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Zusammenfassung

Desoxyribonukleinsdure (DNA), die Trégerin der Erbinformation, kann auf Grund ihrer
Programmierbarkeit verwendet werden, um Strukturen auf der Nanoskala zu erschaffen. Im
vielseitigen Gebiet der DNA-Nanotechnologie hat sich die DNA-Origami-Methode bewahrt:
Ein circa 8 Kilobasen langer, zirkuldrer DNA-Strang - der ”"scaffold” - wird mit Hilfe
von kurzen DNA-Oligonukleotiden - den ”staples” - in eine gewiinschte dreidimension-
ale Form, bestehend aus miteinander verbundenen parallelen DNA-Doppelhelizes, gefal-
tet. Diese Arbeit beschreibt die Herstellung von verschiedenen, DNA-Origami basierten
Nanostrukturen und ihre Charakterisierung in Lésung unter Verwendung der Rontgenklein-
winkelstreuungstechnik (SAXS). SAXS wurde verwendet, um die Geometrie, die rdum-
liche Ausdehnung, den interhelikalen Abstand, die Deformation und die Stabilitdt von un-
terschiedlichen DNA-Origami-Nanostrukturen mit verschiedenen Formen und Gitterquer-
schnitten zu bestimmen. Der Zerfall der Nanostrukturen bei niedrigen Salzkonzentrationen
und hohen Temperaturen wurde untersucht. Die Messungen zeigten eine Vergroflerung des
Querschnitts und des interhelikalen Abstands um bis zu 10 % bei niedrigen Salzkonzen-
trationen. Ein abruptes Schmelzen bei Temperaturen iiber 50 °C wurde beobachtet. Des
Weiteren wurde gezeigt, dass der Zusammenbauprozess der DNA-Origami-Strukturen mit
SAXS beobachtet werden kann. Es wurde evaluiert, wie SAXS verwendet werden kann,
um die Abstande zwischen Gold-Nanopartikeln, die an DNA-Origami Strukturen ange-
bracht sind, zu bestimmen. Der Einfluss der Position der Bindestellen an den DNA-
Origami-Strukturen und der Konnektortypen, die zur Anbindung verwendet werden, wurde
bestimmt. Komplexe Anordnungen mit mehreren Gold-Nanopartikeln an DNA-Origami-
Strukturen wurden untersucht. Auflerdem wurde der Zusammenbau von dreidimensio-
nalen DNA-Origami-Gittern, die Nanopartikel mit bis zu 20 nm Durchmesser beherbergen
konnen, bewerkstelligt. Dartiber hinaus wurden Abmessungen und Stabilitat der Gitter
mit SAXS bestimmt. Diese Ergebnisse zeigen, wie die SAXS-Technik als Kontroll- und

Optimierungswerkzeug fiir DNA-Origami-Strukturen dienen kann.
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Abstract

Deoxyribonucleic acid (DNA), the carrier of genetic information, can be used to create
structures on the nanoscale due to its programmability. In the versatile area of DNA nan-
otechnology, the method of DNA origami has proven its usefulness: A circular strand of
DNA with a size of about 8 kilobases - the ”scaffold” - is folded via short DNA oligonu-
cleotides - the "staples” - into a desired three dimensional shape in the form of inter-
connected parallel DNA double helices. This work describes the assembly of various DNA
origami based nanostructures and their characterization in solution conditions using the
technique of small-angle X-ray scattering (SAXS). The SAXS technique was applied to
verify the geometry and to determine the spatial dimensions, the interhelical spacing, the
deformation and the stability of various DNA origami nanostructures of different shapes
and lattice cross sections. The disassembly of the nanostructures was monitored upon ex-
posure to low salt concentrations and increased temperatures. The measurements revealed
an increase of cross section and interhelical distance of up to 10 % in low salt concen-
trations. An abrupt melting of the DNA nanostructures at temperatures of above 50 °C
was found. Additionally, it was shown that the assembly process of the DNA origami
structures can be observed with SAXS. Furthermore, it was investigated how SAXS can
be used to determine the distances between gold nanoparticles (AuNP) attached to struc-
tures. The influence of two factors on the AuNP distances was investigated: the position of
the binding sites on the DNA origami structures and the type of connector that attaches
the AuNPs to the DNA origami structures. Complex arrangements of multiple AuNPs
on DNA origami structures were examined using SAXS. Moreover, the assembly of three
dimensional DNA origami lattices that can host guest nanoparticles of diameters of up
to 20 nm was achieved. Furthermore, their dimension and stability was determined using
SAXS. These findings show how the SAXS technique can serve as a tool to control and

optimize DNA origami nanostructures.
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Chapter 1

Introduction to DNA nanotechnology

1.1 The nanoscale

The nanoscale - from the Greek word "nanos” meaning ”dwarf” - includes the molecular
and supramolecular level and houses objects such as proteins and viruses. As the subject
is defined by the size of at least one dimension of the objects in the nanometer range it is
an interdisciplinary field concerning researchers from disciplines such as biology, chemistry,
physics, material science and engineering [I]. The goal of nanotechnology is to develop new
materials, find size induced functionalities and take control of the nanoworld.

Some effects based on nano objects have been used in history without consciousness
about the role of the nanoscale: optical effects based on gold and silver nanoparticles are
the basis of colorful glasswindows in churches and the famous Lycurgus cup that looks red
in transmitted light and green in reflected light [2, B]. Carbon nanotubes and cementite
nanowires were found in Damascus sabre steel that was said to have extraordinary mechan-
ical properties [4]. Norio Taniguchi - who coined the term ”Nanotechnology” -, Eric Drexler
and Richard Feynman have dreamed about creating tiny machines and manipulating the
world on the level of single atoms [5, [0, [7]. With the development of scanning tunneling
microscope in 1981 it became possible to see individual atoms [8, 9] and control them.
The creation of the IBM logo out of atoms with a scanning tunneling microscope is an
astonishing example of extreme control over the atomic world [10], see Figure . Binnig
and Rohrer received the Nobel Prize in Physics in 1986 for ”their design of the scanning
tunneling microscope” [11] together with Ernst Ruska. The fascination that comes with
the control at the small scale can be grasped in a nice way by watching the movie: 7 A

boy and his atom” by IBM that holds the Guinnes World Record for the World’s smallest
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stop motion film. ” To explore the limits of filmmaking [they] created the world’s smallest
movie. It was made by moving actual atoms, frame by frame.” [12]. Examples of art on

the nanoscale that rise a sense of awe can be found in ref. [13].

