another chain can be automatically generated. At the end of the article, Watson and Crick
mentioned that this specific base pairing suggests a possible mechanism of genetic material

copying or DNA replication. After the invention of B-DNA double helix structure and peculiar



Watson-Crick base pairing, Francis Crick once again stated an important combinatory
molecular synthesis chain of biomolecules called central dogma of molecular biology®®.
Immediate inventions alongside the structure of DNA opened many options to manipulate the
genetic material invitro for structural and functional analysis to provide a platform for
understanding of DNA and protein biosynthesis mechanism. Techniques, for instance, the
chemical synthesis of DNA bases helped to control the number of nucleotides, length, size, and
copy numbers of a double helix, particularly a low-cost research theme when compared to other
fields. Laboratory synthesis of dinucleotide by Alexander Todd et al.,*8, total synthesis of a
gene by Hargobind Khurana et al.,*"8, identification of first nucleic acid sequence composition
by Robert Holley et al.,* led to rapid commercial synthesis and availability of nucleobases.
Elucidation of the molecular mechanism of biomolecules such as DNA replication in
mammalian chromosomes by Huberman and Riggs et al.,° , Arthur Kornberg’s discovery of
DNA polymerase 12, Lehman and Bessman’s protocol on enzymatic synthesis of DNA??23
posed a significant number of application-specific inventions, for instance, the polymerase
chain reaction(PCR) by Kary Mullis et al.,?*. Along with this route, techniques involved in the
isolation and purification of biomolecules using charge and molecular weight based separation,
especially nucleic acid separation by electrophoresis® and protein purification by
chromatography?® helped in the immediate visualization of the final product which importantly
reduced the experiment time. One of such advancements in molecular biology is DNA
nanotechnology which involves synthesis and manipulation of DNA nanostructures for wide

range of applications in science and technology.



1.4 Nanotechnology and Atomic Force Microscopy (AFM)

The history of nanotechnology begins with physicist Richard Feynman’s vision of a new approach
to science in his famous talk at Caltech in 1958 ‘There is plenty of room at the bottom,’?’ that it is
possible to manipulate individual atoms to create a miniature of an object. His talk includes the
necessary to create a computer which fit on a bench, a microscope which is capable of graphing
the biological events and tiny molecular machines that do the same process like in a biological
system, etc.. However, Norio Taniguchi’® coined the term nanotechnology in 1974.
Nanotechnology is defined as the synthesis and manipulation of materials sized 0.2-100nm at

atomic and molecular scale?®. In nanotechnology, the synthesis is divided into two approaches®.

Q) In bottom-up synthesis, the building blocks such as molecules, nanoparticles or
individual atoms are deposited one on one to create a nanostructure. For example, metal
thin film deposition, synthesis of nanoparticles and nanorods.

(i) A top-down synthesis method can be described where a bulk structure is decreased in
size by successive slicing of individual molecular layers by, for instance, milling,

lithographic etching, focused ion beams etching.

The choice of technique decides few crucial factors such as the cost, the control on size and order,
homogenous distribution of atoms and reduced number of defects. As an important technique for
characterization of nanostructures, in 1982, Scanning Tunneling Microscope (STM) was invented
by Gerd Binning and Heinrich Rohrer at IBM — Zurich, for which they were awarded the noble
prize®l. As a part of Scanning Probe Microscopes (SPM), In 1986, Binning, Quate, and Gerber
from Stanford and IBM invented the atomic force microscope®? which played a significant role in
the drastic growth of nanotechnology for past 30 years in molecular biology, device physics,

chemical synthesis, surface science, lithography, semiconductor devices manufacturing etc.



A modification of working mechanism from STM, AFM was invented in the process of imaging
nonconductive surfaces using simple probe-sample interaction. AFM mainly employs laser
deflection measurement method where a sharp probe is illuminated with a laser beam and scanned
over the sample surface or close to the proximity of the surface to measure the deflection in laser
beam due to the atomic forces between probe and sample, such as Van der Waals and ionic forces.
A scanner is equipped with a laser diode, a cantilever, a position sensitive photo sensor and a
piezoelectric ceramic transducer or piezo actuator. A silicon-based cantilever with a sharp probe is
mounted on a tip holder. During the measurement, typically an optical lever method is used that a
laser beam is focused and reflected from the backside of a cantilever to a position sensitive
quartered photodetector. This detector measures the deflection intensity which is directly
proportional to the displacement of the cantilever and converts this signal into electrical signals.
The movement of the scanner in X, Y, Z directions is achieved via a piezo actuator which responses
to the change in geometry when the voltage applied. Different types of the piezoelectric sensors
can be used to create well-defined motions from nanoscale to microscale per volt applied. When
cantilever scans the surface of the sample, the force between tip and sample is measured by Hooke's

law.

F=-kz

Where k is the stiffness of the cantilever and z is the distance cantilever bent due to the force.
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Figure 1. Force vs. distance curve

Force-distance curve * is generated using the cantilever deflection against the extension of the
piezo scanner or probe distance from the sample. Figure 1 shows a three-regime force vs. distance
curve. When tip approaches a sample surface, initially the atoms tend to weekly attract each other,
and Van der Waals force falls into the attractive regime. However, in the repulsive regime, due to
close contact, the electron clouds in both atoms strongly repels and reduces the attraction. Any
force close to this will end up in the repulsive regime and additional force to push the cantilever
more than the repulsive regime will eventually damage the surface or cantilever. On the third
regime, the force becomes zero when z distance reaches several nanometers.

Based on force-distance curve, the operational modes of AFM can be divided into three:
9
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1. Contact mode in the repulsive regime: In contact mode, the piezo actuator operates in

two ways to move the tip against the sample or sample against the tip depends upon the
AFM and cantilever deflection is collected to generate force distance curve. During the
measurement, a feedback loop operates to maintain the stable Z range movement of the
probe. To maintain the value of deflection stable, a feedback loop senses the actual
deflection during measurement and compares it with the desired value of deflection. If the
measured deflection value differs with desired deflection value, then the feedback amplifier
engages the piezo actuator to increase or decrease the position of the sample. However, a
typical problem with contact mode is excessive tracking force applied by the probe which
can be overcome by the noncontact mode of measurement where the probe is kept in the
attractive regime and importantly few nanometers away from the sample.

Non-contact mode in the attractive regime: In non-contact mode or amplitude
modulation mode, the cantilever is vibrated along the sample, and cantilever deflection
using amplitude or resonance frequency is collected as a function of tip-sample distance.
However, since the principle working mechanism is based on the Van der Waals force, in
non-contact mode, the Van der Waals force becomes weak when the distance between the
probe and sample increases, and ultimately gives a hard time to measure the high-resolution
topography. Excessive tracking force in contact mode and reduced Van der Waals force in
non-contact mode can be overcome by the important and widely used tapping mode or
intermittent contact mode

Tapping mode: Tapping mode is an advancement in AFM measurements to overcome the
problems from friction, electrostatic forces etc. In tapping mode, the cantilever is oscillated
on the sample surface with large vibration amplitude and retraced continuously to avoid

dragging on the surface. Continuous approach and lifting off with high amplitude provides



reduced oscillation due to the loss of energy by contacting surface. A feedback system
maintains the stable oscillation amplitude. Depends upon the surface feature, the amplitude
increases or decreases and the changes in oscillation amplitude is used to generate the

image.

The role of AFM in the development of DNA nanotechnology has been enormous in the senses of

cost effective technique, less time consuming and precision in providing topographic information.

1.5 DNA nanotechnology

DNA nanostructure is a self-assembled molecule synthesized by rationalized Watson-Crick base
pairing which exhibits numerous possible ways to articulate the structure of DNA in 2D,3D and
precisely design and define the choice of applications in physics, chemistry, biology, medicine and
computational engineering. In this chapter, we discuss the short history of development path of

DNA nanotechnology.

The primary role of DNA in all living things is to store, copy and transmit the genetic information
employing a specific combination of DNA sequences that can be identified by enzymes, for
instance in DNA recombination and replication machinery. The role of DNA is determined by the
combination of inter and intramolecular recognition. Genetic engineering studies manipulate the
intermolecular recognition, functions, and property of DNA, for example, an artificial plasmid
DNA structure® in recombination technology. Later, the intermolecular recognition specificity

between DNA and enzymes opened up research themes like the artificial synthesis of insulin®.

However, the molecular recognition specificity inside the DNA double helix structure was first
introduced and utilized by Nadrian Seeman®, a protein crystallographer to address, assembling
protein molecules in a self-assembled 3D network of DNA using Watson-crick base pairing and

sticky end strategy. Three significant research inventions would have inspired Nadrian Seeman to
11



arrange DNA molecules into multiple molecular junctions through sticky end ligation method.

Watson Crick base pairing, Holliday Junction, chemical synthesis of DNA bases.

As he mentioned in his article, the proposal of the existence of Holliday junction, a homologous
recombination intermediate of DNA during meiotic cell division in fungi by Robin Holliday in
1964.3" Research findings®® followed had confirmed that the isolation and analysis of such
junctions are not possible due to the formation of branch point migration and preferably a double
helix followed by that. However, using peculiar Watson-Crick base pairing and complementarity,
if the sequence symmetry is compromised and junctions are made immobile, then it is possible to
create a branched, four-way junctions when few more rules are followed. Seeman created four
basic rules and a FORTRAN program based on it to generate sequences accordingly. Figure.2
shows an immobile Holliday junction structure according to the four important rules of Seeman.
In a four-way junction with multiple overlapping short sequences, every single overlapping
sequence should be unique throughout the structure. Individual complimentary sequences of
overlapping sequences, especially which are close to the junction, should not be present elsewhere
in the structure. Self-complementary sequences should be avoided, and a maximum number of

repetitive base pairs should be less than three and be present only in opposite junctions.
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Figure 2. An immobile Holliday junction designed by Nadrian Seeman which follows the four

basic rules of synthesis of DNA nanostructures®.

Furthermore, Individual four-way junctions synthesized with flanking short sequences called
‘sticky ends’ could yield a DNA lattice for X-Ray diffraction studies. As a direct application of
immobile Holliday junctions and their analogs, Seeman et al.,*> demonstrated the role of two
different resolvase enzymes which cleaves Holliday junctions depends upon the orientation using

radiolabeled footprinting method.

In 1991 and 1993 two famous works of Seeman were published. First, construction of a 3D cage
41 using sticky end based DNA hybridization which led to the synthesis of compound DNA

nanostructures with potential application in later years such as DNA tetrahedron®?, DNA truncated
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octahedron*®. Secondly, in 1993 Seeman et al.,* studied the possibilities of parallel and antiparallel
double cross over constructs with odd and even fashion of hybridization which later laid the
foundation for the 2D DNA crystal like lattices *° and importantly DNA origami®. In the following
decades, the synthesis of a variety of two- and three-dimensional DNA lattices based on different

DNA tile motifs have been reported*>*"-%°, Excellent reviews are available elsewhere 1-°°,

Apart from that, the sole purpose of DNA lattice is to address individual molecules by linkers, so
that the arrangement of molecules will be periodical. However, yield from one pot synthesis, the
floppy nature of DNA®® and less rigidity when it grows into a crystal-like lattice were significant
problems to be addressed. All these three problems mentioned were overcome by the famous

Rothemund’s DNA origami nanostructures.

1.6 DNA origami

DNA origami “¢ or Rothemund’s origami is a self-assembled DNA nanostructure using a bottom-
up approach. For assembly, a long, single-stranded viral genome or ‘scaffold’ is folded into a
desired arbitrary 2D or 3D nanoscale structure using base pair complementarity and segmental
crossovers of a large number of short oligonucleotides, so-called staple strands. The sequence of
the single-stranded scaffold is known, and respective complementary sequences are designed in
such way that the size and shape of DNA origami structure are predefined. Specifying the folding
path is the first experimental step in which the desired shape is conceived by filling the required
number of evenly paired, parallel helical cuts. Count of turns per helical cut can be varied from 1.5
to 4.5 depends on the shape required. However, the clipping crossover by short staples occurs every
1.5 turns, and turn’s length is distributed in whole numbers all over the structure for example 16
bases per 1.5 turn, unlike in the natural B DNA structure which is 10.5 bases per turn. In the next

step, single-stranded helical cuts are hybridized with short staple strands by periodic crossovers.

14



The staples are partially complementary to adjacent helices and sometimes to three helices. The
stacked arrangement of helical cuts creates junction points of scaffold called scaffold crossovers
which meets in an odd number of half-turns when the alignment progress and even number of half-

turns when reverse. After the antiparallel crossovers by staple sequences are designed for the

compatible DNA structure, the sequences are generated using a computer program.

Figure 3. Folding path specified Rothemund’s origami nanostructures synthesized using a long
single-stranded viral genome. a) square b) rectangle c) star d) smiley e) triangle with rectangular
domains f) triangle with trapezoidal domains. The AFM images of the third row have a size of

165nm*165nm.*

For example, in DNA origami triangle, in the final step, 207 short staple sequences are mixed with
M13mp18 scaffold about 100-fold excess in the magnesium-containing buffer, preferably in 1X
TAE buffer and synthesized by stepwise thermal annealing. The initial annealing temperature is
set at the maximum melting temperature of a sequence in the reaction mixture and gradually cooled
down to room temperature. Optimized sequences, minimized free energy and maximized Watson

Crick base pairing along with the preferred antiparallel multiple crossovers, results in a perfect
15



assembly of DNA origami nanostructure. Figure.3 shows different Rothemund’s DNA origami
nanostructures of square, rectangle, star, smiley and triangles with rectangular and trapezoidal

domains.

The resulting DNA origami nanostructures may serve as spatially addressable molecular
breadboards that enable the controlled arrangement of functional entities with nanometer precision,
which then would serve as a molecular platform to perform, for instance, molecular biological

events such as protein-ligand interaction studies.

Inexpensive, robust synthesis protocol with precision and high yield provide three critical
advantages over conventional DNA nanostructures or crystal-like lattices. The DNA origami
nanostructures are relatively rigid due to the multiple crossovers inside the structure. Annealed
short staple sequences can be extended from their original length to provide specific ligands to
functionalize the surface with many different biomolecules, organic-inorganic nanomaterials.

Yield is high with a reliable number of wholly synthesized structures without structural defects.

Just ten years after the introduction by Rothemund in 2006, DNA origami technique enabled the
fabrication of larger DNA tiles with almost arbitrary shapes*® that could be arranged into more
complex lattices either by solution-based*®57-52 or surface-assisted®*®" hierarchical self-assembly
and widely used in various fields of applied and fundamental research. In particular, the possibility
to modify selected staple strands with metallic,%® semiconducting,®® and biological nanoparticles,”
fluorophores,”™ proteins,”? and DNA strands of desired sequence” and topology’™ renders DNA
origami nanostructures powerful platforms for single-molecule studies.”>’® DNA origami act as
masks in molecular lithography,””~"® templates for nanoelectronic®-82 and plasmonic®-2® device
fabrication, as delivery vehicles in molecular medicine,®% and substrates for biophysics,
nanotechnology, sensing, and medicine.
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Though the synthesis protocol is not complicated for many DNA origami nanostructures, in every
application, the critical point to consider is the stability of DNA origami nanostructures under

biological and nonbiological experimental conditions.

1.7 Structural stability of DNA origami

Denaturation of macromolecule®® is defined as the total disruption of primary, secondary or tertiary
native structure due to the biological, physical and chemical factors that break the stabilizing bonds.
In DNA, Structural stability %% is determined by the hydrogen bonds between nucleobases, base
stacking between the aromatic rings. Many of the applications of DNA origami rely on an intact
and well-defined shape as well as tailored mechanical properties of the DNA origami.
Consequently, the stability and denaturation of DNA origami nanostructures under diverse

application-relevant conditions has received growing interest from different research fields®?°,

1.7.1 Biological factors

Among the three possible forms of DNA, hydrated B form is abundant in cells than dehydrated,
compact A form and left-handed Z form. Synthesis, repair and degradation events corresponding
to the DNA completely relies on the intermolecular recognition between enzymes and DNA. For
example, in mutation, the DNA sequences are replaced with mismatching bases!® during DNA
replication which may leads to cancer or other diseases. However, cells are equipped with very
sophisticated and efficient proofreading mechanism and DNA damage repair mechanism such as
nucleotide excision repair to ensure the genetic stability. In biological condition, intermolecular
recognition between DNA and enzymes is achieved via the chemical moieties in nucleobases, for
instance by proofreading enzymes in DNA repair. This molecular recognition leads to controlled
or programmed events such as scanning of nucleotide sequences by polymerases'®!, unwinding of

DNA duplex by helicases'®?, removal of additional segments during repair by cytoplasmic
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nucleases!®®, or in bacteria, specific scission of nucleobases by DNA restriction enzymes'®4. One

such event is digestion and degradation of nucleic acids by nucleases.

Genomic DNA is digested in nucleus, cytoplasm, and cytosol at various conditions. In the nucleus,
programmed cell death or apoptosis involves a crucial stage of chromosomal DNA degradation by
caspase-activated DNase or CAD to prevent cancer formation'®1%. Once the cell is dead,
lysosomes in phagocytes degrade the cellular materials including the DNA using lysosomal TREX
1 or DNase Il and DNase 11 to reuse the basic building blocks later. Since the undigested nucleus
material in the cytosol will induce autoinflammatory condition®, lysosomes!®® that produce 60
different hydrolytic enzymes such as proteases, nucleases and lipases will efficiently identify
macromolecules and organelles via the membrane spanned glycoproteins 1% during phagocytosis,
as a part of defense mechanism %111 In the cytoplasm of fiber cells of the optic lens, a specific
DNA digestion enzyme is employed called DNase Il-like acid DNase or DLAD to digest the
nucleus material, so that the lens is transparent'®. Apart from these, another essential waste
management nuclease called DNase 1*97112 js abundantly available in kidney, liver, pancreas,
alimentary tract and serum to clean up the DNA that arises from infection, apoptosis and

accidentally dead cells, to prevent autoimmune diseases®®.

1.7.2 Stability of DNA origami in biological conditions

Nanotechnology-mediated drug delivery system!'* has been widely studied to overcome the
difficulties in conventional therapeutics such as insolubility of drugs, specificity in targetting,
multiple targetting, controlled release and extended availability of the drug, especially in cancer
therapy. However, there are disadvantages'®® found along with the rapid development of several
different nanoparticle-mediated approaches. In toxicological perspective!®118 the nonbiological

surface chemistry of a nanoparticle would create adverse immune effects on the body; nano-
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physical dimensions may end with deposition in organs. For instance, carbon nanotubes induce
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inflammation®'®, and other toxicities'?°, fullerenes'?* as antimicrobial agents are ecotoxic'?,
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quantum dots are cytotoxic-=> and induce heavy metal poisoning-<*. Moreover, gold, silver metallic

125

nanoparticles induce free radical assisted cell death in healthy cells*<>, accumulates in the blood-

brain barrier'?®, In the case of biocompatible liposomes mediated drug delivery, aggregation of
particles, low stability in storage and encapsulation are common experimental problems!?”.
Additionally, tuning the size of the particle and multiple functionalizations of the nanoparticle
surface are comparatively tricky, time-consuming procedures than in DNA origami. In this part,

we focus on the advances and structural stability of DNA origami in drug delivery and imaging

based experimental approach.

Knowing the advantage that functionalization of DNA nanostructure surface is efficient, the idea
of encapsulating a protein molecule inside a DNA cage is first demonstrated by Erben et al., 1?8
with cytochrome C protein. Along with that, functionalization of DNA origami surface with
quantum dots'?® to track the molecule using fluorescent signals®®'® paved a way to use DNA
origami in medical biotechnology either in diagnostics or therapeutics or both'®!. When DNA
origami is used in cellular environments, there are several factors that can affect the structural
integrity, for instance, nucleases. As a direct demonstration in therapeutics and drug delivery using
DNA origami, Zhao et al.,® reported the synthesis of twisted DNA origami tubes to encapsulate
with doxorubicin that induces programmed cell death in breast cancer cell lines. The efficiency in
cytotoxicity and drug releasing kinetics between free doxorubicin and cargo loaded doxorubicin
was studied where the doxorubicin-loaded DNA cargo was more effective than control. The DNA
origami cargo was found to be stable when treated with treated 10% fetal bovine serum at room

temperature up to 48 hours in pH between 4 to 10.
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To directly observe the structural stability of DNA origami when delivered in the cellular
environment, Shen.et.al®® modified the DNA origami tube’s surface with fluorescein, cyanine dyes
and incubated in breast cancer cell lines. Transformation of weak emission property of cyanin
fluorophore to strong emission, when bound to DNA linker, was used in this experimental approach
to analyze the intactness of DNA origami in the presence of DNasel. Additionally, the localization
of DNA origami was found in lysosomes up to 12 hours, and complete denaturation was observed
at 60 hours. Inside the cell, the DNA origami tubes were found to be stable in the folded state up
to 24 hours. These critical results proved the inherent biocompatibility of DNA origami

nanostructures in drug delivery applications.

Qiao Jiang et al., 13 investigated the efficient drug loading of DNA origami with doxorubicin. By
comparing the toxicity of free doxorubicin, doxorubicin-loaded ds-DNA, and DNA origami
triangle, the results show that DNA origami loaded doxorubicin are more efficient and importantly
breaking the drug resistance of cancer cells. Lysosomal acidification*® is an essential criterion in
the degradation of macromolecules during the endocytic pathway where the surrounding of
lysosome cell wall maintains high acidic pH. However, in drug-resistant cells, intake of drugs is
suppressed by the acidic conditions of lysosomal lumina. DNA origami triangles loaded with
doxorubicin changes this property of lysosomes by increasing the pH from the high acidic condition

and improves the efficient intake of doxorubicin.

Hahn et al. studied the two crucial factors, low magnesium concentration and a nuclease that affect
the stability of DNA origami in tissue culture environment®. Cationic strength is fundamental to
protect the DNA structure from charge-screening mediated destabilization. Among octahedron, 6-
Helix bundles, and 24-Helix rods tested in low magnesium buffer, 6-helix bundles were found to

be stable. Even though the tissue culture media has relatively high concentration of sodium
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monovalent cation than magnesium cation, octahedron and nanorods were entirely denatured at 24
hours time interval. However, no structure was stable in the presence of fetal bovine serum(FBS),
supplemented with a nuclease. Apparently, heat inactivation of nuclease or nuclease inhibitors in

FBS was found to reduce the rate of DNA origami nanostructure degradation.

DNA origami is also reported as a molecular chip to detect the single molecule events, for example,
label-free RNA hybridization'** and single nucleotide polymorphism®*® or DNA origami surface
modified with specific surface antigens that can identify and bind to disease-related antibodies®.
A malarial protein expression was observed on DNA origami rectangle, modified with specific
antigen like DNA aptamers®3®. In such experiments, a cell lysate may be used for the hybridization
or protein-ligand binding. Qian mei et al.% reported that DNA origami are stable in cell lysate and
further recovery from gel and imaging is possible. The experiment was performed in normal and
cancer cell lysate in which the DNA origami rectangle, triangle, and cuboid shapes were stable in
all lysates and recovered, unlike the double-stranded DNA, because of the probable entangling with

cellular proteins and enzymes.

Unlike in cell lysate, Jiang et al.®® reported that 3D DNA origami nanostructures are extremely
sensitive and exemplify almost instant degradation when exposed to 0.1 % serum. The height of
DNA origami boxes collapsed up to 80% within the short span of time and further modification of
surface may be required to improve the stability under serum conditions. Apparently, DNA cage

end modification with single-stranded sequences resulted in improved stability in serum*®'.

DNA Origami is widely considered for the targeted drug delivery'® because of the possibilities to
modify the surface chemistry with specific markers and efficient loading and releasing kinetics in
liquid. The surface chemistry of the DNA origami plays a vital role in target recognition. Efficient
interaction of DNA origami with cell surface was demonstrated by Douglas et al. , who synthesized
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a DNA origami nanorobot - aptamer gated drug delivery vehicle which responses to aptamer

antigen binding and induces cancer cell growth inhibition***

. Additionally, Interaction and working
dynamics of DNA origami with a cell can be tuned in different ways. For example, lid opening of
a DNA origami box and release of the load can be controlled by external nucleic acid sequences or

140 and motion of a DNA structure can be programmed'#!, even the open/close gates to

keys
capture and release the molecules can be preplanned!#?. The interaction of DNA origami carrier
with the cell surface can be improved by modifying with hydrophobic molecules like cholesterol
moieties'* or specific growth factors ** and transferrin**® to improve the cellular uptake. Recently,
a programmed DNA origami robot*4¢147 has been developed in the research group of Ido Bachelet,
which can be stimulated and operated by electromagnetic waves to open or close the logic gates,
using complementary DNA sequences, e.g., strand displacement reaction and aptamer binding to
deliver the payload upon signal in DNA origami cargo. Since the stability of DNA origami in
cancer cell lines has already been studied, all the modifications abovementioned would end up in

improved recognition, internalization, and degradation of DNA origami by nucleases within a short

span of time.

Apart from the stability of DNA origami nanostructures, DNA tetrahedron have also been studied
under denaturing conditions. Walsh et al. utilized the stability of DNA tetrahedra., 1 as a cargo
for drug delivery and in vivo imaging. DNA tetrahedra were monitored for structural integrity
inside the live mammalian cell using FRET measurements. The structures were intact and stable
up to 48 hours. Importantly the DNA tetrahedra do not require the transfecting agent to get inside
the cell. The ability to transfect the fluorescent molecule loaded DNA cargo was demonstrated with
high yield and persistence. Contrary to the protection of DNA origami or nanostructure surface
with chemical moieties, a stable DNA tetrahedron in nuclease*® was reported by Keum Et.al., in

which the binding affinity of nonspecific nucleases was inhibited by rational designing of the
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structure. Branched geometry or curvature in a DNA structure would inhibit the recognition of
DNases and reduce the rate of digestion. This ability to withstand the enzymatic digestion can be

a cumulative effect of several factors including DNA sequence, geometry, and size.

Some recent studies have attempted to increase the stability of DNA origami nanostructures using
various coatings, including lipid bilayers™, virus inspired encapsulation!®, various
polymers,1®1152152-134 and proteins. 1% Coating of the DNA origami nanostructures with these
materials resulted in restricted accessibility of enclosed cargo,'®! as well as increased DNA origami
resistance against DNase digestion, 2015215315516 |o\w-salt conditions, >3 and high electric field

pulses. >,

1.7.3 Physico-chemical factors

Thermal denaturation is a standard experimental procedure to calculate the melting temperature of
a DNA sequence where hydrogen bonds between bases, hydrogen bonding between the phosphate-
sugar backbone and surrounding water molecules, stacking interactions between aromatic rings are
broken. Melting behavior of the duplex or unwinding is dependent to increment in temperature
which differs with the composition of bases, for example, AT base pair has lower melting
temperature than GC base pair'®’. In addition to it, the ionic strength of the buffer, length of the
DNA duplex and G-C content determines the stability of the DNA duplex 1°. DNA origami has
several segmental crossovers by staples and inhomogeneous composition of bases. Since the
individual melting temperature of the staple sequences falls between 30°C to 90°C, it is not possible

to generalize the melting behavior of the whole DNA origami structure. It differs between shapes.

Maintaining the structural integrity of the DNA origami may pose significant limitations regarding
their applicability in biophysical and biochemical studies. Typically, DNA origami is assembled in
TAE buffer supplemented with moderate concentrations of Mg?* ions to screen the electrostatic
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repulsion between neighboring double helices. Deviations from these buffering conditions can have
devastating effects on the DNA origami, ranging from aggregation to shape distortions to total
structural collapse®*°>1>°, Thus, a number of recent studies have investigated the stability of
different DNA origami nanostructures under various application-relevant conditions.%%
Especially the article from Kim.et.al.,.> showed surprising DNA origami stability under harsh
conditions such as high temperatures and pH values, when DNA origami is heated in dry state, the
decomposition begins only at 230°C , DNA origami triangles are stable in the presence of hexane,
ethanol, and toluene organic solvents up to 24 hours. The deionized water damages the DNA
origami because of the absence of cations in solution. Low pH denatures the DNA whereas the
structural integrity can be maintained up to pH 11. Under highly oxidative conditions, the DNA

origami structure maintained its integrity even at 15 minutes exposure time of UV/ozone %.

Wang et al. studied the effect of parameters on DNA origami structure that involve in protein
crystallization processes such as cationic strength, pH, protein precipitants, and type of the
buffering agent. When the DNA origami was synthesized in four different protein crystallization
buffers of lysozyme, thaumatin, human serum albumin, catalase, the DNA origami structures were
stable only in catalase protein crystallization buffer. In Na* containing buffer, the synthesis of DNA
origami was not affected, but in the case of Ca?*, K*, NH4*, DNA origami was not formed.
Additionally, the synthesis was not affected by Tris, HEPES, PEPES, MES buffering agents and
precipitating agents like alcohols and polymers. Except for the pH 4, the DNA origami synthesis

was successful up to pH 10.

Isothermal folding is an advancement in temperature mediated folding of DNA origami
nanostructures. Since it is necessary to do subsequent annealing to incorporate temperature

sensitive functional moieties on DNA origami, an alternative was proposed by Jungmann et.al., 1%
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in 2008 and followed by Kopielski et al., 16! that formamide mediated one pot folding is possible.
Serial dilution of the concentration of formamide-based folding buffer by dialysis efficiently
annealed a stable DNA origami structure. Moreover, the same experimental procedure was further

improved to fold at room temperature without dialysis'®2.

1.7.4 Mechanical stability

DNA origami has been used in optical tweezers!93164165 Since the arrangement of holiday junctions
in DNA origami structure determines the stability of the internal cavities of DNA origami , the
structure may break when the force applied from one or both the ends of a DNA origami. On the
other hand, rational designing of DNA origami nanostructures may help to overcome the
restrictions in force measurements of, for instance DNA-protein interaction. Nickels et.al.,'®
constructed a nanoscopic force clamp using DNA origami nanostructure to study the TATA
binding protein induced bending in DNA which is relatively a difficult approach due to the long
tethers in conventional spectroscopy measurements. The stiffness of a molecular linker is another
critical problem that can be solved using a rigid rod-like DNA origami nanostructure in single
molecule spectroscopic experiments, for example, in protein conformation dynamics studies. When
sub-nanometer ranged changes in protein confirmation is being recorded, the signal to noise ratio
at low force regions can be affected by floppy DNA linkers. Emanual et al.,'®® demonstrated the
stiffness of DNA origami using six, eight, ten and twelve DNA origami bundles. The hopping
signatures between the unfolding and refolding are discriminable in the presence of DNA origami
linkers whereas in conventional ds DNA linker it is not due to the low force to noise ratio. The
noise suppression can be greatly achieved with the helix bundles with several binding motifs to

beads.
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Shrestha et al., *%’. Demonstrated that DNA origami tubes are mechanically more stable than
pyramids and tile structure. After the DNA origami nanostructures were tethered to polystyrene
beads using optical trapping method, DNA origami were stretched longitudinally to observe the
rupture transitions depends on force range. Lower force range provides reversible rupture
transitions, and high force range gives irreversible rupture. Irreversible rupture at low force range
is concluded to the stability of holiday junctions in the DNA origami. For example, Nano tiles
behave like longitudinally stretched nanotube at high force range which eventually shows
irreversible rupture. The most stable structures are 3D nanotubes with the property of distal
Holliday junctions come closer and form the isomerization transition upon stress. Due to the open
2D structure, Nano tiles and Nanopyramids exhibit week stability when the force applied
longitudinally. 2D structures do not comply with the movement of holiday junction and end up in
breakage of immediate holiday junction close to the stress axis. Moreover, no mechanical transition
or intermediates were observed for nano tiles and pyramids due to their planar and pyramidal
symmetry or absence of circular geometry like tubes. Importantly, stretching axis did not change
the property of Holliday junctions when the force applied. At high force transition, horizontal
pulling shows higher stability than the longitudinal pulling. Because of the availability of layer by
layer disassembly in longitudinal stretching and several intermediates were observed during the

disassembly process, which shows the less stability when compared to horizontal stretching.

Anchoring a DNA origami tube on a substrate by a single link or multiple links may express high-
level resistance to the stress in angular or torsional motion because of the available Holliday
junctions in circular symmetry to resist the breakage. On the other hand, DNA origami has been
considered as a right tool for the construction of nanorobots and rotors which demands bending
and torsion. With DNA 6 helix and four-helix bundles, Ralf Seidel et al.,*®® demonstrated the

torsional and bending rigidity by using optical tweezers. With better bending rigidity compared to
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the double-stranded DNA, the torque rigidity is weak and very close to that of double-stranded
DNA by buckling in the same fashion after specific torque is applied, maybe because of stacking
interaction between bases. To overcome the torsional restrictions in the DNA origami
nanostructure, Zhao et al.,®® designed a DNA origami structure with tunable torsional angles by
using a ssDNA sequences as a connector between two sides. Lesser the sequences length, higher
the torsional angle with less stiffness, the torsional angle between the two parts could be adjusted

to the length of DNA sequence.