Figure 1.1: Creation of the IBM logo out of xenon atoms with a letter size of 50 A.

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Nature, from ref. [10], copyright (1990).

With the aim to fabricate functional material at the nanoscale, two main approaches
are followed: Top down approaches and bottom up approaches. In top down approaches
shaping of nanoscale objects is performed by removing matter from a bulk material or by
rearrangement of matter such as with the creation of the IBM logo shown before.

An alternative approach is to create things from the bottom up. Structure on the
nanoscale can be created by relying on self-assembly. Here the key role is programmability.
This property can be found in the coding nature of DNA [14]. With the rise of awareness
of DNA as carrier of genetic information synthetization and sequencing techniques became
widely available. This established DNA as an ideal building block on the basis of its

availability, addressability and natural structure.

1.2 Desoxyribonucleic acid

The DNA molecule builds the basis of life. As carrier of genetic information it provides
robust information storage and is self-replicating. It is comprised of two robust poly-
mer strands winding around each other in a helical manner and held together by com-
plementary bases. Both strands contain the same information. This structure of two
base-complementary strands is the basis for its replication mechanism and therefore for
the reproduction mechanism of all living organisms. Here I give a short introduction to its

history, structure and properties [15] [16].
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In the year 1869 Friedrich Miescher extracted a substance from the cell nucleus of Leuko-
cytes. He gave the substance the name ”nuclein” and already guessed its importance for
heredity [I7]. Avery [18] and Hershey Case [19] first demonstrated that DNA is the carrier
of genetic information. Based on the X-ray diffraction data from Gosling, Franklin and
Wilkins [20, 21] and the biochemical evidence for nucleotide base pairing rules formulated
by Chargaff [22], Watson and Crick proposed the first correct double helix model of DNA
in 1953 [23]. Watson, Crick and Wilkins were awarded the Nobel Prize in Physiology
or Medicine in 1962 ” for their discoveries concerning the molecular structure of nucleic
acids and its significance for information transfer in living material” [24]. The structure
suggested the replication mechanism of hereditary material of unwinding and synthesis of
a complementary strand for each of the single strands. This semiconservative replication
mechanism was verified by Meselson Stahl 1957 [25]. Nowadays a plethora of methods are
available for gene sequencing and synthesis and for the synthesis of oligonucleotides with
functional molecules attached. The rapid development of DNA nanotechnology begun with

the pioneering work of Nadrian Seeman in 1982 [14].

1.2.1 Structure of DNA

The structure and properties of DNA and its implications for the use of DNA as a building
block will now be depticted: DNA is a polymer with up to 100 millions of units. Its
monomer unit the nucleotide consists of one out of four nitrogen containing nucleobases -
guanin (G), adenin (A), thymine (T) or cytosine (C) - connected to the 1’- carbon atom
of a 2-deoxyribose sugar which is connected to a phosphate group at its 5’-carbon atom.
Chains of nucleotides are formed by connection of the phosphate group of the 5’-carbon
to the 3’-carbon of the pentose sugar of the adjacent nucleotide by formation of a covalent
phosphodiester bond. This yields a robust backbone of alternating phosphate and sugar
residues carrying the nucleobases. The robust nature of the phosphate sugar backbone is
key to its function as carrier of genetic information encoded in the sequence of the four
nucleobases. Due to the asymmetry, the polynucleotide has a directionality: A DNA single
strand has a so called 5-end usually with a terminal phosphate group and a 3’-end with
a terminal hydroxyl group. Enzymes usually process DNA from the 5’- to the 3’-end. In
the double helix structure the two strands are antiparallel to each other to allow pairing
of their bases. Due to the asymmetry of the glycosidic bonds between sugar and base the
two strands winding around each other possess a so called major and a minor groove. The

minor groove appears at the side of the base with the glycosidic bonds. The large major
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groove which makes the bases accessible for proteins is formed at the other side.

Different double helical forms of DNA can be found in physiological conditions. The
most common double helical form is B-DNA (Figure [1.2): B-form DNA is right-handed.
The spacing between its nucleotides is 0.34 nm. The double helix has a diameter of 2
nm and the helical pitch is 10.5 base pairs. The bases are almost perpendicular to the
DNA axis. In addition to this most common form there are other forms of double helical
DNA of slightly different appearance and dimensions regarding e.g. handedness, length of
the helix turn and diameter, number of bases per turn and size of the major and minor
groove. A-form DNA is observed in dehydration conditions. It is right-handed too, but
shorter with a slightly larger diameter. A-form helices are also found in RNA and DNA-
RNA hybrid complexes [26]. At certain environmental conditions and sequences (with
alternating purines and pyrimidines), left-handed Z-DNA can form. It is longer than B-
form DNA and has a slightly lower diameter. It is characterized by a zigzagging backbone.
By changing the environmental conditions a transition between B- and Z-DNA can be
induced for certain sequences [27, 28]. This can be used to build switchable nanostructures

sensitive to environmental changes [29)].

1.2.2 Base pairing and base stacking

The nucleobases of the two strands comprising the double helix prefer under regular con-
ditions a specific pairing - the Watson-Crick base pairing or canonical base pairing. Here
adenin binds to thymine and guanine binds to cytosine. The G-C connection occurs via
three and the A-T connection via two hydrogen bonds, see Figure[1.2] Adenine and guanine
are purin based with a six membered ring fused to a five membered ring and thymine and
cytosine are pyrimidin based with a six membered ring. A base pair with Watson-Crick
base pairing is always formed by one purin base and one pyrimidine base and therefore the
different basepairs have essentially the same dimension. With the same distance between
the 1’-carbon atoms of sugars on opposite strands, a helical structure that is independent
of the sequence can arise. Following the base paring rules, a DNA strand can hybridize to
another strand with a reverse complementary sequence in an antiparallel manner to form
a double helix with the bases pointing to the inside of the helix complementing each other.
The specificity due to the base pairing rules makes each part of a DNA single strand easily
addressable via its complementary sequence.