1.8 DNA origami for molecular patterning

1.8.1 Surface-assisted hierarchical assembly

Initially, the purpose of the invention of DNA nanostructures was to create a periodic lattice for
protein arrays using addressable spaces. Using sticky end ligation strategy, Liu et al.,>® first
demonstrated the assembly of 2D crystal-like lattice with seeman tiles where the basic tile structure
was modified with multiple sticky ends in every side and thermally annealed over days to create a
lattice. Even though this approach is not the best way to create a perfectly assembled lattice over a
large area, maximum of the 10um sized lattice was obtained. Importantly physical stress on DNA
origami when it grows into the large lattice, limitation in periodicity and size, number of defects
and complex protection strategies in solution based sticky end ligation, makes it hard to use in

conventional molecular patterning approach.

Woo et al.,%* presented an alternative approach to create a checkboard like DNA origami lattice
with rectangular DNA origami structures using blunt-end stacking interaction on mica. This

approach consists three steps,

27



1. The DNA origami were deposited on mica surface using 12mM Mg?* containing 1X TAE
buffer. After adsorption, the DNA origami are immobile on mica surface due to the strong
binding of DNA origami to mica surface.

2. 700mM NaCl was added to the buffer, and the sample was incubated for 4 hours at 40 °C.
The monovalent cation was used to diffuse through the bridging layer between mica and
DNA origami to weaken the binding so that the DNA origami become mobile on the
surface. The mechanism of lattice formations was described in two steps such as
immobilization of DNA origami on the surface by strong DNA to mica binding and
diffusion of DNA origami by weak DNA to mica binding. This can be efficiently achieved
by adjusting monovalent cation concentration to divalent cation concentration ratio in the
reaction buffer.

3. After the lattice was formed, the diffusion of DNA origami was stopped by adding 1mM
Ni 2* and gradually the NaCl concentration in the buffer was replaced by 12mM Mg?*.
Ni 2* was used to stop the mobility of DNA origami on mica surface since Ni ?* binds

DNA to mica stronger than Mg?".

In surface assisted crystal like an assembly of DNA origami nanostructures, Rafat et al., ® studied
the effect of monovalent cations further in detail with regular noninteracting DNA origami triangle,
rectangles and blunt end stacking cross tile structures. Noninteracting DNA origami triangle and
rectangles organize into large-scale lattices in the presence of Na* cation. Depends upon the
symmetry of shape in DNA origami, the quality of the lattice differs. For example, the number of
point defects is very less in triangular DNA origami than in long rectangle and cross tiles. Twist
corrected cross-shaped tiles also assemble into very large lattices by blunt end stacking. 200mM
NaCl in 1X TAE/MgCI. buffer was used in this approach to induce the mobility of DNA origami

on mica surface. Importantly, NaCl concentration more than 200mM resulted in the loosely packed
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lattice and DNA origami desorption from the surface. In the case of twist corrected seeman tiles,
after the DNA origami adsorption, the mica surface was incubated overnight with the solution of

1X TAE buffer/12.5 mM Mg?* and 400 mM Na* to improve the crystal formation.

Another important strategy using lipid bilayer assisted micrometer-sized crystal like assembly of
DNA origami structures was studied by Suzuki et al., 5. A mica supported zwitter ionic lipid
bilayer was used to create blunt end staking and close packing mediated self-assembly of DNA
origami lattices. The interaction of DNA origami on lipid bilayer was found to be weaker than on
mica surface which promotes the diffusion of DNA origami laterally in the presence of high Na*
concentration. The authors highlighted the real-time observation of DNA origami adsorption,
diffusion, defects filling and desorption of DN origami at high Na* concentration during the
formation of the lattice. To improve the periodicity and reduce the stacking interaction, additional
poly T sequences were introduced in the twist corrected cross tiles which ultimately reduced the

number of defects in the lattice.

1.8.2 Directed adsorption of DNA origami on surfaces

Patterning of DNA molecules into microarrays has already been studied for the purpose of genome
mapping and gene expression using fluorescent labeling techniques®’. Precisely positioned whole
gene sequences may have an advantage of simultaneous analysis of multiple gene targets. In that
context, Gad et. al., demonstrated a conventional lithography approach to stretch a lambda DNA
molecule on mica by molecular combing . In the case of DNA origami, it is used as a mask or a
substrate to create patterns. Gallego et.al, 1’? reported that a DNA ink on gold substrates can be
attached using a pattern on DNA origami with thiol sequences. When the DNA origami substrate
that carries the sSDNA linkers or ‘DNA ink’ is denatured using NaOH, the available pattern on the

gold surface can directly be further modified with gold nanoparticles.
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A simple approach to create DNA origami patterns on a surface using thiolated DNA origami tubes
was demonstrated by Ding et.al.,}”® The end-thiolated DNA six-helix bundles connect the gold
islands prepared by e-beam lithography, after overnight incubation and create the pattern according
to the position of gold islands. Gao et.al., *’* reported a protocol to create well-ordered DNA rafts
on substrates. e-beam lithography assisted patterns on PMMA was first created and further
functionalization of APTES anchor pads on patterns help in precise adsorption of DNA molecules

on the patterns.

Gerdon et.al., 1'° studied selectivity and control in DNA origami adsorption which is an important
criterion in lithographic approach. DNA origami was adsorbed on carboxylic acid and hydroxyl
group-terminated SAMs on gold surface patterns. The carboxylic acid-terminated surface results
in better immobilization than the hydroxyl-terminated SAM. The DNA origami surface was further
utilized to specifically deliver gold nanoparticles by hybridization. Kershner et.al,*’® reported a
method to add more specificity in placement and orientation of DNA origami adsorption on
surfaces. Using trimethyl silyl as a template layer, hydrophobic background and hydrophilic
binding sites were created using oxygen plasma cleaning. The yield of single origami bound and
oriented was 88%. Gopinath et.al.,'’” demonstrated a detailed study on the placement of DNA
origami on SiO; substrates. typically, few crucial factors such as the influence of DNA origami
concentration, MgCl, concentration, and pH in DNA origami orientation is reported. Importantly
Gopinath et.al., 18 successfully used the precision in positioning DNA origami nanostructures in
photonic crystal cavities to vary the emission intensities for the hybrid nanophotonic device

manufacturing.
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2. Structural stability of DNA origami nanostructures

In the presence of chaotropic agents

2.1 Introduction

DNA origami represent powerful platforms for applications in nanotechnology, biophysics, and
structural biology, single-molecule investigations of biomolecular processes. Among many
potential applications of DNA origami as nanoscale platforms,%8-71179180 they are particularly
attractive to monitor triggered conformational changes'®-:*82 in single biomolecules.'®3-18 One very
prominent example of such conformational changes are protein folding studies using single-
molecule Forster Resonance Energy Transfer (SmFRET).18218-188 protein immobilization on
DNA origami would allow for the investigation of protein subpopulations and conformational
dynamics of complex and heterogeneous protein folding scenarios such as folding networks as well
as the study of distance-dependent protein-folding effects; folding scenarios that are otherwise

extremely hard if not impossible to address.

A critical factor to consider when conducting protein conformation dynamics studies on DNA
origami substrates is the exposure of the protein-decorated DNA origami to chaotropic denaturants.
Biological macromolecules are structurally stabilized by the interface called hydration shell or
solvation shell around them in water. Chaotropic agents disrupt this hydration shells by breaking
hydrogen bonds, Van der Waals interactions and introduces the core structure to water molecules
that weakens, destabilizes the hydrophobic effect 81%° and promotes denaturation. However, urea
and GdmCI may also interfere with DNA in a similar way as with proteins by disrupting native
hydrogen bonding or hydration shells, of which both are crucial for double-stranded (ds) DNA

formation.®! Consequently, exposure of dsDNA to urea or GdmCI may induce denaturation of the
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duplex. Indeed, it was shown that the melting temperature (Tm) of genomic dsDNA decreases
linearly by 2.25°C per molar increasing urea concentration.*®?> Nevertheless, the effect of urea and
GdmCl on the stability of more complex DNA structures like DNA origami has to date not been
investigated, and the question boils down to whether DNA origami maintain their structural

integrity as molecular breadboards in the presence of high concentrations of chemical denaturants.

Therefore, we have exposed 2D DNA origami triangles as designed by Rothemund?® to buffers
containing different concentrations of urea or GAmCI and monitored their structural integrity in
dependence of temperature. These triangular DNA origami are structurally more rigid than many
other 2D DNA origami designs and feature only a few exposed base pairs which reduce their
tendency to aggregate.*® The DNA origami triangles thus represent well-suited platforms for
single-molecule experiments.”384193-197 Melting curves analysis by fluorimetry to report on global
melting of DNA origami and atomic force microscopy (AFM) were employed to visualize
nanoscale alterations in the DNA origami superstructure. We find that the DNA origami are stable
at room temperature in both denaturants at concentrations as high as 6 M. At elevated temperatures,
however, DNA origami degradation is observed with the bridging staples that connect the
trapezoidal domains being most susceptible toward denaturant attack. Importantly, our results
reveal that the structural integrity of DNA origami depends crucially on variations in melting
temperature of the individual staple strands. Therefore, the global melting temperature of the DNA
origami as measured by bulk fluorimetry does not represent an accurate measure of DNA origami
stability. By rational design of the arrangement and lengths of the individual staple strands used
for the folding of a particular shape, however, the structural stability of DNA origami may be
tailored toward specific applications. Considering their stability at room temperature, the triangular

DNA origami can be readily employed as platforms in the study of biomolecular processes that
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rely on the presence of chaotropic denaturants, e.g., single-molecule protein folding studies using

urea or GAmCI as denaturing agents.

2.2 Methods

DNA origami synthesis. The triangular DNA origami were synthesized as previously described.%
Briefly, the 7249 bp long M13mp18 genome (Tilibit) was folded by thermal annealing into the
triangular shape using 208 staple strands (Metabion and Biomers) with lengths ranging from 22 to
43 nt in 1XTAE buffer (Calbiochem) containing 10 mM MgCl. (Sigma-Aldrich). After assembly,
origami were purified by centrifugal filtration (Amicon Ultra, 100K, Millipore) and washing with

1XTAE/Mg?* to remove excess staple strands.

AFM imaging. Urea and GdmCI stock solutions with four different concentrations (1 M, 2 M,
4 M, and 6 M) were prepared in 1XTAE/Mg?*. DNA origami triangles (5 nM) were incubated in
these stock solutions for 1 — 24 h at four different temperatures (23°C, 30°C, 37°C, 42°C) using a
thermocycler Primus 25 advanced (PEQLAB). After incubation, 5 uL of DNA origami sample
were mixed with 50 (1 M and 2 M denaturant concentration) or 100 pl (4 M and 6 M denaturant
concentration) of 1XTAE/Mg?" buffer and adsorbed on freshly cleaved mica for 15 minutes. Due
to the viscosity of the denaturing agents at high concentration, the samples were diluted stronger
for 4 M and 6 M concentrations and the adsorption time on mica was extended to 30 minutes. The
immobilized DNA origami were washed carefully with plenty of ultrapure water and dried in a
stream of ultrapure air for AFM imaging. The images were obtained in intermittent contact mode
with an Agilent 5100 AFM and HQ: NSC18/Al BS cantilevers (MikroMasch). For the statistical

analyses, up to 496 individual DNA origami have been evaluated for each experimental condition.

33



2.3 Results and Discussion

In the first set of experiments, the stability of DNA origami is probed in the presence of the
chemical denaturants urea and GdmCI using thermal melting analysis. To this end, a real-time
fluorimetric monitoring is set using SYBR green as a reporter dye whose fluorescence intensity is
1000-fold increased when bound to dsDNA %. This assay reports on dsDNA dissociation as a
function of temperature and thus serves as a global probe of DNA origami duplex integrity. Melting
profiles of DNA origami triangles in 1XTAE buffer supplemented with 10 mM MgClI; and varying
concentrations of urea and GdmCI are obtained. An increasing denaturant concentration leads to a
decrease in the global melting temperature (Tm). In particular, urea lowers T from 73°C at 0 M to
56°C at 6 M urea. For GAmCI, we observe an even stronger shift down to 37°C at 6 M GdmClI.
Plots of melting temperatures as a function of denaturant concentration reveal a linear decrease in
Tm with denaturant. Increasing concentrations of urea lower Tm by 2.76°C M, in very good
agreement with the reported value of 2.25°C M observed for genomic dsDNA melting in the
absence of Mg?* ions. Interestingly, GdmCI impacts the global Tm by a decrease of 5.84°C M.
From protein unfolding studies, GAMCI is known to be approximately 2 — 3 times more effective
than urea in denaturing proteins depending on the polarity of buried polypeptide residues.'*® Such
a relative effectiveness in global melting apparently also holds true for DNA origami melting by
urea and GdmCI. More importantly, the results indicate that DNA origami when exposed to 6 M
of either denaturant exhibit substantial stability at moderate temperatures (e.g., room temperature),
suggesting that DNA origami maintain their integrity also in the presence of high denaturant

concentration.

To investigate the effects of the denaturants on the structural integrity of the DNA origami at a
single-molecule level, AFM has been employed. Figure 4 shows AFM images of the DNA origami

triangles after 1 h incubation in solution at different concentrations of urea and at different
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temperatures. At 23°C, structurally intact triangles are observed for all urea concentrations ranging
from 1 M to 6 M. At 30°C incubation temperature, intact DNA origami triangles are observed up
to a urea concentration of 4 M. For 6 M urea. However, some of the DNA origami are noticeably
damaged. Although the original triangular shape can still be recognized, most of the triangles have
been disrupted at the corners (see zoomed images in the right column). At 37°C and 6 M urea, the
overall shape of the DNA origami is completely destroyed and has adopted a somewhat molten
topology that in few cases still resembles a (strongly distorted) triangular shape. Increasing the
incubation temperature to 42°C leads to further degradation of the DNA origami in 6 M urea. Under
these conditions, the formerly triangular structures appear crumpled without any similarity to the
original shape. Note that the observed structures are still composed of dsSDNA since single strands
cannot be resolved by AFM. At lower urea concentrations, however, the DNA origami are still
intact at 42°C. In the case of GdmCI (Fig. 5), we observe similar trends as for urea, i.e., the DNA
origami are stable in 1 M and 2 M GdmCI up to at least 42°C. At 4 M GdmCl, the first partially
degraded DNA origami are observed at 37°C. Although the damaged DNA origami still have their
triangular shape after exposure to GdmCI, the connections between the three trapezoids that
comprise the triangle are broken. At 42°C, some of the DNA origami cannot maintain their

triangular shape and collapse.

Interestingly, most of the collapsed structures still consist of three intact trapezoids that are still
connected to each other, similar to the type of damage observed in 6 M urea at 30°C. For a
concentration of 6 M GdmCI, DNA origami degradation already starts at 30°C. However, DNA
origami are still structurally intact at 23°C. At 37°C, all the triangles are completely disintegrated
with the trapezoids having lost their structural integrity, and the DNA origami appear shredded. At
42°C, the DNA origami have shrunken into irregular structures and appear to have lost a significant

amount of material.
35



The melting curve for 6 M urea yields a mean melting temperature of 56°C with the low-
temperature slope extending down to about 45°C. Hence, one would not expect any pronounced

effect on the DNA origami structure at incubation temperatures below 40°C.

23°C

30°C

37°C

42°C

Figure 4. AFM images of DNA origami triangles after 1 h incubation in urea at different
concentrations and temperatures. Overview images and zooms have a size of 1 x 1 and 0.2 x 0.2

umz, respectively. Height scales are 2.3 nm.%

In contrast, however, the AFM images reveal significant structural degradation already at 30°C,
although the DNA origami tend to maintain their original shape (figure 4). Most likely, this

discrepancy originates from local variations in the melting temperatures of the individual staple
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strands in the DNA origami, which have been reported to exhibit a broad distribution of melting
temperatures.’61% A significant fraction of the staple strands with the lowest melting temperatures
will, therefore, dehybridize from the scaffold already well below the global melting temperature of
the DNA origami (note the definition of the melting temperature as the temperature at which 50 %
of the duplexes have dehybridized and exist as single strands). The other strands remain largely in
place but are unable to preserve the overall shape of the DNA origami. With increasing

temperature, more staple strands dehybridize from the scaffold until the entire structure collapses.

In this context, it is particularly interesting that both denaturants seem to preferentially attack the
corners of the triangles and induce the breakage of the connections between the individual
trapezoids (cf. figures. 4 and 5). From a structural point of view, these corners have some peculiar
features*® (see inset in figure. 6) that may be responsible for this effect. First, each trapezoid is
composed of nine parallel double helices. Therefore, the corners of the triangle are the only sites
that exhibit exposed base pairs. Second, each trapezoid is connected to the other two via one
scaffold crossover and four bridging staple strands. Due to residual twist strain, each trapezoid will
adopt a curved shape in solution, so that these bridges may experience significant mechanical
stress. Third, in order to account for the different gaps between the helices of neighboring
trapezoids, three of the bridging staples feature up to three unpaired thymines. Furthermore, a
closer inspection of the bridging staples reveals that those are the shortest staples in the entire DNA
origami triangle with a (hybridized) length of 22 nucleotides (nt). Thus, these staples can be

expected to have rather low melting temperatures.