While in chlorophorm - a non-aqueous solvent - single bases form hydrogen bond based

base pairs, in an aqueous environment where hydrogen bonds with water molecules are
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Adenine Thymine
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/N — H ......................................... (\ <
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Figure 1.2: Watson-Crick base pairing of adenine with thymine and cytosine with guanine
with two and three hydrogen bonds (dotted lines), respectively b) The double helical
structure of B-form DNA shows a major and minor groove and has a diameter of 2 nm.
Here white ribbons represent the phosphate-sugar-backbone and the colored rods indicate
the base pairs.

formed, the planar bases pile on top of each other due to attractive interactions caused by
the overlap of the delocalized pi electron systems of the neighbouring aromatic rings in the
pyrimidin and purin based nucleobases. These interactions are called base stacking. The
stacking interaction energies of two adjacent base pairs depend on the type of base pairs,

on salt concentration and on temperature.

Both base stacking and base pairing are important for the formation of the double
helical structure. Stacking is the main factor for stability of the double stranded DNA
molecule [30]. In a long DNA molecule the two strands are held together more strongly

than in short ones.
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1.2.3 Properties of DNA

Polyelectrolyte properties

DNA is a strong polyelectrolyte. The phosphate groups in the DNA backbone become
deprotonated at pH values above 1. Therefore, the phosphodiester backbone in a polynu-
cleotide in an aqueous environment in physiological conditions is highly charged.

The important concept of screening of interaction between charges in the presence of
counter ions and coions was described by Debye and Hiickel. In the presence of ions
the negative charges on the backbone of DNA lead to the formation of a so called ion
atmosphere around the DNA. The charges on the backbone attract ions of the opposite
charge and repel ions of the same charge which leads to an accumulation of counterions
and a depletion of coions. The formation of the ion atmosphere leads to a screening of
the highly charged backbone i.e. to a reduction of long range electrostatic interactions.
Screening effects can be described by the Debye length in an electrolyte solution. The
Debye-length is the characteristic length scale on which the electric potential of a local

excess charge decays to 1/e. In an electrolyte it is given by

ETEQkBT
Ap =\ ————— 1.1
b=V oN,err (1L.1)

with the permittivity ¢, the Avogadro constant N4, the ionic strength of the electrolyte I.
A detailed review about the interactions of nucleic acids and ions is given by ref. [31]. This
screening allows the two highly charged single stranded DNA molecules to come together
for double strand formation. Addition of Mg?" is commonly used to induce folding of
nucleic acids. For folding of nanostructures from DNA, ion concentrations have to be
adjusted to allow screening for the DNA strands to come close together but at the same

time to not lead to aggregation [32].

Optical properties of DNA

With the knowledge of the optical properties of DNA its concentration can be determined
and the hybridization and denaturation processes of the DNA strands can be monitored
spectroscopically.

The intensity decrease of light passing through an absorbing solution is described by
the Beer-Lambert law I = I, - 107 where I, is the intensity of the incoming light and [
is the intensity of the transmitted light, [ is the path length, ¢ is the concentration and
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e is the extinction coefficient. The absorbance A = log(ly/I) = €lc is also called optical
density (OD). Absorbance measurements are used to determine DNA concentration. For
the determination of the absorbance of a specific polynucleotide the absorbance of its
nucleotides as well as the interactions among them have to be taken into account. The
bases of DNA in their native state absorb light at a wavelength of around 260 nm. The
wavelength of maximum absorption remains the same for polynucleotide strands and double
stranded DNA, but a double stranded DNA molecule absorbs less than the sum of its single
strands and a single strand absorbs less than the sum of its bases. This effect is called
hypochromicity and can be used to measure dissociation and hybridization processes of
nucleic acids.

Furthermore, circular dichroism measurements - i.e. measurements of the difference of
absorption of lefthanded and righthanded circularly polarized light - can determine the
chirality of the nucleic acid and therefore distinguish B- and Z-DNA.

Thermal stability of DNA

For the role of DNA as carrier of genetic information and its replication it is of particular
importance that the backbone is strong, held together by covalent bonds as it carries in
its base sequence the genetic information and that the connection of one DNA strand to
its complementary DNA strand by hydrogen bonds is weaker so DNA can be unzipped
for its multiplication. With increasing temperature the DNA double strand (dsDNA) first
denaturates into two single DNA strands (ssDNA). Due to the effect of hyperchromicity
this effect can be monitored by absorption measurements. The midpoint of the s-shaped
melting curve is the melting temperature i.e. the temperature at which 50 % of DNA is
present in the solution in a denaturated state. The melting point is a measure for the DNA
duplex stability.

A first estimate of the melting temperature 7,, of a sequence is given via its GC content
[33]. Considering nearest neighbour interactions the melting temperature T, in °C' for
nonself-complementary oligonucleotide duplex of known sequence can be estimated via
[34], 135, 136, 37, B8]

B AH
A+ AS+R-In(9)

—273.15 4 16.6 log[Na™] (1.2)

m

with enthalpy change AH in kcal /mol, entropy change AS in kcal K~ mol™*, A = —0.0108

kcal K=!- mol~! accounting for helix initiation, gas constant R = 0.00199 kcal K~!- mol !,
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total oligonucleotide strand concentration in mol/liter, sodium ion concentration [Na™] in
mol/liter, using tabulated nearest-neighbour values for AH and AS assuming a two-state
transition. As screening effects play an important role, ion concentration influences the
melting temperature. Furthermore, the melting point depends on DNA concentration,
length and sequence.