In order to further elucidate the role of the bridging staples, we have calculated the melting
temperatures of all staple strands in the DNA origami triangle using the DINAMelt web server?®

in the absence of denaturants. For simplicity, each staple strand has been treated as a single
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continuous hybridization domain in these calculations. In the assembled DNA origami, however,
each staple strand consists of at least two independent segments that hybridize with spatially

separated complementary sequences of the scaffold.

23°C

30°C

37°C

42°C

Figure 5. AFM images of DNA origami triangles after 1 h incubation in GdmCI at different
concentrations and temperatures. Overview images and zooms have a size of 1 x 1 and 0.2 x 0.2

umz, respectively. Height scales are 2.3 nm.%

The resulting T distribution in figure. 6, therefore, represents only a coarse approximation which
agrees surprisingly well with the fluorimetric melting curve®. Indeed, figure. 6 reveals that while

virtually all trapezoid staples have calculated melting temperatures between 45°C and 85°C, four
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of the twelve bridging staples have melting temperatures below 45°C with the lowest melting
temperature being only 32.6°C. These calculations support our observation that the denaturants

first compromise the stability of the corners of the triangles before degrading the trapezoids.

m I
O ] -
C —
o
!.3_ -
O
O -
O —
0 - -|-|-|-' ¥ _l_l
30 40 50 60 70 80 90
7 (°C)
m

Figure 6. Melting temperature distributions of the trapezoid (grey) and bridging staples (red),
respectively. The inset schematically shows the folded scaffold (black) in the triangular DNA

origami and highlights the positions of the 12 bridging staples (red). %

In comparison to the distribution in figure. 6, narrower Tm distributions were previously reported
for a rectangular DNA origami design.’®21% In particular, no staple strands with melting
temperatures below 50°C were identified in the rectangular DNA origami. Therefore, we speculate
that these rectangular DNA origami exhibit a sharper denaturation transition at higher temperatures

than the triangles. On the other hand, our results suggest that the stability of the DNA origami
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triangles in the presence of urea and GdmCI can be further enhanced by the rational redesign of the
bridging staples. Statistical analysis of the AFM images allows further quantification of the
denaturant effects. Figures 7 and 8 show the relative occurrence of intact, structurally
compromised, and heavily damaged DNA origami after incubation with urea and GdmCl,
respectively. In this context, intact refers to DNA origami with an evidently uncompromised
triangular shape. Structurally compromised refers to DNA origami nanostructures which still have
a clear triangular shape that is, however, visibly compromised, e.g., in the form of partially
disconnected trapezoids. Heavily damaged, on the other hand, refers to DNA origami that have lost
their original triangular shape as observed for instance in figures. 4 and 5 at 6 M concentration and
temperatures of 37°C and 42°C. This category also includes DNA origami fragments that are
sometimes observed even in the absence of denaturing agents. Below 6 M urea, we observe that
the vast majority, i.e., 80 — 100 %, of the DNA origami are intact, even at 42°C (figure. 4). At6 M
urea, DNA origami remain intact at 23°C while at higher temperatures, a significant fraction of
structurally compromised and damaged DNA origami is found. At 30°C, the fractions of
structurally compromised and heavily damaged DNA origami both increase to approximately 25
% each. At 37°C and 42°C, all DNA origami nanostructures are heavily damaged without any

intact or even compromised structures present.

The statistical analysis in figure. 7 reveals that DNA origami remain stable at 23°C up to 6 M
GdmCl. Nevertheless, at elevated temperatures, GAmCI damages the DNA origami at much lower
concentrations than urea. Already at 1 M GdmCI and 42°C, about 25 % of the DNA origami are
structurally compromised or heavily damaged. This tendency is further substantiated at 2 M
GdmCl, and in the presence of 4 M GdmCl, almost 50 % of the DNA origami are structurally
compromised at 37°C. At 42°C, we find almost equal fractions of intact, structurally compromised,

and heavily damaged DNA origami. The harshest condition of 6 M GdmClI results in a fraction of
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structurally compromised DNA origami peaking at 30°C, while at 37°C and 42°C, only heavily

damaged DNA origami are observed.
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Figure 7. Relative fractions of intact, structurally compromised, and heavily damaged DNA

origami after 1 h incubation with urea at different concentrations and temperatures.*®

The shift of visible DNA origami degradation to lower concentrations in comparison to urea
denaturation agrees qualitatively with the stronger decrease of the melting temperature per molar

GdmCl observed in melting curve analysis.
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Comparing the ensemble melting curves for the two different denaturants in melting curve
analysis®, we can identify a similar melting temperature T, = 57°C for DNA origami in 6 M urea

or 2 M GdmCl.
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Figure 8. Relative fractions of intact, structurally compromised, and heavily damaged DNA

origami after 1 h incubation with GdmCI at different concentrations and temperatures.®®

Hence, one would expect that the DNA origami exhibit also a similar degree of structural
degradation at these conditions. However, both, the corresponding AFM images in figures. 4 and

5 and the statistical action. In the case of 6 M urea, incubation at 37°C results in the complete
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destruction of all DNA origami nanostructures in the sample (figure. 7). For 2 M GdmClI at the
same temperature, however, more than 70 % of intact origami are observed (figure. 8). The reason
for this enhanced structural stability in the stronger denaturant may originate from the ionic nature

of GdmCI which, at such high concentrations, could stabilize the superstructure of the DNA

origami.
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Figure 9. Relative fractions of intact, structurally compromised, and heavily damaged DNA

origami after incubation with 6 M urea and GdmCl, respectively, at 23°C and increasing incubation

times.%

In above experiments, the DNA origami remained largely intact even at denaturant concentrations
of 6 M at 23°C temperature. To evaluate their long-term stability under these conditions, we have
extended the incubation times up to 24 h . In the case of 6 M urea, the relative fractions of intact,
structurally compromised, and heavily damaged DNA origami remain constant also at longer
incubation times, with the fraction of intact DNA origami fluctuating around 85 % (figure. 9). For
incubation with 6 M GdmClI, however, the fraction of intact DNA origami decreases from 97 %
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after 1 h incubation to 78 % after 6 h. Longer incubation times result in a saturation of the fraction
of intact DNA origami saturates at about 73 % (figure. 9). Although these results show that the
GdmCl attack occurs on a rather long-time scale, the vast majority of DNA origami nanostructures
remains intact also for extended periods of time, thereby enabling long-term experiments with

DNA origami substrates under strongly denaturing conditions.

2.4 Denaturation of biotin-streptavidin complex on DNA origami

The biotin-streptavidin?®t complex is the strongest interaction known in molecular biology. Due to
their high resistance to temperature?®22%4 mechanical stress?®2%, denaturing agents induced
denaturation?®-2%°,  streptavidin-biotin complex has been widely used in chemical and
biotechnological applications®!, e.g., surface coating for immunoassays. As a proof of concept that
our experimental finding of DNA origami can be used as a platform for controlled denaturation of
biomolecules in the presence of denaturing agents, an experiment was designed to study the
chaotropic agent-induced denaturation of the biotin-streptavidin complex on DNA origami using

6M GdmCl.

DNA origami were synthesized*® with three additional biotinylated staples ( 5'-(GCC)5-3' attached
to tlsdi, t1s24i, t1s14i ) . After purification, 30nM DNA origami in 1XTAE was incubated
overnight with 300nM freshly prepared streptavidin in the same buffer. To quantify the yield of
streptavidin bound biotinylated DNA origami, the sample was then adsorbed on mica and imaged
under AFM. Figure 11 shows the AFM image of streptavidin functionalized DNA origami triangle
at three positions. Minimum 200 origami were count for the statistical analysis of biotin-

streptavidin complex on DNA origami and 97% streptavidin functionalization was achieved.
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Figure 11. AFM image of streptavidin modified DNA origami triangles at three positions Image

has a size of 3 x 3 um2. Height scale is 4 nm.

In the second step, without filtering the excess of streptavidin, three identical working solutions
were prepared to study the time-dependent denaturation of the biotin-streptavidin complex at room

temperature. 5nM DNA origami was mixed with 6M GdmCl in 1XTAE buffer and incubated at
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room temperature. At three-time intervals (1 hour, 2 hours, 12 hours) samples were adsorbed on

mica and imaged under AFM for statistical analysis.

Gonzalez et al.,2%%2% reported that, during thermally induced denaturation, the individual melting
temperature for unliganded streptavidin in phosphate buffer is 73°C . Upon binding and fully ligand
saturation, biotin increases the melting temperature of the streptavidin to 112°C. The maximum
temperature that we can use in our experiment to maintain the increased percentage of intact
origami is room temperature. However, due to the high stability, the streptavidin-biotin complex
remained undisturbed even at 6M GdmCI concentration. The percentage of streptavidin bound

DNA origami after 1 hour, 2 hours and overnight treatment with 6M urea is 90 %, 90.66%, 88 %

respectively.

Figure 12. AFM images of DNA origami triangles after 1 hour, 2 hours, 12 hours incubation in

6M GdmCl at 23°C. Overview images have a size of 1.1 x 1.1 um2. Height scales are 3 nm.

Figure. 12 shows the AFM images of 6M GdmCl treated biotin-streptavidin modified DNA origami
triangles at different time intervals. Only at 1 hour, 6 % percentage denaturation of the biotin-
streptavidin complex was observed (figure 13). This trend did not increase even after the overnight

treatment.
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Figure 13. Yield of bound streptavidin per biotin on DNA origami after 1 hour, 2 hours, 12
hours incubation with 6M GdmCl at 23°C.

However, the origami were found intact along with the biotin-streptavidin complex. One possible
experimental approach in this path is to introduce further entangling of temperature sensitive or

denaturant sensitive proteins on the biotin-streptavidin complex for denaturation studies.

2.5 Conclusions
In summary, we have investigated the stability of the triangular DNA origami design by

Rothemund*® in the presence of two chaotropic denaturants by fluorimetry and AFM. Exposure to
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both, urea and GdmCI, leads to a reduction of the melting temperature of the DNA origami. For
urea, we observed in ensemble experiments a reduction by 2.76°C M, while GdmCI leads to a
reduction by 5.84°C M. Strikingly, a comparison of the fluorimetry and single-molecule AFM
data showed that the global melting temperature is not an adequate measure of the DNA origami’s
structural integrity. The latter strongly depends on the distribution of the melting temperatures of
the individual staple strands. For the DNA origami triangle, we found that the bridging staples
connecting the trapezoids have comparatively low melting temperatures and thus are particularly
sensitive toward denaturant attacks. The dehybridization of those bridging staples leads to the
collapse of the triangular shape with the trapezoids remaining largely intact. Thus, pure ensemble

melting curve measurements tend to overestimate the stability of the DNA origami nanostructures.

At a given temperature, different degrees of structural damage were observed for urea and GdmCl
concentrations that result in almost identical melting curves. Although GdmCI has a stronger effect
on the global melting temperature, its attack results in less structural damage than observed for

urea, indicating a structural stabilization due to its ionic nature.

At concentrations up to 6 M, the triangular DNA origami are stable for at least 24 h in both
denaturants at room temperature. At 4 M concentrations, the window of stability extends to
temperatures between 30°C and 37°C, while at 2 M concentrations, the DNA origami remain
largely intact up to temperatures of 42°C. DNA origami stability may, however, be further
enhanced, for instance by photo-cross-linking?!! or by the rational redesign of the bridging staples
toward higher melting temperatures. Hence, the compatibility of DNA origami nanostructures with
high concentrations of denaturing agents qualifies them for numerous applications including

single-molecule protein folding studies.
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3. Cation-induced stabilization and denaturation of
DNA origami nanostructures in urea and guanidinium

chloride

3.1 Introduction

In the previous chapter, we have investigated the stability of DNA origami nanostructures in the
presence of the denaturing agents urea and guanidinium chloride (GdmCI).% Interestingly, we
found that the global melting temperature of DNA origami triangles decreases linearly with
increasing denaturant concentration, in excellent agreement with studies on genomic DNA 22
However, the integrity of the nanostructure was more susceptible toward environmental conditions
than their melting curves suggested. In particular, GAmCI was found to have a strong effect on the
global melting temperature whereas its attack resulted in less structural damage than observed for

urea under comparable conditions.*

The interaction of urea with nucleic acids is well studied and involves stacking interactions and
hydrogen bonding of urea with the nucleobases, resulting in a reduction of the melting temperature
Tm. 191212215 | ess is known about DNA denaturation by GdmCI which has mainly been investigated
with regard to its effect on protein structure.!%®216-21% |n general, GdmCI is often a more potent
denaturant than urea.'®®2!" Due to its ionic nature, however, the denaturation efficacy of GdmCl
depends strongly on electrostatic interactions with the biomolecule and is thus sensitive toward
molecular structure and the ionic strength of the buffer medium.?'%2!" This suggests that ionic
strength may play a pivotal role in modulating the denaturation effect of urea and GdmCI on DNA
origami nanostructures. In this chapter, we therefore investigate the effects of cation concentrations

on DNA origami denaturation by urea and GdmCl. We find that increasing Na* and Mg**
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concentrations lead to a structural stabilization of the DNA origami nanostructures in urea.

However, surprisingly, both cations promote DNA origami denaturation by GdmCI.

3.2 Methods

Buffer solutions

A stock of 1 M Tris acetate (TA) buffer (pH 8.0) was prepared by dissolving Trizma base (Sigma
Aldrich) in HPLC-grade water (VWR) and adjusting the pH to 8.0 using 100 % glacial acetic acid
(Merck). 7 M urea (Amresco) and 4 M GdmCI (Amresco) working solutions were prepared with
different NaCl and MgCl> (Sigma Aldrich) concentrations in 40 mM TA buffer. To avoid volume
restrictions, urea and GdmCI stock solutions with 2.7 M NaCl and 2 M MgCl. were prepared and

diluted with cation free buffer to yield lower concentrations.
DNA origami synthesis

Triangular DNA origami nanostructures*® were synthesized as described previously® from the
single stranded M13mp18 genome (Tilibit) and 208 staple strands (Metabion). Thermal annealing
was performed in 40 mM TA buffer containing 10 mM MgCl,. The resulting triangular DNA
origami were spin filtered (Amicon Ultra, 100K, Millipore) in 40 mM TA buffer containing 10 mM

Mg?* and 200 mM Na*, respectively, to remove excess staple strands.
AFM imaging

DNA origami were mixed with 7 M urea and 4 M GdmCI with different ionic strengths to yield a
final DNA origami concentration of 5 nM and then incubated for 1 hour at 42°C in a thermocycler
Primus 25 advanced (PEQLAB). After incubation, 5 pL of DNA solution were adsorbed on freshly
cleaved mica with 100 pL of 1 x TAE/10 mM MgCl> for 30 minutes. The samples were then

carefully washed with plenty of ultrapure water and dried in a stream of ultrapure air. The samples
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were imaged in air with an Agilent 5100 AFM operated in intermittent contact mode using
HQ:NSC18/AL BS cantilevers (MikroMasch). A minimum of 300 individual DNA origami were

analyzed at each condition for statistical evaluation.

3.3 Results and Discussion

Mono and divalent metal cations are known to reduce electrostatic repulsion and stabilize
secondary and tertiary structures of nucleic acids by increasing their melting
temperature,91%8220221 Dye to the tight packing of DNA strands within DNA origami
nanostructures, cation-mediated screening of electrostatic repulsion between neighboring helices

is of particular importance to maintain structural integrity.
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Figure 14. Calculated melting temperature of a representative staple strand (t-5s6e,
GTGTGATAAGGCAGAGGCATTTTCAGTCCTGA) of the DNA origami triangle as a function
of Na* (left) and Mg?* (right) concentration, respectively.??? Ty, values without denaturants have
been calculated using the DINAMelt web server.?® Addition of 7 M urea and 4 M GdmCl is
expected to result in an overall decrease of the T values by 19.3°C and 23.3°C, respectively, based

on melting curve measurements.®®
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The expected melting temperature for a representative DNA staple strand increases with increasing
Na* and Mg?* concentrations (figure.14), while typically the stronger stabilizing effect of Mg?*
results in a similar Tr, increase at 10-fold lower concentrations.??! Based on our previous work, the
global melting temperature of DNA origami nanostructures dropped by 2.76°C M and 5.84°C M-

! for urea and GAdmClI, respectively (figure.14).%

Consequently, in the absence of any additional effects, the denaturants would only lead to a
reduction of the melting temperature values but not affect the general concentration dependencies
(figure.14). However, we have found previously that global melting temperature analysis does not
represent an accurate measure of DNA origami integrity and overestimates their structural

stability.%®

Nanostructural analysis, on the other hand, reports on DNA origami superstructure integrity and is
able to detect environment-related structural effects.®>93% Therefore, in this work, we carefully
investigate the effect of NaCl and MgCl. on triangular DNA origami nanostructure stability using
atomic force microscopy (AFM). In order to ensure precise control of the Na* and Mg?*
concentrations, all experiments were conducted in Tris-acetate buffer (pH 8.0) without

ethylenediaminetetraacetic acid (EDTA).

In a first set of experiments, we increased the NaCl and MgCl> concentrations while incubating the
triangular DNA origami in 7 M urea for 1 h at 42°C, close to but below the global melting
temperature.®® AFM analysis (figure.15) reveals that at low ionic strength (200 mM NaCl or
20 mM MgCly), this treatment leads to almost complete denaturation of the DNA origami in
accordance with our previous experiments.® Increasing the cation concentrations results in gradual
nanostructure preservation. At 600 mM NaCl or 60 mM MgCl., most DNA origami have a well-
defined albeit damaged triangular shape. Further increase of the ionic strength to 1000 mM NaCl
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or 100 mM MgCl; leads to additional stabilization with the majority of DNA origami remaining
intact. In a statistical analysis of the AFM images, we quantified the fraction of structurally intact
DNA nanostructures for each experimental condition. In this context, “structurally intact” refers to

DNA origami triangles without any discernible distortions, holes or broken corners.

200 mM NaCl 400 mM NaCl 600 mM NaCl ) 800 mM NaCl 1000 mM NaCl 1500 mM NaCl

Figure 15. AFM images of DNA origami triangles after 1 h incubation at 42°C in 7 M urea and
different concentrations of NaCl (upper row) and MgCl2 (lower row). Images have a size of

1 x 1 pm2 and height scales are 2 nm.???

As can be seen in figure.16, the fraction of intact DNA origami remains at 0 % until a rather sudden
increase is observed at 800 mM NaCl or 60 mM MgCl., respectively. At first glance, this sudden
increase seems contradictory to the expected behavior from the calculated melting temperatures in
figure.14. However, the integrity of a DNA origami nanostructure is determined not by its global
melting temperature but rather the distribution of melting temperatures of all staple strands, and in
particular a few weak staples.®® Therefore, while the DNA origami appear less and less damaged
with increasing NaCl or MgCl. concentrations, completely intact DNA origami can be observed
only at concentrations which result in the vast majority of staple melting temperatures being above

42°C. According to Figure 16, this transition occurs at ~1000 mM NaCl or ~100 mM MgCly,
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respectively. At higher cation concentrations, the fraction of intact DNA origami nanostructures
appears to saturate at around 80 %, in agreement with our previous results where we rarely
observed 100 % intact DNA origami even at much lower urea concentrations.®® We attribute this
intrinsic damage to the comparatively harsh washing conditions that are required to remove the

rather viscous urea solutions from the mica surface.
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Figure 16. Relative fractions of structurally intact DNA origami triangles after treatment with 7 M
urea in the presence of different concentration of NaCl and MgCl». For each data point, 3 AFM

images with 300 — 500 individual DNA origami triangles were analyzed.???

In a second set of experiments, we used 4 M GdmCl instead of 7 M urea and incubated the DNA
nanostructures again at different NaCl and MgCl. concentrations for 1 h at 42°C. Nanostructural
analysis using AFM reveals that the DNA origami triangles are comparatively stable in 200 mM
NaCl or 20 mM MgCl. (figure.17), which is again in good agreement with our previous
observations.®® However, an increase of the ionic strength is leading to more and more damaged
DNA origami structures, which is in huge contrast to the behavior observed in urea. At 400 mM
NaCl or 100 mM MgCly, the vast majority of DNA origami triangles already appear broken and
denatured. This trend further continues until all the triangles are completely denatured at 2000 MM
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NaCl or 800 mM MgCl,. The destabilizing effect of the cations further depends on the GdmCl
concentration. In 2 M GdmCl, where more than 60 % of the DNA origami remain intact at low
cation concentrations,®® we still observe 56 % of intact DNA origami even in the presence of 2000
mM MgCl> . This may indicate that the destabilizing effect of the cations becomes relevant only at
temperatures close to the global melting temperature of the DNA origami nanostructures (58°C in

2 M GdmCl vs. 48°C in 4 M GdmClI according to our previous results).%

200 mM NaCl 400 mM NaCl 600 mM NaCl 800 mM NaCl 1000 mM NaCl 2000 mM NaCl

Figure 17. AFM images of DNA origami triangles after 1 h incubation at 42°C in 4 M GdmCl and

different concentrations of NaCl (upper row) and MgCl. (lower row). Images have a size of

1 x 1 um?2 and height scales are 2 nm.??2

These inverse dependencies of DNA origami stabilization vs. denaturation by urea and GdmCI on
ionic strength are indicative of fundamentally different mechanisms of action. This is reflected also
in the structural differences of the denatured DNA origami nanostructures. While denatured DNA
origami have a molten appearance in urea (figure.15), they appear rather shredded in GdmCl
(figure.17). The statistical analyses further reveal differences in the efficiencies of the two ions to
stabilize and destabilize the DNA origami, respectively (see figures.16 and Fig.18). In order to

achieve a similar degree of DNA origami stabilization in urea, about ten-fold excess of NaCl over
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MgCl> is required (figure 16), in agreement with the calculations shown in Fig.14. However, as
can be seen in Fig.18, the destabilizing effects of both ion species in the presence of GdmCI are
more similar. In particular, 36 % of intact DNA origami are observed at 200 mM NaCl and 31 %
at 100 mM MgCl>. Similarly, 100 % denaturation in 4 M GdmCI happens at 1000 mM NaCl or
400 mM MgCl.. This mere two-fold higher denaturation efficacy of Mg?* indicates that it is not

the ionic species that affects DNA origami denaturation by GdmCI but rather ionic strength.

In aqueous solution, GAmCI dissolves into Gdm® and CI. Although its interaction with
biomolecules is still far from understood, Gdm™ has been shown to form contacts not only with
polar and negatively charged groups, but also hydrophobic and even positively charged molecular
species.?!821% Consequently, Gdm™ can mask any charged surface available on a biomolecule and
reduce stabilizing inter- or intramolecular electrostatic interactions.?!® Due to the extraordinarily

high density of negative charges in DNA origami nanostructures, it appears likely that Gdm™*
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Figure 18. Relative fractions of structurally intact DNA origami triangles after treatment with 4 M
GdmcCl in the presence of different concentration of NaCl and MgCl.. For each data point, 3 AFM

images with 300 — 500 individual DNA origami triangles were analyzed.???
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cations interact with the appears likely that Gdm™ cations interact with the negatively charged
phosphates in the DNA backbone, thereby reducing the destabilizing electrostatic repulsion
between neighboring helices. In contrast, urea is a neutral molecule that does not participate in
electrostatic interactions and denatures DNA via the aromatic nucleobases.®213214 This explains
the higher stability of the DNA origami nanostructures in GdmCI at low cation concentrations,
whereas much higher cation concentrations are required to achieve a similar stability in urea. This
electrostatic stabilization will most likely depend on DNA origami superstructure. Lattice-based
three-dimensional DNA origami nanostructures??>224 for instance have a dense packing of helices
and thus a high density of negative charges in their interior. Therefore, these structures may require
higher cation concentrations for efficient stabilization in urea. On the other hand, they may
withstand higher GdmCI concentrations by more efficient trapping of the Gdm™ ions between the
negatively charged helices. In contrast, wireframe-based or gridiron-like DNA origami
nanostructures??>-227 with long and well-separated stretches of single helices or thin helix bundles
will have lower charge densities than the two-dimensional DNA origami triangles investigated
here. Therefore, we expect that these structures can be efficiently stabilized in urea already at lower

cation concentrations, while stronger denaturation by Gdm* may occur.

The counterintuitive denaturation at increased ionic strength in the presence of Gdm™ may result
from a salting-out effect. Werner et al. recently observed a 30 % surface enrichment of Gdm™ in a
2 M GdmCl solution after addition of 2 M NaCl.??8 This observation was explained by a salting-
out of Gdm™ towards the hydrophobic water—vapor interface by the strongly hydrated Na* ions. In
our experiments, the base stacks of the double-stranded DNA represent similar hydrophobic
interfaces. Increasing Na* or Mg?* concentrations would therefore not only displace Gdm™ cations
from the backbone phosphates, but also drive them toward the stacking bases. This might lead to

destabilizing forces, for instance by a disruption of the stacking interactions and introduction of
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hydration water, which would consequently lead to a disruption of the B-DNA structure and

eventually to DNA melting.

3.4 Conclusion

In conclusion, we have studied the effect of cations on the structural stability and denaturation of
DNA origami triangles in urea and GdmCI. In 7 M urea at 42°C, we observe almost complete
denaturation of the DNA origami at low ionic strength, which is prevented by an increasing cation
concentration. Thereby, Mg?* cations are ten times more effective than monovalent Na*, which
agrees well with general observations of bivalent ion stabilization of DNA.911%8220.221 Syrprisingly,
in 4 M GdmCl, an increased cation concentration promotes denaturation of the DNA origami. This
inverse behavior can be explained by a stabilization of the DNA origami at low cation concentration
by phosphate-Gdm™* complexes and a salting-out®?® of Gdm™ to the hydrophobic base stacks of the
DNA origami at increasing cation concentrations. This effect of cation-induced DNA origami
denaturation can be potentially exploited in future applications, e.g., in selective denaturation for
purification purposes, and should be considered in experimental designs. We anticipate that future
experimental and computational studies can elucidate the molecular mechanisms of cation—-GdmCl

mediated DNA origami nanostructure denaturation.
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4. Regular Nanoscale Protein Patterns via Directed
Adsorption through Self-Assembled DNA Origami

Masks

4.1 Introduction

The introduction of the DNA origami technique by Rothemund in 2006 enabled the fabrication of
larger DNA tiles with almost arbitrary shapes*® that could be arranged into more complex lattices
either by solution-based*®°"-52 or surface-assisted®*®’ hierarchical self-assembly. A number of the
so synthesized DNA lattices have further been used as scaffolds for the assembly of protein
arrays.*>49838 various techniques for efficient protein immobilization on DNA origami
nanostructures have been reported. The most common approach utilizes the specific binding of
proteins to DNA-coupled ligands as exemplified by the widely used streptavidin-biotin
system, 4496365229231 - Alternative attachment strategies rely on different protein tags,?22%
aptamers,23*2% antibody-antigen binding,’??% and enzymatic ligation.23”2% In contrast, classic
protein patterning strategies typically utilize selective protein adsorption to fabricate highly-
ordered, regular protein patterns over large surface areas. At micron and sub-micron scales, this
can be achieved by direct printing techniques such as microcontact?*® and inkjet printing,?*° or by
lithographic substrate prepatterning, using for instance electron beam,?*! nanoimprint,*? dip

pen, 3 or colloidal lithography. 244

Recently, a number of works have reported the application of DNA origami nanostructures as
masks in molecular lithography. In particular, single DNA origami shapes have been transferred
into various oxide?*>24" and metallic materials’® using DNA-mediated etching and masking, 24?4

chemical vapor deposition,*® and physical vapor deposition.”® Surwade et al. furthermore
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demonstrated the fabrication of nanopatterned mixed organosilane self-assembled monolayers

using single DNA origami as masks.’’

1) 2)
S
BY-A _
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Figure 19. Experimental procedure for the fabrication of regular protein patterns. 1) A densely
packed monolayer of triangular DNA origami tiles with internal cavities is assembled on a mica
surface at high Na* concentration. 2) The monolayer is then used as a hole mask to direct the
adsorption of proteins to the exposed surface areas in the holes. By adjusting the protein
concentration and buffer conditions, the average number of proteins per hole can be varied from

single proteins to densely packed monolayers.®

In this work, we utilize ordered monolayers of DNA origami nanostructures on mica surfaces as
molecular lithography masks to direct the adsorption of different proteins. To this end, triangular
DNA origami tiles with internal cavities are assembled into densely packed hexagonal lattices in
the presence of monovalent cations (see Figure 19).%° Exposure of the masked mica surface to
negatively charged proteins in Mg?*-containing buffer then results in the directed adsorption of the
proteins onto the remaining exposed surface areas, i.e., the internal cavities in the DNA origami
tiles. By adjusting the protein and Mg?* concentrations, the protein coverage of the exposed areas
can be tuned from single proteins to densely packed protein monolayers. To demonstrate the

versatility of this approach, we fabricate regular nanopatterns of four proteins with different shapes
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and molecular weights. For the quantitative evaluation of the efficiency of this approach and the
optimization of the adsorption conditions, the single strand annealing proteins (SSAPs) Redp and
Sak which exhibit well-defined ring-like shapes are first employed. After successfully patterning
these proteins, we turn to the technologically more relevant proteins ferritin and bovine serum
albumin (BSA). Since selectivity in adsorption is achieved solely by electrostatic interactions
between protein and exposed surface, our approach is however not restricted to proteins but may

also enable the large-scale patterning of other charged molecular species or nanoparticles.

4.2 Methods

Assembly of DNA origami hole masks: Triangular DNA origami designed by Rothemund*® were
assembled as described previously ** from the M13mp18 scaffold (Tilibit) and 208 staple strands
(Metabion) by stepwise thermal annealing in 1 x TAE buffer (Calbiochem) containing 10 mM
MgCl2 (Sigma-Aldrich) using a thermocycler Primus 25 advanced (PEQLAB). After assembly, the
DNA origami triangles were spin filtered using Amicon Ultra filters with 100 kDa MWCO
(Millipore) to remove non-hybridized staple strands. DNA origami concentrations were determined

using an IMPLEN NanoPhotometer P 330.

The DNA origami samples (20 nM) were incubated in 1 x TAE/Mg?* supplemented with 200 mM
NaCl (Sigma-Aldrich) on freshly cleaved mica surfaces for 15 minutes. After incubation, the
surfaces were carefully rinsed several times with HPLC-grade water (VWR) and dried in a stream

of ultrapure air.

Protein adsorption: For protein adsorption experiments, 10 pL of Redp (prepared as previously
described®8, Sak , horse spleen ferritin (Sigma-Aldrich), BSA (Sigma-Aldrich), thyroglobulin
(Sigma-Aldrich) and immunoglobulin G (Sigma-Aldrich) in B1 buffer (200 mM KCI, 20 mM

KH2PO4, pH 6.0) supplemented with different concentrations of MgCl> were gently dropped onto
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the freshly prepared DNA origami masks and incubated for 15 minutes. After incubation, the
protein patterned surfaces were rinsed several times with HPLC-grade water and dried with

ultrapure air. Table 3 gives the molecular weight, shape, and pl of each of the proteins used for

patterning.

protein MW (kDa) shape pl

Redp 339.9 - 370.8 | split lock washer-like | 5.2
(30.9 per monomer)

GFP-Redf 635.8 — 693.6 crown-like 52-6.0
(57.8 per labeled monomer)

Sak 313.5 ring-like 5.2
(28.5 per monomer)

Ferritin ~ 900 spherical 4.4

BSA 66.5 ellipsoidal 4.7

Thyroglobulin ~ 660 globular 4.5

Immunoglobulin G | ~150 Y- shaped n.a

Table 3. Properties of the proteins used in the patterning experiments

DNA origami desorption: After BSA adsorption, the mica surface was rinsed with HPLC-grade
water and kept wet. Immediately after rinsing with water, 1 x TAE buffer (without MgCl>)
supplemented with 200 mM NaCl was dropped onto the BSA patterned surface and incubated for
30 minutes. The sample surface then was rinsed slowly with HPLC-grade water to remove unbound

DNA origami from the mica surface and dried in ultrapure air.
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AFM imaging: All AFM images were recorded in air with an Agilent 5100 AFM operated in
intermittent contact mode using HQ:NSC18/Al BS cantilevers (MikroMasch). For the statistical
evaluation of the number of proteins adsorbed in the holes of the DNA origami mask, between 400

and 745 individual DNA origami tiles have been analyzed for each condition.