Single DNA strands survive high temperatures since the backbone is held together by
covalent bonds. The described melting behavior has implications for the annealing process

used for the assembly of nanostructures from DNA and for their stability.

Mechanical properties

To describe size, shape and properties of polynucleotides in solution DNA can be depicted
using different structural models from polymer theory. A short description is given here
following ref. [39, 15, 40]. A distinction is made between models for ideal chains and
real chains. An ideal chain model does not consider interactions of monomers that are far
apart along the chain as opposed to real chains that interact with the solvent and interact
with themselves. Here I depict two models of ideal chains that are used to describe single
stranded DNA and double stranded DNA| respectively, considering its differing rigidity.

At high ion concentrations DNA charges are fully screened.The simplest model for
polymers - the freely jointed chain (FJC) - can be used to approximate fully screened single
stranded DNA. In the FJC it is assumed that there are no interactions of the monomers.
The segments of the polymer are modeled as rigid rods with a fixed length [. They are
freely jointed so that a random walk can be assumed. This means the momomers can
occupy the same space and their orientation is completely independent of the neighboring
monomers. The mean square end-to-end distance of a polymer of N segments of length [ in
the FJC model calculates as < R? >= NI2. It is proportional to the number of segments
N.

To depict the properties of the stiffer double stranded DNA the wormlike chain (WLC)
model for semi-flexible polymers is used. As in the FJC model an ideal chain is assumed.
The WLC is a special case of the freely rotating chain model (FRC) at very small values
of the bond angle. In the FRC the bond lengths and bond angles 6 are constant and the
torsion angles are independent of each other and equally likely. The maximal extension of

(4

the chain - the contour length R,,.. - is given by R,,.. = NI cos(i). For a stiff polymer

like dsDNA the bond angle is small and R,,,, ~ NI. The mean square end to end distance

is < R? >= 2 [, Rar — 2l§(1 - exp(—RTl';”)) with the persistence length [,. The persis-
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tence length is given via the exponential decay of the tangent vector correlation function
<t(0)-t(L) >= e_RlLPM with the tangent to the polymer at position 0 and the tangent at
a distance L away from this position along the contour of the chain. [p is proportional to
the bending stiffness of the chain.

For a chain much longer than the persistence length R,,,, >> [, the behavior of the
mean square end to end distance approximates the freely jointed chain < R* >= 2-1, R4,
The so called Kuhn length that describes the effective bond-length of an equivalent freely
jointed chain of the same contour length R,,., in the (WLC) model is Iy = 2-1,. A
chain that is much shorter than the persistence length R,,,, << [, can be considered fully
extended < R* >= R?
0.1 M NaCl is about 50 nm or 150 bp [15].

Short pieces of ds DNA such as ~ 10-20 bp - for linker lengths of the assemblies in-

vestigated here and double helix segments of typically 21 bp between connections - are

adopting its contour length. The persistence length of DNA in

considered to be stiff and straight. Rigid nanostructures can be built by joining DNA dou-
ble strands with connections placed at distances that are much lower than the persistence
length of DNA.

For the design, assembly, purification and characterization of nanostructures the base
pairing principle, the geometry of DNA of double helical antiparallel strands, its stiffness,
its base pairing and stacking interaction, its stability dependence on salt and temperature

and its polyelectrolyte properties and optical properties are exploited.

1.3 Introduction to structural DNA nanotechnology

1.3.1 DNA as a building block

In 1982 the father of DNA nanotechnology, Ned Seeman, realized that ”/.../ biology is no
longer the only branch of science where DNA 1is finding a significant role: It is now possible
to exploit DNA complementarity to control the structure of matter” [41]. He brought DNA
into the ”material world” [42]. In the following a short introduction to DNA nanotech-
nology is given [42]. The properties of the DNA molecule - size, stiffness, geometry, base
pairing and the available infrastructure - make it an ideal building block on the nanoscale.
Connections of DNA based molecules can be achieved via hybridization of so called ”sticky
ends” (Figure [L.3). Sticky ends are single stranded DNA overhangs from a DNA double
strand. They are designed to allow for hybridization of the sticky end of one DNA building

block to its Watson-Crick complementary sequence sticky end of another building block.
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Sticky ends provide a selective connection of the building blocks with an overhang of N
bases allowing for 4V possibilities for the sequence. In addition to the advantage of high

specificity, the geometry of such a connection is the well predictable double helix.

H sticky end —|-|-|'N
+
‘.l_l_l. sticky end *I—I—I—

base
pairing

—r-r—*r—rrr\
*I_LL*L_.L_.I_

Figure 1.3: Sticky ends. Complementary overhangs of single DNA strands from double
helices can hybridize and ”stick” two pieces together. The connectivity is specific due to
the Watson-Crick base pairing rules.

The extension of an assembly from one dimension to two or three dimensions requires
branched structures of DNA. One branched DNA structure occurring in nature is the
Holliday junction. It occurs during meiosis where two homologous chromosomes exchange
strands and therefore genetic information, allowing for genetic diversity. The Holliday
junction is a four armed junction of DNA double helices consisting of four DNA single
strands. Due to sequence symmetry however branch migration is allowed in these Holliday
junctions. For the use as a building block an asymmetry of the sequences is introduced and
with this a stable building block is formed, that now allows a programmed self-assembly
in two dimensions.

To achieve a two and three dimensional assembly of lattices however sufficient rigidity
of the building blocks is required. For the assembly of two dimensional lattices double
crossover tiles (DX) that are two connected antiparallel dsDNA strands were used as mo-
tives which are essentially more rigid than a dsDNA strand [43, 44]. Adding of protrusions
to specific DNA tiles allowed a patterning of two dimensional DNA assemblies that can be
visualized with an AFM [32, 44]. The use of a tensegrity triangle [45] allowed the assembly
of 3D crystals to a macroscopic size [46] (Figure [5.3).

The first confined DNA nanostructure was built by Ned Seeman in 1991 [47]: a DNA



1.3 Introduction to structural DN A nanotechnology 11

Figure 1.4: A DNA cube with double helical edges was built by Ned Seeman in 1991 [47].
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Nature, from ref. [42], copyright (2003).

cube with double stranded DNA as edges that consists of six single DNA strands, see
Figure [I.4]

The concepts were extended from simply building objects and lattices to DNA nano
"machines” that impart functionalities. The first nano mechanical machine was a rotating
device based on the B-Z transition of DNA responding to the addition of a small molecule
[29]. The toehold technique introduces a programmable and specific control mechanism [48]:
A single DNA strand with a base complementary and a non-complementary part is incor-
porated into a DNA structure. By addition of a fully complementary sequence the partially
complementary sequence is stripped of the device. In a DNA construct in the form of a pair
of tweezers addition of the specific DNA strands induced opening and closing. Dynamic
DNA assemblies have been built that rely on stacking interactions of shape complementary
components [49]. Salt concentration and temperature induce opening and closing of the
constructs. Other examples include a walker constructed from DNA [50] and a nanoscale
robotic arm controlled by electric fields that could be used to transport fluorophores and

inorganic nanoparticles [51].

1.3.2 DNA nanostructures to arrange guest particles

Attachment of functional nano objects open new possibilities for applications of DNA struc-
tures. Any molecule that can be attached to a DNA strand can in principle be arranged
on DNA nanostructures. Examples are fluorophores, proteins, gold- or silver-nanoparticles
and nano diamonds [52], 53, 54} [55, 50, 57]. DNA constructs allow a positioning of guest

molecules on the basis of the DNA’s geometry and dimensions - a distance between bases of
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about 0.34 nm and a diameter of about 2 nm. DNA nanostructures are extremely versatile.
They offer the possibility for placement of different species of guest objects, for example
gold nanoparticles and fluorophores, simultaneously. Furthermore, DNA nano structures
can be designed to be reconfigurable, e.g. by strand displacement. Threfore they can also
be used for structurally reconfigurable guest particle systems. A plethora of nano devices
have been made by the precise arrangement of guest particles of different types on DNA
nanostructures. As an example precisely arranged fluorophores to serve as molecular rulers
[52] and for potential light harvesting applications [58] have been investigated. Synthetic
lipid membrane channels have been constructed in form of a DNA nanopore with choles-
terol moieties [59] and many constructs involving gold nanoparticles [60], which will be

described in more detail in chapter |4.3

Figure 1.5: (A) The DNA origami technique: a single stranded circular scaffold strand
is folded into a desired shape by short staple oligonucleotides. (B) Various shapes can
be built by the DNA origami technique [32]. Among others the smiley shape is shown.
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Nature, from ref. [32], copyright (2006).
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1.3.3 DNA origami

One important development in DNA nanotechnology was the introduction of the DNA
origami method by Paul Rothemund [32] [61]. Here a long single stranded DNA strand
of around 7-8 kilo bases - the ”scaffold” - is folded into a desired shape by short single
stranded oligonucleotides, so called ”staples”, see Figure [L.JA. A structure is created in
the form of parallel, interconnected DNA double helices. For the assembly the scaffold
is mixed with carefully selected staples in a buffer of the appropriate salt concentration
and subjected to an annealing process. The DNA origami structures can be imaged with
AFM or TEM [32, [62]. The technique was first demonstrated by the creation of several
two dimensional shapes - among others the smiley shown in Figure [32].

The DNA origami concept has been extended from flat structures of one layer of con-
nected double helices to three dimensional constructs [62]. Two design strategies for 3D
arrangements have been developed that are often applied [62], 63], see Figure . In these
designs the parallel DNA double helices are arranged in a honeycomb or square lattice.
The design strategy can be explained in the following way: The natural repeat sequence
of about 10.5 base pairs per turn for DNA free in solution gives a recurrence of the orien-
tational position within the DNA helix at the 21st base. A connection of one DNA double
strand to neighbouring antiparallel double strands can occur at every 7th base giving a
connection to a neighbouring helix at an angle of 120° and therefore to three neigbours.
This leads to a honeycomb arrangement of the DNA helices [62] (Figure [L.6A). A square

Figure 1.6: 3D DNA origami lattice types: For a three dimensional structure the DNA
double helices can be arranged in a honeycomb lattice [62] (A) or in a square lattice [63]
(B). (A) Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Nature, from ref. [62], copyright (2009). (B) Reprinted with permission
from ref [63]. Copyright (2009) American Chemical Society.
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lattice of parallel double helices can be achieved by connecting DNA helices to four neigh-
bouring helices [63], (Figure[L.6B). As the natural repeat of 21 bases does not comply with
four neighbours to form straight structures, over and underwinding of the DNA must be
accounted for in this case.

Furthermore, curvature and twist can be induced purposefully e.g. via addition and
removal of single base pairs [64] [65]. The software caDNAno [66] aids the design process
of DNA origami nanostructures. Predictions about three dimensional solution shape and
flexibility of the designs can be obtained with the software CanDo [67, [68].



Chapter 2

Materials and methods in DNA

nanotechnology

After the process of design and assembly the DNA nanostructures are purified using
for example gel electrophoresis and imaged using an atomic force microscope (AFM) or
transmission electron microscope (TEM). The techniques are described in the following
[69, [70, [71, 16} [72]

2.1 Gel electrophoresis

Gel Electrophoresis is a technique used to separate charged macromolecules such as DNA
or proteins by size and shape based on differences in migration speed through a porous
gel matrix in the presence of an electric field. These differences in speed can originate, for
example, from size or charge. Shorter or more compact structures have a higher migra-
tion speed through the pores of the matrix material than longer or extended ones. This
means DNA of different lengths or conformations can be separated. The pore size of the
matrix material has to be chosen according to the sizes of the structures to be separated.
Common matrix materials are agarose and polyacrylamide. The pore sizes depend on the
material and its concentration. The sample is filled into wells in the gel and placed in
an electrophoresis chamber with a running buffer. A voltage is applied and due to its
negatively charged backbone, the DNA migrates to the anode. After sufficient time for the
separation of the structures has passed the gel can be imaged. To make the DNA visible
the gel is stained with intercalating fluorescent dyes such as ethidium bromide and exposed

to UV light. The different structures form distinct bands. The structures are usually ex-
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tracted by band excision and purification from the gel matrix material. Gel electrophoresis
is commonly used for purification of the folded DNA origami structures from the excess
staples using the fact that the short staples migrate faster than the larger Origami struc-
ture. From the comparison of the folded structures to the scaffold strand migration speed
an indication of the success of the folding can be gained. The compact folded structure
usually moves faster than the scaffold. Furthermore, dimerization or aggregation of the

structures become visible.