4.3 Results and Discussion

4.3.1 Assembly of DNA origami hole masks

Molecular lithography masks have been fabricated from the triangular DNA origami design of
Rothemund*® by surface-assisted, cation-mediated self-assembly according to the protocol of Rafat
et al.®® The DNA origami triangle has an edge length of about 130 nm and features an internal
triangular cavity with about 50 nm edge length. Incubation of the DNA origami triangles on freshly
cleaved mica surfaces in the presence of 10 mM Mg?* and 200 mM Na* results in the formation of
an ordered, densely packed DNA origami monolayer with hexagonal symmetry as shown in the
AFM image and the corresponding two-dimensional Fourier transform in figure.20. The hexagonal
symmetry arises from six triangular DNA origami tiles joining together. Therefore, also the internal
triangular cavities display a hexagonal symmetry that in the following will be used to direct the
adsorption of proteins and fabricate ordered protein patterns. Since the adsorption of the negatively
charged DNA origami on the negatively charged mica surface is mediated by a bridging layer of
Mg?* ions, stability of the self-assembled DNA origami mask requires moderate Mg?*
concentrations also during protein adsorption. Therefore, only proteins with pl values in the acidic
pH range have been used in the following patterning experiments to ensure efficient adsorption on

the exposed, Mg?*-presenting surface areas.
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Figure 20. AFM image (a) and corresponding two-dimensional fast Fourier transform (b) of the

molecular lithography mask on a mica surface.”

4.3.2 Redp patterning

In order to study directed adsorption through the self-assembled DNA origami masks in detail, we
have first used the SSAP Redp (pI ~ 5.2). This protein forms large complexes composed of 11 to
12 monomers with a distinct split lock washer-like shape and an average outer diameter and height
of about 17 nm and 3.5 nm, respectively, that can be easily identified in AFM images.?*° Protein
adsorption on charged surfaces is influenced by several different factors, most importantly charge
of the sorbent surface, protein concentration, and ionic strength of the buffer solution.?>® Therefore,
we have investigated the adsorption of Redp on the masked mica surface in B1 buffer (200 mM
KCI, 20 mM KH2PO4, pH 6.0) containing different Redp (1 — 3 uM) and Mg?* (10 — 30 mM)

concentrations.

Figure. 21 shows AFM images of the Redp patterns obtained at the different protein and Mg?*

concentrations. A clear influence of both concentrations on the Redp coverage of the exposed
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Figure 21. AFM images of Redp adsorbed in the holes of ordered DNA origami masks obtained
after 15 min incubation in B1 buffer at different Redp and Mg?* concentrations. All images have a

size of 1.1 x 1.1 pm?. Height scales are 3 nm."®

surface areas is visible. In general, increasing both the Redp and Mg?* concentrations seems to
result in larger coverage of the exposed mica surface. At the highest concentrations, i.e., 3 uM

Redp and 30 mM Mg?*, the majority of the triangular holes in the DNA origami mask are occupied
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by three proteins. Considering the comparatively large outer diameter of Redp of about 17 nm,?*

this corresponds to the maximum number of proteins the holes can accommaodate.

In order to analyze the effects of the protein and Mg?" concentrations on the directed Redp
adsorption through the DNA origami mask more quantitatively, we have performed a statistical
evaluation of the number of proteins per hole for each experimental condition (see figure.22). At a
low Redp and Mg?* concentration of 1 uM and 10 mM, respectively, about 52 % of the holes are
filled with one protein while the rest of them remains empty. Interestingly, increasing the
incubation time from 15 to 60 min does not result in significant changes in these numbers (see
figure.23). Increasing the Mg?* concentration to 20 mM, on the other hand, results in almost 90 %
of the holes being occupied by a single protein. At an even higher concentration of 30 mM, a
broader distribution is obtained with about 13 % of the holes being completely filled with three
proteins and 16 % with two, while the yield of holes filled with a single Redp protein decreased to
about 60 %. The observation that the surface coverage of the exposed mica areas is increasing with
increasing Mg?* concentration can be explained by the electrostatic interaction between the
negatively charged mica surface and the negatively charged protein, which crucially depends on

the number of available Mg?* bridges at the surface.

In contrast to the Redf concentration of 1 uM, however, a 2 UM concentration results already at
10 mM Mg?* in about 68 % of the holes being filled with one protein (figure.22). At this protein
concentration, the maximum of the distribution shifts immediately from one protein per hole to
three proteins per hole upon increasing the Mg?* concentration to 20 mM. At 30 mM Mg?*, about
62 % of the holes are occupied by three proteins and about 24 % by two. At 3 uM Redp} and 10

mM Mg?*, we observe almost identical yields for holes filled with one and three proteins while the
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Figure 22. Statistical evaluation of the number of Redp proteins per hole in dependence of the

Redp and Mg?* concentrations.’

yield for two proteins is slightly lower. With increasing Mg?* concentration, the yield of completely
filled holes increases further until a value of almost 70 % is obtained at 30 mM. Interestingly, this
value is rather close to the one obtained at the same Mg?* concentration and 2 uM Redp. Further
increase of the Redf concentration to 5 uM does not result in a significant increase of this yield

either (see figure.23). This might indicate that complete surface coverage of all exposed areas in
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the mask is hindered by parasitic adsorption of impurities and residual staple strands that have not

been removed during protein and DNA origami purification, respectively.
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Figure 23: AFM image and corresponding statistical evaluation of the number of Redf proteins

per hole for 5 uM Redp and 30 mM Mg?*. The image size 1.1 x 1.1 pmz2,

Closer inspection of the AFM image shown in figure.23 indeed reveals the presence of small
particles in the holes and between individual DNA origami triangles. These particles probably
represent Redp monomers at different stages of denaturation that block potential adsorption sites.
Nevertheless, above results demonstrate that adjusting the protein and Mg?* concentrations can
control the number of proteins per hole. Under optimized conditions, even patterns consisting
almost exclusively of single proteins can be realized. By applying other purification techniques,

also full protein coverage in the holes of the DNA origami mask might be achieved.
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4.3.3 Time-dependent adsorption of Redf inside DNA origami mask

Figure 24. AFM images of Redf adsorbed in the holes of ordered DNA origami masks obtained
after 15 min and 60 minutes incubation in the B1 buffer at 1uM Redf concentration. All images

have a size of 2 x 2 um?. Height scales are 3 nm."®

One crucial fact that we have encountered during the protein adsorption experiments is increased
adsorption time did not increase the number of single proteins inside masks. Figure.24 shows the
AFM images of 15 minutes and 60 minutes incubation time-dependent protein adsorption. The
statistical analysis (figure.25) shows that the number of single proteins occupied DNA origami did

not change after 60 minutes.
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Figure 25. Statistical evaluation of the number of Redp proteins per hole in dependence of the time

4.3.4 Irregular adsorption of Redp inside DNA origami mask

During the SAM preparation, sometimes inefficient washing and reduced incubation time, may
exhibit several number of defects such as shrinking of DNA origami. Due to the gaps between
origami and one or more unfilled places in SAM, proteins tend to adsorb on the available free
spaces especially at high ionic strength and eventually end up in irregular adsorption. Figure.26
shows the nonspecific adsorption of Redp protein inside the gaps and unfilled triangular spaces.
Redp proteins are adsorbed in triangular shape, linear shape and irregular shapes in the DNA

origami SAM.
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Figure 26. AFM images of 3uM Redf with 30mM MgCl> nonspecifically adsorbed inside the
role in this patterning approach. For the triangular DNA origami used in mask assembly, each hole
in the size of the protein will result in a lower number of immobilized proteins per hole. In order
to study the effect of protein size, we have drastically increased the outer diameter of the Redf

Above experiments show that the relative dimensions of the holes and the proteins play a significant
can accommodate a maximum of three Redf proteins. A reduction in the hole size or an increase

defects of DNA origami mask, obtained after 15 min incubation in B1 buffer. Image has a size of

3 x 3 um?. Height scale is 6 nm.
4.3.5 GFP-Redp patterning
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complex by labelling each Redp monomer with a green fluorescent protein (GFP). The resulting
GFP-Redp complex has a crown-like shape with a maximum outer diameter of about 40 nm.
Consequently, each hole in the DNA origami mask can accommodate only a single protein
complex. This is demonstrated in figure 5 for two selected adsorption conditions. At 1 uM GFP-
RedB and 20 mM Mg?* (figure.27a), about 75 % of the holes are filled with a single protein, while
the remaining holes are empty. The distribution is thus quite similar to the one obtained for
unlabeled Redp under the same conditions which also has a clear maximum at a single protein per

hole (see figure 22).
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Figure 27. AFM images and corresponding statistical evaluation of the number of GFP-Redp
proteins per hole for 1 uM GFP-Redp and 20 mM Mg?* (a) and 3 uM GFP-Redp and 10 mM Mg?*

(b), respectively. All images have a size of 1.1 x 1.1 um?. Height scales are 4 nm."®
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However, the total yield is significantly decreased for GFP-Redp compared to unlabeled Redp
which indicates weaker interaction with the mica surface. This weaker interaction may result from
the higher pI of GFP (6.0) compared to Red (5.2). At a Redp and Mg?* concentration of 3 uM and
10 mM, the distribution in Fig.22 shows a similar yield of around 30 % for one, two, and three
proteins per hole. For GFP-Redp under the same conditions (Fig.27b), however, almost 60 % of
the holes are filled with a single protein while the remaining holes are empty. This shows that even
at high protein concentrations, only single GFP-Redpy complexes can adsorb in the holes of the
DNA origami mask. The reduced yield compared to the low-protein, high-Mg?* condition in
Fig.27a can again be attributed to the weaker interaction of GFP-Redp with the mica surface which
obviously requires higher Mg?* concentrations for efficient immobilization. However, higher Mg?*
concentrations at 3 UM GFP-Redp were found to result in strong adsorption of residual unbound

GFP which therefore hinders unambiguous identification of the GFP-Redp complexes.

4.3.6 Sak patterning

In order to further investigate the influence of protein size, we have used another SSAP, i.e., the
Rad52 homolog Sak. Sak is a ring-shaped protein with similar pI and molecular weight as Redf3
(see Materials and Methods) but a slightly smaller diameter of about 14 nm so that a larger number
of proteins can be accommodated in the holes of the DNA origami mask.?® In spite of all
similarities, however, Sak is found to have a stronger affinity for the mica surface than Redp.
Therefore, Sak patterning experiments were carried out under the same conditions as above but at

lower protein concentrations.

Figure.28 shows AFM images of Sak adsorbed through DNA origami masks at a protein and Mg?*
concentration ranging from 0.1 to 0.5 uM and 10 to 30 mM, respectively. Similar effects of both
concentrations on the coverage of the exposed surface areas as in above Redf experiments are
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observed. At 0.1 pM Sak and 10 mM Mg?*, more than half of the holes remain empty while a
single protein occupies the other holes predominantly. With increasing Mg?* concentration, a
moderate increase in the yield of occupied holes is observed. At 20 and 30 mM Mg?*, also a small
population of holes filled with two proteins appears. At 0.3 uM Sak, both the fraction of occupied

holes and the number of proteins per hole are increased.

10 mM MgCl, 20 mM MgcCl, 30 mM MgcCl,

e
»
.
0.. 4

o
¥4
<

-

v

'A~

Figure 28. AFM images of Sak adsorbed in the holes of ordered DNA origami masks obtained
after 15 min incubation in B1 buffer at different Sak and Mg?* concentrations. All images have a

size of 1.1 x 1.1 pm?. Height scales are 3 nm."®
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Further increase of both the protein and the Mg?" concentration results in increased surface
coverage, until at 0.5 uM protein with 30 mM Mg?* concentration, the holes are almost completely
filled by a dense Sak monolayer. Due to the small size of Sak, however, quantifying the surface
coverage in the holes of the mask is rather difficult under these conditions. Furthermore, at the
highest protein and Mg?* concentrations, Sak is also occasionally found to adsorb in the narrow
gaps between neighboring DNA origami tiles. Therefore, these gaps between individual DNA
origami tiles, as well as small secondary cavities within the tiles such as the seams between the
three trapezoids that form the triangular DNA origami,*® may limit the applicability of this

approach for proteins with small dimensions and a high affinity for the mica surface.

4.3.7 Ferritin patterning

After patterning SSAPs with well-defined shape, we turned to ferritin as a technologically more
relevant protein. Ferritin is an universal iron-storage protein consisting of a cage-like shell with 12
nm diameter that encloses an 8 nm ferrihydrite core.?> When empty, the protein shell has a
molecular weight of 450 kDa. When filled, the shell can accommodate up to 4500 iron atoms,
thereby increasing the weight of the protein up to 900 kDa. Ferritin has been widely studied with
regard to the magnetic®®® and catalytic®®* properties of its iron-containing nanoparticle core.
Motivated by these potential applications, also the controlled deposition of ferritin has received

tremendous attention.?%52%°

For the selective adsorption of ferritin through the DNA origami mask, we have used the same
buffer conditions as in the previous experiments. However, contrary to the behavior of Redp and
Sak, ferritin showed a tendency to aggregate in the presence of Mg?*. Therefore, the AFM images
shown in figure.29 were obtained only for the lowest Mg?* concentration of 10 mM which resulted
only in moderate aggregation. Although the heterogeneous shape and size of the adsorbed
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aggregates prevents the identification of single proteins, an increase in protein coverage of the
exposed mica surface with ferritin concentration is evident. At a ferritin concentration of 25 ng/uL,
all holes in the DNA origami mask are almost completely occupied by proteins. Due to the further
increased aggregation of ferritin at higher concentrations, however, the mica surface had to be
washed intensively with water after adsorption to remove loosely adsorbed protein aggregates. This
intense washing procedure also had an effect on the DNA origami mask. As can be seen in
figure.29, the individual DNA origami tiles composing the mask are slightly shrunk in size,
probably due to removal of Mg?* ions from the surface. Although this shrinking results in rather
large gaps between neighboring DNA origami tiles, the gaps are not filled with ferritin which
further supports above interpretation that the gaps form during washing after successful protein
adsorption. Therefore, despite protein aggregation and post-adsorption damage of the mask,

acceptable patterning efficiency is obtained.

0.5 ng/uL

Figure 29. AFM images of ferritin adsorbed in the holes of ordered DNA origami masks obtained
after 15 min incubation in B1 buffer at 10 mM Mg?* and different ferritin concentrations. All

images have a size of 1.1 x 1.1 um?. Height scales are 4.5 nm.”
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4.3.8 BSA patterning

As a second technologically relevant example, patterning of BSA has been attempted using DNA
origami masks. BSA is a soft globular protein of ellipsoidal shape with dimensions of 4 nm x 4 nm
x 14 nm and a molecular weight of 66.5 kDa.?° It has been widely used for surface passivation?6%-

263 to prevent nonspecific protein and cell interactions which is an important issue in

264 265

biotechnology,?®* biosensing,?®® and medicine.?®® BSA is well-known for its ability to rapidly
adsorb and strongly adhere to a huge variety of surfaces and nanoparticles with different
physicochemical properties.?®’2"1 At high concentrations, BSA changes its conformation rapidly
upon adsorption and tends to aggregate and partially unfold or denature completely, thereby
maximizing the interaction with the surface.?’? Although the adsorption of BSA on mica surfaces

is well-studied, the structure of the adsorbate films is still under discussion.2’327

In view of the strong tendency of BSA to denature upon adsorption, we have aimed at completely
filling the holes of the DNA origami mask by using high BSA and Mg?* concentrations of 5 uM
and 30 mM, respectively. Figure.30a shows an AFM image of BSA adsorbed in the holes of the
DNA origami mask. Although its strong denaturation makes the identification of adsorbed BSA
quite difficult, most of the holes in the mask actually appear filled with a thin film and some small,
differently sized particles. Since it was already shown that BSA adsorbed on hydrophilic surfaces
is almost impossible to remove even at high NaCl concentrations,?®” we attempted to selectively
desorb the DNA origami mask by incubation in buffer containing 200 mM Na* but no Mg?* in
order to visualize the BSA pattern on the surface. Under these conditions, the Na* ions will replace
all the remaining Mg?* ions at the mica surface which then becomes electrically neutral. In the
absence of an attractive electrostatic force, the DNA origami will then desorb from the surface.?™

Figures.30b,c shows AFM images of the BSA pattern on the mica surface after desorption of the
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DNA origami mask. Although the BSA-covered patches have a rather irregular shape due to the
strong denaturation of the protein, they do reflect the hexagonal symmetry of the DNA origami
mask, which is particularly apparent in the zoomed image in figure 30c. This proofs that also soft
proteins that denature during adsorption can be efficiently patterned using DNA origami masks. In
addition, the restored unoccupied areas of the mica surface that were originally covered by the
mask may now serve as adsorption sites for another protein species. In this way, hierarchical protein

patterns may be realized.

Figure 30. AFM images of (a) BSA adsorbed in the holes of an ordered DNA origami mask
obtained after 15 min incubation in B1 buffer with 30 mM Mg?* and 5 uM BSA, (b) BSA pattern
on mica after desorption of the DNA origami mask by incubation in TAE buffer with 200 mM
NaCl for 30 minutes, and (c) 3D zoom of the region marked in (b). Images have asizeof 1.1 x 1.1

um? (a,b) and 0.5 x 0.5 um?2 (c), respectively. Height scales are 2 nm.

4.3.9 Desorption experiments with Redf protein

The desorption of DNA origami from mica surface can be achieved as low as from 50mM NaCl in
1XTAE buffer without Mg?*. In figure.31a. the Redp patterned DNA origami SAM was incubated
with 50 mM NaCl and very few origami were desorbed from the mica, leaving Redf} proteins on

surface. since the Redp protein itself has the same possible adsorption mechanism as DNA origami
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through divalent cation bridges, at 200mM NaCl concentration, several Redp proteins were
desorbed along with the DNA origami. In very few places, the patterned proteins were visible (see
figure.31b). When proteins are very close in contact with DNA origami, the desorption of DNA
origami may induce the removal of proteins, especially during washing. We have examined
different incubation times and concentrations of NaCl, but the controlled desorption of DNA

origami alone could not be achieved.

Figure 31. AFM images of (a) DNA origami desorbed from mica surface after Redp protein
patterning, using 50mM NaCl in 1XTAE without Mg?* (b) DNA origami desorbed from mica
surface after the Redp protein patterning, using 200mM NaCl in 1LXTAE without Mg. Images have

a size of 3 x 3 pm? (a,b) and 0.3 x 0.3 um? (insets), respectively. Height scales are 5 nm.

4.3.10 Factors limiting protein adsorption specificity
The selection of protein for patterning experiments is important not only in the context of pl value
but also in aggregation, irregular shape, poor adsorption and nonspecific binding with DNA

origami. Figure.32.a shows the adsorption of thyroglobulin protein inside the DNA origami SAM.
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Due to the poor adsorption on mica, irregular shape and aggregation, the patterning was not
successful. On the other hand, immunoglobulin G protein (IgG) (figure.32b) adsorbs on mica as

well as on DNA origami structures. Such proteins should be avoided in the case of protein

patterning experiments with DNA origami nanostructures.

Figure 32. AFM images of (a) thyroglobulin (b) Immunoglobulin G adsorbed inside DNA origami
masks obtained after 15 min incubation in B1 buffer at 10 mM Mg?* . Image (a) has a size of 3.5

x 3.5 pm?. Height scale is 3 nm. Image (b) has a size of 1.5 x 1.5 um?. Height scale is 3 nm.

4.4 Conclusion

In summary, we have demonstrated the fabrication of regular nanoscale protein patterns on mica
surfaces using ordered DNA origami monolayers as molecular lithography masks. Spatially
selective protein immobilization was achieved by directed adsorption of the proteins through
internal cavities in the DNA origami tiles. Four different proteins were used in our experiments to
investigate the versatility of the approach. Regular patterns consisting of different numbers of the

SSAPs Redp and Sak immobilized in the holes of the DNA origami mask were fabricated. For the
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larger Redf3, the number of proteins per hole could be controlled from single proteins to densely
packed monolayers consisting of three proteins by adjusting the protein and Mg?* concentrations.
A similar trend was also observed for the slightly smaller protein Sak, but with a larger number of
proteins accommodated in the holes. In addition, due to its reduced size, Sak was able to adsorb in
the gaps between neighboring DNA origami tiles at high protein concentrations. Increasing the size
of the Redp complex by labelling with GFP resulted in holes filled only with single protein

complexes even at high protein concentrations.

The iron-storage protein ferritin was found rather prone to aggregation at the comparatively high
Mg?* concentrations required to maintain the stability of the DNA origami mask during protein
adsorption. Nevertheless, ferritin patterns consisting of fully covered surface patches were
achieved a 10 mM Mg?* and high protein concentration. Also the soft protein BSA could be
preferentially adsorbed in and completely fill the holes of the DNA origami mask to form a regular
pattern. Due to the strong denaturation of BSA upon adsorption, however, visualization of the
adsorbed proteins in the holes was rather difficult. Therefore, the DNA origami mask was desorbed
from the mica surface by exposure to Mg?*-free buffer containing 200 mM NaCl. Mask desorption

revealed a pattern of BSA patches exhibiting a clear hexagonal symmetry on the mica surface.

This approach represents a simple and efficient means to fabricate regular protein patterns over
large surface areas. Since directed adsorption is achieved solely by electrostatic interactions
between the proteins and the mica surface, any negatively charged protein that is compatible with
the Mg?* concentrations required to ensure stability of the DNA origami mask can be patterned in
this way. In addition, the approach can also be extended to other negatively charged entities
including inorganic nanoparticles. By using different DNA origami tiles for mask assembly, the
geometric structure of the resulting patterns can be designed and controlled. In particular, the size
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and shape of the protein patches can be adjusted via the internal cavities of the DNA origami tiles,
while the symmetry and periodicity of the pattern are governed by the tiles’ outer shape and
dimensions. By employing masks based on multilayer DNA origami designs,?*’ also the thickness
of the mask can be adjusted in order to improve lateral confinement, e.g., when working with larger
proteins. Furthermore, the possibility to desorb the mask after successful patterning may at least
for some proteins such as BSA enable the fabrication of hierarchical patterns composed of different

species.
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5. On the Adsorption of DNA Origami Nanostructures

In Nanohole Arrays

5.1 Introduction

Many of the technological applications of DNA origami nanostructures critically rely on their
precise placement on a substrate surface. Consequently, a large number of previous studies have
evaluated various methods for the controlled immobilization and/or alignment of DNA origami
nanostructures on different application-relevant materials.86173-178.277-280 Most of the approaches
reported in literature have employed top-down photo- or electron beam lithography to fabricate
prepatterned substrate surfaces to direct DNA origami adsorption to chemically different micro- or
nanoscale patches.!-178277 Other studies have utilized receding menisci for the manipulation of
already adsorbed DNA origami,®®?"® or self-organized nanopatterns for the selective adsorption of

DNA origami nanostructures.?’®28

In this chapter, we investigate directed DNA origami adsorption in nanohole arrays patterned into
thin Au films on Si wafers by nanosphere lithography (NSL). NSL is a technique based on self-
organization that enables the large-area patterning of surfaces with nanoscale features.?® To this
end, (mono-) layers of nanospheres are assembled on solid surfaces by convective self-assembly
of colloidal nanospheres from suspensions.?82283 Evaporation fluxes of the liquid medium of the
suspension lead to an increased nanosphere concentration at a forming triple phase boundary
between the liquid suspension, the solid substrate, and the surrounding gas phase. Along this triple
phase boundary, capillary forces act on the nanospheres and draw them together, resulting in

hexagonally close-packed nanosphere arrangements. In NSL, such nanosphere layers are used as a
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shadow mask in a subsequent deposition step?®* during which material is deposited onto the

nanospheres as well as onto the substrate through the mask openings in the nanosphere layer.

NSL enables the fabrication of various and often surprisingly complex patterns over large surface
areas, #4284 which are for instance frequently used in protein patterning.2*428528 The here
employed NSL-fabricated nanohole arrays in Au films, on the other hand, exhibit unique plasmonic
properties?®”288 and are thus used extensively in biosensing and on-chip bioanalysis.?8%2%
Immobilizing DNA origami nanostructures inside individual nanoholes may enable the
introduction of single molecular capture sites and thereby provide additional benefits with regard
to target specificity and sensitivity.?® While the specific adsorption of single biotin-carrying DNA
origami nanostructures inside similar nanoholes has already been demonstrated using neutravidin-
modified substrate surfaces,?®! we here study non-specific DNA origami adsorption to the exposed
SiO; surface at the bottom of the nanoholes in the Au film. In particular, we investigate the effect
of buffer conditions on directed DNA origami adsorption in the nanohole arrays. We find that the
strength of the adsorption buffer has a surprisingly strong influence and that the low surface
mobility of once-adsorbed DNA origami is negatively affecting adsorption selectivity and

positioning accuracy even under optimized conditions.

5.2 Methods

DNA origami assembly: DNA origami triangles*® were synthesized as described previously,’®
using the M13mp18 scaffold (Tilibit) and 208 staple strands (Metabion). Assembly was performed
in 1x TAE (Carl Roth) with 10 mM MgCl, (Sigma-Aldrich) by stepwise thermal annealing in a
thermocycler Primus 25 advanced (PEQLAB). Excess staples were removed after assembly by spin
filtering using 100 kDa MWCO filters (Amicon Ultra, Millipore). After filtering, the DNA origami

concentration was measured by UV/Vis absorption with an Implen Nanophotometer P330.
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DNA origami adsorption: The nanohole array substrates were first cleaned with ethanol and
water. A mild oxygen plasma cleaning (Zepto, Diener electronic) was carried out for 1 min with
50 % power before DNA origami adsorption. For DNA origami adsorption, 1x TAE and 2.5x TAE
stock solutions were prepared with 10 mM MgCl.. For the higher MgCl2 concentration of 50 mM,
working solutions were freshly prepared by adding the required volume from a 1 M MgCl; stock
solution. The DNA origami sample was then diluted in the respective buffer solutions to the desired
concentrations. The nanohole array substrate was placed on a stage inside a humidity chamber to
avoid evaporation and 100 pl of the resulting sample solution were slowly dropped on the surface.
After incubation, the sample was carefully washed with 4 ml of HPLC-grade water (VWR) and

dried in a stream of ultrapure air.

Self-assembled monolayer (SAM) fabrication: Plasma-cleaned nanohole array samples were
immersed in 1 mM 1-octadecanethiol (ODT, Sigma-Aldrich) in ethanol for 24 h to form
hydrophobic SAMs on the surfaces of the Au films. Immediately before the adsorption
experiments, the SAM-coated nanohole arrays were rinsed with ethanol and dried in a stream of
ultrapure air. The ODT SAMs formed under these conditions exhibit high packing densities and

render the Au surface fully hydrophobic.?%

Atomic force microscopy (AFM): The samples were imaged in intermittent contact mode in air
using an Agilent 5100 AFM and HQ: NSC18/Al BS cantilevers (MikroMasch). A minimum 600

individual nanoholes were analyzed for each condition.

5.3 Results and discussion
The experimental strategy is schematically summarized in figure 33. Ordered nanohole arrays are

fabricated by NSL (The samples were prepared and analysed in SEM by Ms. Katharina Brassat).
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To this end, hexagonally close-packed monolayers of PS nanospheres are assembled on a Si wafer
by convective self-assembly using the doctor blade technique.?®® The assembled PS nanospheres
are then shrunk by exposure to an O2/Ar plasma to create an array of well-separated yet hexagonally
ordered nanospheres. The shrunk nanospheres then act as a shadow mask for physical vapor
deposition. A 10 nm thin Au film is deposited onto the sample, i.e., the shrunk nanospheres and
bare SiO; in the gaps between the nanospheres. Lift-off of the nanospheres by dissolution uncovers
the final surface pattern, i.e., a thin Au film exhibiting hexagonally arranged nanoholes which
expose the untreated SiO; surface at their bottoms. These confined SiO> surfaces at the bottoms of

the nanoholes are then used to direct DNA origami adsorption.
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Figure 33. Experimental strategy: A hexagonally ordered pattern of nanoholes in a thin Au film
on a Si wafer is fabricated by NSL and used to direct the adsorption of DNA origami

nanostructures.

The fabricated nanohole patterns are characterized in figure 34. Analysis of the SEM images
reveals a diameter of the nanoholes of 160 + 16 nm and a nanohole density of 2.6 x 10° cm™. In
addition, 95 % of the nanoholes show perfect sixfold coordination. The nanohole diameter of 160

nm allows for adsorbing single triangular DNA origami nanostructures with an edge length of about
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120 nm. Due to the lateral confinement of the exposed SiO> area by the surrounding Au film,
adsorption of more than one DNA origami triangle per nanohole should be restricted. However,
since adsorption of the negatively charged DNA origami nanostructures to the negatively charged
SiO; patches requires divalent cations such as Mg?* in order to form salt bridges between DNA
and surface, adsorption efficiency and especially selectivity can be expected to critically depend
on buffer conditions.?’® Therefore, we have first evaluated the role of Mg?* concentration and

buffer strength on DNA origami adsorption in the nanoholes.

Figure 34. SEM images of the assembled nanosphere monolayers before (a) and after (b) plasma
shrinking, and the resulting nanohole array (c,d). (The samples were prepared and analysed in SEM

by Ms. Katharina Brassat)

Figure 35 shows AFM images of nanohole patterns after adsorption of 1 nM DNA origami triangles
in different buffers for 1 h. Obviously, both buffer strength and Mg?* concentration have significant
effects on DNA origami adsorption. Increasing the MgCl» concentration from 10 to 50 mM in 1x
TAE results in significantly higher DNA origami coverage of the exposed SiO> areas. In particular,
as the statistical analysis in figure 35 reveals, the fraction of empty nanoholes decreases from more
than 70 % at 10 mM MgCl> to only about 10 % in 50 mM MgCl». Surprisingly, however, this

results in only about 40 % of the nanoholes being occupied by a single DNA origami, whereas half
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of the nanoholes exhibit two or even three DNA origami nanostructures. Considering the nominal
edge length of the triangles and the average diameter of the nanoholes of 120 nm and 160 nm,
respectively, this double and triple occupation can result from two or three DNA origami triangles
stacking on top of each other or from only partial adsorption of one or more DNA origami triangles
inside the nanoholes with a part of the triangle crossing the boundary to the Au film. Upon closer
inspection, examples of both mechanisms can be observed on one sample surface (see figure 36).
However, a statistical analysis reveals that partial adsorption of DNA origami nanostructures
accounts for about 63 % of multiply-occupied nanoholes, while only 37 % show vertical stacking.
Note that partial adsorption is also frequently observed for singly-occupied nanoholes (see figure

36¢).
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Figure 35. AFM images (1 x 1 pum?, height scales 3 nm) and corresponding statistical analyses of
DNA origami triangles adsorbed in the nanohole arrays for two buffer strengths and two MgCl»

concentrations. The DNA origami concentration was 1 nM and the incubation time 1 h.

Increasing the buffer strength to 2.5x TAE at a constant MgCl. concentration of 10 mM results
also in a decrease in the fraction of empty nanoholes and a moderate increase in the fraction of
nanoholes occupied by a single DNA origami triangle to about 30 % (see figure 35). However, the
fraction of higher occupancies remains below 10 %. Increasing the MgCl. concentration to 50 mM
again leads to a further decrease in the fraction of empty nanoholes which, however, is not as strong
as in the case of 1x TAE. This is also reflected in the fraction of singly-occupied nanoholes which
remains rather constant. These results demonstrate the non-trivial interplay of buffer strength and

Mg?* concentration in DNA origami adsorption to SiO2 surfaces.
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Figure 36. Zoomed AFM images of (a) multiple DNA origami nanostructures adsorbed in single

nanoholes via vertical stacking, (b) multiple DNA origami nanostructures adsorbed in single
nanoholes via partial adsorption, and (c) single DNA origami nanostructures adsorbed in single
nanoholes via partial adsorption. The DNA origami concentration was 1 nM in 1x TAE with

50 mM MgCl; and the incubation time 1 h.

Due to the large fraction of nanoholes occupied by more than a single DNA origami triangle at
high MgCl. concentrations, we have used the lower concentration of 10 mM in all the following
experiments.Apart from the buffer conditions, also the DNA origami concentration will affect
surface coverage and thereby the occupation of the nanoholes. The effect of DNA origami

concentration is therefore evaluated in figure 37, again for two different buffer strengths.
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Figure 37. AFM images (1 x 1 um?, height scales 3 nm) and corresponding statistical analyses of
DNA origami triangles adsorbed in the nanohole arrays for two buffer strengths and three DNA

origami concentrations. The MgCl, concentration was 10 mM and the incubation time 1 h.

Surprisingly, increasing the DNA origami concentration in 1x TAE from 1 nM to 5 nM does not
result in any noticeable increase in the DNA origami density. In particular, the fraction of empty
and singly-occupied nanoholes remains at about 70 % and about 25 %, respectively, independent

of DNA origami concentration.
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At the higher buffer strength of 2.5x, the situation is notably different. As can be seen in figure 37,
increasing the DNA origami concentration from 1 nM to 2.5 nM results in a drastic decrease in the
fraction of empty nanoholes from about 60 % to roughly 10 %. At the same time, the fraction of
nanoholes occupied by a single DNA origami triangle increases from about 30 % to about 50 %.
At this DNA origami concentration, the second most dominant population is represented by
nanoholes occupied by two DNA origami triangles at about 35 %. Further increase of the DNA
origami concentration to 5 nM, however, does not result in any significant changes in these

numbers.