2.2 Transmission electron microscopy

For the imaging beyond the possibilities of the human eye optical microscopes serve well on
the microscale. Abbes limit gives the smallest possible resolution d - the smallest distance

at which two points can still be distinguished - as

A

with the numerical aperture of the objective N A. The limit is reached when structures of
the size of the wave length of light are to be imaged. For visible light the limit is around
200 nm. Lower wavelengths are required to image smaller structures. Electrons can reach
low wavelengths when accelerated, following De Broglie A = %. They can be guided using
electro-magnetic lense systems. ” [Flor his fundamental work in electron optics, and for the
design of the first electron microscope” Ernst Ruska received the Nobel Prize in Physics in
1986 together with Binning and Rohrer [I1]. They enabled the imaging of matter on the
nanoscale and beyond. In the imaging of DNA nanostructures the transmission electron
microscope (TEM) plays an important role. In a TEM free electrons are usually generated
based on thermionic emission from a filament and are accelerated. Typical acceleration
voltages here are 80-400 kV with the lower range more suitable for biological samples. An
electro-magnetic lense system is used to direct and focus the beam. The electron beam
is kept in vacuum to prevent scattering by air molecules. The beam is sent through the
sample that has to be sufficiently thin to allow for transmission of the electrons. The
electrons which are not scattered or absorbed by the sample are detected for example on
a fluorescent screen or a charge-coupled device (CCD) camera. Therefore objects with

a material of high atomic number such as gold or silver nanoparticles appear clearly in
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the images, while biological samples like DNA only show a low contrast. For solely DNA
based nanostructures therefore a staining with heavy atoms is usually necessary. As a

staining material we use Uranyl formate or acetate. Figure shows examples of DNA

Figure 2.1: TEM images of DNA origami nanostructures. (A and B) Block shaped DNA
origami structures are shown. Parallel double helices of the structures are visible. (C) Gold
nanoparticles on DNA origami structures appear as dark dots. (D) Two silver nanoparticles
in between two gold nanoparticles arranged on a DNA origami structure.

origami nanostructures imaged with TEM. Pure DNA origami structures (Figure
and ) have to be stained before imaging. The parallel double helices are visible. Gold
nanoparticles on DNA origami structures are appear as dark circles ) Two silver
nanoparticles in between two gold nanoparticles arranged on a DNA origami structure are
shown [2.ID. The different materials gold, silver and DNA can be distinguished. As the
liquid samples of DNA nanostructures are dried in the preparation for TEM imaging, it

has to be kept in mind that only a dried state of the structure is imaged.
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2.3 Atomic force microscopy

The atomic force microscope is a scanning probe microscope with subnanometer resolution.
In an AFM a cantilever with a sharp tip scans the surface of a sample while the deflection
of the cantilever is measured, see Figure 2.2l It is deflected due to forces between the
tip and the sample surface, thus probing the surface. The deflection of the cantilever can
be detected by measuring the displacement of a laser beam reflected from the top of the
cantilever with a photodiode. In the so called ”contact mode” the deflection is used in
a feedback loop to maintain a constant distance from the surface. For soft samples and
imaging in liquid an intermittent contact or "tapping mode” is more suitable. In tapping
mode the cantilever is driven to oscillate near its resonance frequency with an amplitude of
nanometers. Interaction forces change the oscillation amplitude when the tip approaches
the surface. The deflection amplitude serves as a feedback parameter. The AFM images

in this thesis were taken in tapping mode in fluid.

Detector and
Feedback Electronics

Photodiode

Laser

Cantilever with tip

Sample surface

Figure 2.2: Scheme of an atomic force microscope. A tip on a cantilever scans the height
profile of a sample. The deflection of the cantilever can be measured with a laser beam
that is reflected from the top of the cantilever and detected with a photodiode.
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2.4 Small-angle X-ray scattering (SAXS)

” Photo 51” which built the basis for the discovery of the double helical structure of DNA
is the most famous example for the use of X-rays for elucidation of the structure of nucleic
acids (Figure. Here I want to introduce the method of measurements of the small-angle

X-ray scattering (SAXS) pattern that we use for characterization of DNA nanostructures
in solution following ref. [73, [74] [75].

Figure 2.3: ” Photo 517: X-ray fiber diffraction pattern of B-form DNA . Reprinted by per-
mission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature,
from ref. [20], copyright (1953).

SAXS can probe biological macromolecules in solution to determine their structure,
conformations and interactions [76}, [77, [78]. It can be used to probe structure in the range
of 1-100 nm in a typical setup and has applications for example for biological materials,
chemicals, polymers, pharmaceuticals and nanotechnology. In the relevant context it has
been widely used for the characterization of proteins and nano objects such as AuNPs,
AuNP assemblies and DNA assemblies 76}, 79, R0, 8T, 82]. Microscopy methods such as
AFM, TEM and cryo-TEM which involve the presence of a surface, drying and staining
or freezing can be complemented by SAXS. It can yield complementary information as
it allows to probe assemblies directly in their native environment and therefore can also
detect the environments influence on the structure.

In this chapter the basic principles of SAXS will be depicted following ref. [83, [73]
R4, [74], [85]. First we will describe how the X-rays interact with the sample causing an
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intensity pattern characteristic for its structure at small angles from the direct beam that
is recorded in a SAXS experiment. Then the experimental setup will be described to
explain how instrumental parameters influence the interpretation of the recorded data.
Furthermore, we explain how the intensity curves can be interpreted by direct modeling

and fitting or by transformation to real space.

2.4.1 Basics of SAXS

This chapter is following ref. [83] [73, [74], [75]. When X-rays are sent through the sample
and interact, some are absorbed and some are scattered. Scattering can occur elastically
or inelastically. If the scattered X-rays are coherent, they can interfere. For structure
determination we here make use of coherent elastic scattering. Scattering arises from the
electron density experienced by the propagating X-rays. As the wavelength of X-rays is in
the nanometer range, electron density inhomogeneities at this length scale lead to inter-
ference phenomena. The contrast in the scattering pattern is related to the difference in
electron density of the objects and the matrix material, in our case gold or DNA and an
aqueous buffer, respectively. Furthermore, as all electrons within the illuminated sample
volume can interact with the beam the scattering reflects the average over all objects and
orientations. A detector records the 2D scattering intensity distribution with the interfer-
ence pattern characteristic for the sample. For randomly oriented objects the scattering
pattern is concentric around the beam. Radial integration reduces the pattern to a one
dimensional scattering curve I(g). Smaller structures scatter to wider angles and larger
structures scatter to smaller angles. The challenge in SAXS is to prevent the scattering
intensity that appears at small angles - typically about 0.1-10° - from being overshadowed
by the direct beam.

The elastic scattering process can be described by the interaction of an incoming wave

k with the electrons of an object resulting in an outgoing wave k' with the same magnitude

of the wavevector |k| = |K'| = 27” but a different direction, see Figure . For a setup
independent description equations are expressed in terms of ¢ = |q] = ‘l; — K'| instead of
scattering angle 26 and the wavelength .
The change of the scattering vector is
S 4
q:|cﬂ:‘k‘—k" :;sin& (2.2)

The scattering amplitude caused by an electron cloud can be described as follows: each
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scattering 'k’ q

angle 29\

Kk

Figure 2.4: Geometrical relationship between the scattering vector and the scattering angle.
Absolute value of incident wave vector and outgoing wave vector are identical in an elastic
scattering event. The scattering vector ¢ is given by their difference.

volume element dri” of the electron cloud at 7 contributes with scattering length density
contrast Ap(7) and phase difference €¥". The form factor characteristic for the shape of

the scattering object is
F(q) = / dirAp(7)e (2.3)
1%

i.e. given by the Fourier transform of the scattering length density contrast Ap(7). The

intensity is proportional to the squared absolute of the form factor.

I(q) ~ |F(@) (2.4)

For non-centrosymmetric objects the random orientation of the objects in solution has to

be taken into accounted. The average intensity for different orientations is denoted as

< I(Q) >orient.aver.N< |F((D|2 >orient.aver.:: P(q) (25)

For some cases the form factor can be calculated analytically. Others have to be calculated

numerically.

2.4.2 SAXS scattering profiles of basic geometries

The form factors of basic geometries used in this study will be given here [85, 86]. Intensity

plots are prepared with SasView.

Form factor of a sphere

For spherical objects P(q) = |F(q)|* where F(q) is the amplitude form factor. The form

factor of a homogeneous sphere of radius R is calculated in a straightforward way from



22 2. Materials and methods in DN A nanotechnology

the scattering length density contrast Ap = psphere — Pouffer, for r < R and 0 elsewhere:

85, 57 6] |
3[sin(qR) — qR cos(qR)]

(qR)?

The minima of the intensity of a sphere are given by tan(¢R) = ¢gR and therefore occur

Fsphere((l) - Ap‘/tsphere

(2.6)

for R =~ 4.49,7.73,10.90. The minima of larger spheres occur at lower values of ¢. In
Figure [2.5intensity curves of spheres of typical radii of R=20, 10, 5 and 2.5 nm are shown.

I(q)[a.u.]

q[1/A]

Figure 2.5: Influence of size on the scattering profile of a sphere. Radii of 20, 10, 5 and 2.5
nm are shown.

In the long wavelength limit ¢R << 1 - the Guinier regime - the small-angle scattering
of a sphere can be approximated by an expansion of the trigonometric functions. The
intensity can be approximated by a Gaussian and can be used to determine the radius R

of a spherical particle or the Radius of Gyration Rg for a non-spherical particle:

_R)?
Isphere(q — O) ~ € q5

(2.7)

In a Guinier plot the logarithm of the intensity is plotted versus ¢? so that the radius can be
extracted from the slope. In the short wavelength limit ¢ R >> 1 - the Porod regime - the
SAXS intensity Ispnere(q — 00) is proportional to the surface area and follows a powerlaw
characteristic for its dimensionality. For a sphere it falls of as ~ ¢~* for an infinitely thin

disc as ~ ¢~2 and an infinitely thin rod as ~ ¢~!.

Polydispersity

For polydisperse solutions the scattering curves can be regarded as being composed of

the form factors and therefore weighted by the respective contrast and volume. With a
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distribution of particle size D(R) normalized to [;~ D(R)dR = 1 the intensity given by

Ipoyaiop () = / " D(R) |(F(q, R))* dR. (2.8)

As the scattering intensity scales with the volume of the particles, larger particles in an
ensemble dominate the signal. The scattering pattern of spheres of differing degrees of
polydispersity are shown in Figure 2.6 For a higher polydispersity the minima become

washed out.
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Figure 2.6: Influence of size polydispersity on the scattering profile of a sphere.