Finally, we set out to investigate the influence of adsorption time on directed DNA origami
adsorption in the nanohole arrays. For these experiments, we used a DNA origami concentration
of 1 nM since this concentration resulted in the lowest fractions of multiply-occupied nanoholes
(see figure 37). Increasing the incubation time in 1x TAE was found to result in a continuous
decrease in the fraction of empty nanoholes from about 75 % after 1 h incubation to about 40 %
after 12 h (see figure 38). At the same time, the fraction of singly-occupied nanoholes increases
from about 20 % to about 50 %. Remarkably, the fraction of multiply-occupied nanoholes increases

only marginally with incubation time and reaches roughly 10 % after 12 h incubation.

A higher buffer strength of 2.5x again results in drastically different behavior. Here, the fraction of
singly-occupied nanoholes is steadily decreasing with incubation time, from about 30 % after 1 h
to almost 0 % already after 3 h of incubation. This decrease is due to a dramatic increase in the
number of adsorbed DNA origami triangles per nanohole. After 3 h of incubation, the majority of
nanoholes, i.e. around 50 %, is occupied already by three DNA origami, while more than 40 % of
the nanoholes exhibit two DNA origami triangles. After 12 h of incubation, virtually all the

nanoholes are occupied by three or more DNA origami nanostructures.
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Figure 38. AFM images (1 x 1 um?, height scales 3 nm) and corresponding statistical analyses of
DNA origami triangles adsorbed in the nanohole arrays for two buffer strengths and three

incubation times. The MgCl. and DNA origami concentration was 10 mM and 1 nM, respectively.

Above results demonstrate the tremendous importance of buffer strength in DNA origami
adsorption in general and directed adsorption in particular. Based on these data, it appears possible
to obtain a yield of nanoholes occupied by only a single DNA origami triangle of more than 50 %,

in particular by using low buffer strengths, low Mg?" concentrations, low DNA origami
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concentrations, and long incubation times of 12 h and more. However, even under optimized
conditions, many of the single DNA origami nanostructures are not fully located inside the
nanoholes but rather cross the boundary to the Au film (see figures 36 and 38). This partial DNA
origami adsorption may result from two different effects. A low lateral mobility of the adsorbed
DNA origami nanostructures at the SiO> surface may prevent them from maximizing their contact
area with the oxide surface and thereby centering themselves in the nanoholes. On the other hand,
DNA origami may also adsorb to the surface of the Au film which — in the case of comparable

affinities for Au and SiO2 — would result in random adsorption instead of directed immobilization.

If low surface mobility of the DNA origami on the SiO2 surface was responsible for the observed
partial adsorption in the nanoholes, reducing the diameter of the nanoholes to approach the size of
the DNA origami should lead to higher yields of singly-occupied nanoholes due to stronger lateral
confinement. Therefore, we have prolonged the plasma exposure of the assembled nanospheres to
reduce their diameter to 120 nm so that it matches the size of the DNA origami triangles. Figure
39 shows AFM images and the corresponding statistical analyses of DNA origami triangles
adsorbed in the nanohole patterns with 120 nm and 160 nm diameter. The adsorption conditions
were chosen to result in a yield of about 50 % singly-occupied and 50 % multiply-occupied
nanoholes with 160 nm diameter (see figure 37). As can be seen in figure 39, very similar
distributions are obtained for both nanohole sizes. The only visible difference between the
statistical distributions in figure 39 is the apparent lack of 120 nm nanoholes occupied by three
DNA origami triangles. This may be a result of the small nanohole size that even in the case of
partial adsorption cannot accommodate more than two DNA origami triangles. On the other hand,
the small nanohole diameter makes identification of individual DNA origami nanostructures inside
the nanoholes quite difficult and may thus introduce a bias in the statistical evaluation shown in

figure 39. Nevertheless, these results demonstrate that partial adsorption of DNA origami
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nanostructures cannot be significantly reduced by using smaller nanohole diameters, thus hinting

at the relevance of parasitic adsorption to the surface of the Au film.
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Figure 39. AFM images (1 x 1 um?, height scales 3 nm) and corresponding statistical analyses of
DNA origami triangles adsorbed in a 160 nm nanohole array and a 120 nm nanohole array.

Adsorption conditions were 2.5 nM DNA origami in 2.5x TAE with 10 mM MgCl; for 1 h.

Due to the comparatively high roughness of the deposited Au film, we are unable to identify DNA
origami triangles crossing from the bottoms of the nanoholes to the surface of the Au film in the
AFM images. On smoother template-stripped Au surfaces, however, a significant amount of
adsorbed DNA origami can be detected even at low DNA origami and MgCI2 concentrations (see
figure 40). This indeed suggests that parasitic DNA origami adsorption to the surface of the Au
film interferes with directing adsorption to the bottoms of the nanoholes. Therefore, we have
modified the surfaces of the Au films of 160 nm nanohole arrays with a hydrophobic, CH3-
terminated thiol SAM in order to minimize non-specific DNA origami adsorption. The effect of
this SAM has been evaluated for selected conditions which in the previous experiments resulted in
high DNA origami coverage (figure 41). Indeed, for all conditions evaluated, application of the
hydrophobic SAM resulted in significantly reduced DNA origami adsorption. This clearly
demonstrates the strong influence of non-specific adsorption to the Au film. However, at low

incubation times, the reduced overall adsorption results in a major fraction of the nanoholes
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remaining empty, while long incubation times lead to distributions with significant, albeit

drastically reduced fractions of multiply

Figure 40. AFM image of a template-stripped Au surface after 1 h incubation with 1 nM DNA
origami triangles in 1x TAE with 10 mM MgCl>. The scan size is 2.5 x 2.5 um? and the height

scale 6 nm.

occupied nanoholes. The latter seems to be a direct result of the fact that many DNA origami are
still not fully located inside the nanoholes but cross the boundary to the Au film. Since non-specific
DNA origami adsorption to the gold film is blocked by the hydrophobic SAM, these observations
can only be explained by the low lateral mobility of the adsorbed DNA origami nanostructures at
the SiO2 surface. These results thus proof that both effects, low surface mobility on the SiO> surface

and parasitic adsorption to the Au surface, negatively affect adsorption specificity.
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5.4 Conclusion
The here presented study has identified several key parameters for optimizing adsorption

specificity of DNA origami nanostructures in nanohole arrays on SiO> surfaces.

2.5nM, 2.5xTAE, 1 h 5nM, 2.5xTAE, 1 h 1nM, 2.5xTAE, 3 h 1nM, 2.5xTAE, 12 h

- SAM + SAM - SAM + SAM - SAM + SAM - SAM + SAM

Figure 41. AFM images (1 x 1 pum?, height scales 3 nm) and corresponding statistical analyses of
DNA origami triangles adsorbed under different conditions in 160 nm nanohole arrays with (+
SAM) and without (- SAM) application of a hydrophobic thiol SAM. DNA origami concentrations,

buffer strengths, and incubation times are given in the figure.

In particular, comparatively high yields of nanoholes occupied by single DNA origami may be
obtained for low DNA origami and MgCl2 concentrations of about 1 nM and 10 mM, respectively,
low buffer strength, and long incubation times exceeding 12 h.
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Furthermore, the strength of the adsorption buffer was found to have a surprisingly strong influence
on directed DNA origami adsorption and may drastically alter the dependencies on the other
parameters. However, even under optimized conditions, many of the adsorbed DNA origami are
not located completely inside the nanoholes but rather cross the boundary to the surrounding Au
film. This partial DNA origami adsorption can be attributed to parasitic adsorption of DNA origami
to the surface of the Au film and the low surface mobility of adsorbed DNA origami on the SiO>

surface which prevents them from maximizing their contact area with the oxide surface.

While we have shown that parasitic adsorption to the Au film can be minimized by application of
a hydrophobic thiol SAM, the problem of reduced lateral mobility may be addressed in future
experiments by using different substrate materials for nanohole array fabrication. Since most

290 various

nanohole array sensors require optical access to both interfaces of the metal film,
transparent substrates may be worth investigating with regard to DNA origami adsorption,
especially the multitude of optical glasses but also other optically transparent substrates such as
sapphire or indium tin oxide. Furthermore, surface mobility of the DNA origami nanostructures
may also be affected by the fabrication process of the nanoholes and especially the different plasma

treatment steps, as it is well known that the surface energy of SiO2 crucially depends on the nature

and history of the specimens.?%

As an alternative strategy, the DNA origami design may be tailored with regard to the nanohole
dimension and geometry. For the circular nanoholes used in the present study, a disk-shaped DNA
origami with the same diameter as the nanoholes may occupy the whole surface area available at
the bottom and thus be able to block or at least reduce partial adsorption of other DNA origami
disks in the same nanohole. However, due to the limited scalability of DNA origami size, this

approach will be restricted to a rather narrow range of nanohole diameters. Since single-layer DNA
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origami nanostructures other than the triangles used here are typically rather floppy and show a

295

certain tendency to rolling up,~ stiffer multilayer DNA origami are most likely more efficient in

avoiding partial adsorption. This, however, will restrict the accessible size range even further.

Finally, the nanohole arrays employed in above studies feature a rather thin Au film of nominally
12 nm thickness in order to facilitate imaging of the bottoms of the nanoholes by AFM. For most
plasmonics-based sensing applications, however, films with thicknesses of the order of 100 nm are
required.?® For such nanohole arrays, diffusion of the comparatively large DNA origami
nanostructures through the narrow nanochannels will affect adsorption kinetics and become more
and more dominant the closer the nanohole diameter approaches the size of the DNA origami.?®
On the other hand, higher sidewalls may also more efficiently confine the DNA origami to the

exposed SiO; surface and thus further reduce the occurrence of partial DNA origami adsorption,

especially for mechanically rigid DNA origami designs.
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6. Summary

In this thesis, DNA origami triangle’s structural stability under denaturing conditions and their
application in molecular patterning are discussed. DNA origami nanostructures have been
extensively reported for immobilization of biomolecules, inorganic, organic nanomaterials for
biophysical, biochemical characterization, drug delivery, nanorobotics, plasmonic studies. Owing
to their efficient addressability for attachment of molecules of interest, for instance, to study drug
delivery and the conformation dynamics of proteins using FRET, there is a growing need to study
the structural stability of DNA origami nanostructures under nonbiological and biological

conditions.

Therefore, in chapter 2, the structural stability of DNA origami triangles was investigated under
the denaturing conditions with dependent to temperature using AFM. Guanidium chloride (GdmCI)
and urea were used in this experiment which are potent denaturing agents that disrupt the native
structure of a biomolecule. In our study, we have treated DNA origami triangles with 1M, 2M, 4M
and 6M concentrations of chaotropes at 23°C, 30°C, 37°C and 42°C for 1 hour. Previously, melting
temperature of DNA origami triangles was analyzed using fluorimetry in the presence of
chaotropes. The reduction in melting temperature by chaotropes was measured as 2.76°C M for
urea and 5.84°C M for GdmCI. Due to the number of staples strands with a large spectrum of
individual melting temperature, the global melting temperature of DNA origami triangle cannot be
assessed using fluorimetry analysis alone. AFM analysis of chaotropes treated DNA origami
triangles showed that there is a different degree of structural damages for both the chaotropes. Since
the trapezoids in DNA origami triangle has relatively less melting temperature than other staples
in atriangle, the attack begins in the trapezoids and thus are particularly sensitive toward denaturant
attacks. At a 6M concentration of both the chaotropes, the DNA origami structures were found to
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be completely intact at 23°C and denatured at 42°C. However, at 2M concentration, the percentage
of intact triangles are higher at all temperatures than 4M treated triangles. At room temperature,
the triangles were found to be stable at 6M urea and GdmCI for overnight. As a proof of concept,
DNA origami triangles were functionalized with biotin-streptavidin complex and further treated
with 6M urea and GdmCI at 23°C. Due to the high melting temperature of the biotin-streptavidin
complex when bound, the protein complex was not denatured on DNA origami triangle, even after
the overnight treatment. However, the origami found to be stable along with the protein complex.
The structural stability of DNA origami triangles in the presence of urea and GdmCI at low
temperatures proves that the DNA origami triangle structures are suitable, particularly for single

molecule protein conformation dynamics studies.

In chapter 3, the role of cations on the stability of DNA origami triangles at 42°C in the presence
of 4M GdmCl and 7M urea was studied. The concentrations were selected for urea and GdmCI to
have the same reduction in melting temperature per Molar. The influence of the cation
concentration on the melting temperature reduction of a staple strand from DNA origami triangle
was calculated using DINAMelt web server. Presence of 7M urea and 4M GdmCl reduce the
melting temperature by 19.3°C and 23.3°C respectively. From AFM investigation, it is found that
the stability of DNA origami triangles at 7M urea was gradually improved by increasing
concentration of Mg?* and Na*. The effect of Mg?* was found to be ten times higher than Na*.
However, both the cation species promote the denaturation of DNA origami triangles in the
presence of 4M GdmcCl, probably due to the salting-out effect of Gdm™. This crucial finding can

be further used in DNA origami-based selective denaturation of proteins.

In chapter 4, the self-assembling property of DNA origami triangles on mica in the presence of

high Na* concentration was used to pattern the proteins with different size, pl value and adsorbing

101



properties on mica. The regular nanoscale protein patterns were obtained inside the DNA origami
triangle cavities and the adsorption efficiency was studied in detail with regards to the
concentration of Mg?* and incubation time on the surface. In the case of single-stranded annealing
proteins Redp and SAK, the number of proteins inside the DNA masks can be varied and controlled
from single proteins to multiple proteins. Mg?* in the adsorption buffer increases the number of
Redp proteins with increasing concentration. Additionally, to assess the influence of the size of a
protein in adsorption, a GFP tagged Redp protein was used in one adsorption experiment. GFP
tagged Redp has bulky extensions from outer circle, so only one GFP tagged protein occupied the
cavity at a prominent adsorption condition for 3 Redp proteins. Moreover, due to the small size of
SAK proteins, the exact number of absorbed proteins couldn’t be quantified. The aggregating
property of iron storage protein — ferritin, reduces the efficiency of patterning whereas a soft protein
BSA immediately and efficiently occupies the available cavities. The firm attachment of BSA
proteins on mica helps in selective removal of DNA origami masks using 200mM Na* and thus
provides a nanoscale protein pattern on mica. Further, the selection of proteins for the patterning
experiment and regular problems in the DNA origami self-assembled monolayer preparation have

been discussed with examples.

In the last chapter, the criteria to optimize the adsorption of DNA origami triangles inside nanohole
arrays was studied. Firstly, the influence of different DNA origami and Mg?* concentrations in
adsorption buffer on patterning was characterized. The low concentration of DNA origami, low
Mg?* concentration, low adsorption buffer strength and maximum incubation time were found to
be optimal for the high yield. Apparently higher adsorption buffer strength also drastically
influences the adsorption from single origami to multiple origami. Due to the random adsorption
of DNA origami triangles on gold film and week mobility of DNA origami on the SiO> surface,

the yield of single origami in nanohole arrays did not achieve more than 50%. However, this study
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with detailed information on the role of buffer strength, DNA origami concentration and incubation

time in DNA origami adsorption gives a basic knowledge to improve the criteria further.
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8. Appendix

8.1 Abbreviations

Deoxy ribonucleic acids

Ribonucleic acids

Nucleotides

Double stranded DNA

Atomic force microscopy

Scanning tunneling microscope
Scanning probe microscope

Two dimensional , Three dimentional
Tris acetate EDTA buffer

Tris acetate buffer
Ethylenediaminetetraacetic acid
Deoxyribonuclease

Caspase-activated DNase

Three prime repair exonuclease 1
DNase Il-like acid DNase

Fetal bovine serum

Bovine serum albumin

6-Helix bundles

Forster resonance energy transfer
Single-molecule Forster resonance energy transfer
Ultra violet

Human epithelial carcinoma cell lysate
Roswell Park Memorial Institute medium
Human embryonic kidney cells
Sodium chloride

Magnesium chloride

Potassium chloride
128

DNA

RNA

nt

ds-DNA
AFM

STM

SPM

2D, 3D
TAE buffer
TA buffer
EDTA
DNase
CAD
TREX1
DLAD
FBS

BSA

6HB

FRET
SmMFRET
uv

HeLa cell lysate
RPMI medium
HEK cells
NaCl
MgCl,

KCI



Potassium dihydrogen phosphate

Molar

Guanidinium chloride

Melting temperature

Two-dimensional fast Fourier transform
High-performance liquid chromatography
Self-assembled monolayer

Single strand annealing proteins

Kilo Dalton

Molecular weight

Isoelectric point

Potential of hydrogen

Green fluorescent protein tagged Red Redf3
Immunoglobulin G protein

Nanosphere lithography

Scanning electron microscopy
Coefficient of variance

Polystyrene

SiO2

1-octadecanethiol
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KH2PO4

GdmcCl

Tm

2D FFT
HPLC
SAM
SSAPs
kDa

MW

pl

pH
GFP-Redp
[o[€]

NSL

SEM

CVv

PS

Silicon dioxide
ODT
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