Form factor of a sphere with a shell

The form factor of a sphere with a shell of differing density is calculated from its scattering
length density contrast Ap = pophere — Pouffer, With pe for 0 <r < R, ps for R. <1 < Ry
and py = psew for r > Ry [87,[86)] as

1 3sin(qR.) — qR. cos(qR,
Fcoreshellsphere(q> :_[(pc - pS)‘/C (q ) ! 3 (q )
V. (qR.)
3sin(qRs) — qR, cos(qRy)

]

s sovV;
+ (ps = Psolv) (4R’

with V. = %WRE and V = %WR?.
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Form factor of a cylinder

The form factor of a homogeneous cylinder is [85], [86]

Fcyl(q’ Oé) = ApVYCyl2

sin(£q cos @) Jy (qRey sin a) (2.9)
q

COS & qRey sin o

with « beeing the angle between the axis of the cylinder and ¢, Ap the scattering length
density contrast, V., the volume of the cylinder, L the length of the cylinder, R, the
radius of the cylinder, J; the Bessel function of the first order. For randomly oriented

cylinders the scattering intensity function is given by

us

]cyl,om'ent.aver. (Q) = / |Fcyl(Q7 O./) |2 sin ado (210)
0

Form factor of a block

The scattering intensity of a homogeneous block shaped object [88], 89, 86] with the side
lengths A, B, C of the object fulfilling A < B < C and an orientation to scattering
vector given by «a, [ with a being the angle between z-axis and the longest axis C of the

parallelepiped, 3 the angle between the scattering vector in the xy-plane and the y-axis

A . . . /B _ - .. C
sin(£¢sin asin ) sin(<¢sin a cos §) sin(%q cos )
Fblock(Qaaaﬂ) = Ap%lock A2 . . 32 . 02 (211)
5qsinasin 3 Sgsinacos 3 5qcosa
with ‘/block == ABC
With an averaging over orientations the intensity is
2 (2 (2 .
Doiock orient.aver.(q) = - / / Fioer (@, v, B) sin adad (2.12)
o Jo

In Figure[3.2]in chapter [3.1] the scattering pattern of a cylinder and two block shaped struc-
tures similar to the overall-shape and dimension of the DNA nanostructures investigated

are shown.

Form factor of a dimer

For the scattering intensity of an aggregate of N spherically symmetric particles with form

factor Fj(q) of the individual particles the amplitude is composed of the contributions of
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the individual particles F(q) = Zjvzl F;(¢)e'7i and therefore [74]

< INspheres(CT) > orient.aver. —< |A(q_)|2 > orient.aver.
2

=< Z Fj (Q>6“TT3 > orient.aver.
- (2.13)
N , N-1 N sin(d;eq)
=D Fo+2) > Fafo— "=
j=1 j=1 k=j+1 ikq

with distance dj; between the particle j and k

We now consider a dimer of two particles. For two identical spheres F; = Fyppere of fixed

. in(D
center-to-center distance D we get Iimer(q) = Fiphere(q)? -2+ (14 %) = Pyphere(q)S(q)
The structure factor S(q) = 2(1 + %) gives an oscillation around the monomeric

intensity that changes with distance D. This behaviour is shown in Figure|2.7|on a log and
linear scale. With the knowledge of the intensity of the monomeric particles the structure

factor S can be extracted.
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Figure 2.7: Influence of the distance of a dimer of spheres on the scattering profile on a
loglog and linear scale. Center-to-center distances of 20, 25 and 30 nm with spheres of
radius 5 nm and the scattering profile of a single sphere are shown.

Scattering of crystalline materials

A short overview of scattering of crystalline materials is depicted following ref. [73] [74].
Crystalline materials are defined by their periodicity in space with unit cells placed with
a regular repeat through a lattice specified by a set of vectors én = nydy + Nody + n3ds
with ny,n9,n3 € N, lattice vectors d, da, ds with its position within the unit cell 7; and
therefore scattering objects at position = R, + 7. dpr is the spacing of the lattice planes

with Miller indices h, k, [.
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Braggs law n\ = 2dsin 6 describes the condition for constructive interference for scat-
tering from crystal planes of distance d at scattering angle 26 for wavelength A and n € N.
It is equivalent to the Laue condition: the wavevector change has to be equal to a recip-
rocal lattice vector ¢ = G. From the description of the lattice, the peak positions can be

calculated. For a 2D squarelattice:

21 27
G = 55 = —Vh + &2 (2.14)
A a

i.e. diffraction peak ratios are 1,v/2,2,v/5 and for a hexagonal lattice
27 27 /4
X = ="/ sVh2 + hk + k? 2.15
Unk dic¢  a \/; LG (2.15)

i.e. diffraction peak ratios are 1, /3,2, v/7, 3 for a rhombohedral lattice

21/ {(B? + B2 4 1) sin®(@) 4 (hk + kI + hi)(cos?(a) — cos(a))
i — — . (2-16)
a 1 — 3cos2a + 2cos3a

SAXS profiles of lattices of arbitrary nano objects

Nanoscale lattice-arrangements can be studied in solution using SAXS. While in principle
the assignment of the peaks due to periodic order on the nanoscale is straightforward,
for quantitative data analysis it is required to account for certain factors and imperfec-
tions that are common in periodic nano arrangements compared to atomic crystals e.g.
accounting for anisotropic constituents, multiple nanoobjects per unit cell, polydispersity
and polymorphicity of the assembled nanoobjects and lattice defects [90]. Yager et al [90]
describe a scattering formalism to predict and quantitatively fit such periodic lattices of
arbitrary nano-objects. Starting point is a description of the lattice in terms of nano-object
arrangements making up the unit cell making up the lattice described by the position vec-
tor 7, = Tn + 7 + 7, with 75, pointing to the origin of the unit cell, #; pointing from
the origin of the unit cell to the center-of-mass of the particle j and the component 77,
that points from the center-of-mass of the particle to its final position in the lattice. The

scattering intensity is modeled using [90]:

G(q) +1—B(q)G(q) (2.17)
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with a structure factor S(q) accounting for disorder from polydispersity and positional

fluctuations. c¢ is a scaling constant, P(q) is the average form factor intensity

2

P(q) = < Zjﬂ@e“‘f@ > (2.18)

eod

with number of nano objects N; in the unit-cell and the form factors F;(g) for the objects
in the unit cell. The subscript e, d, o denote averaging to account for the ensemble, the
particle distributions and the orientation.
[1 — B(q)G(q)] is the diffuse scattering with (q) the effect of particle polydispersity
N, 2
‘<Z] ] P}(q_)>eod’
Bla) = . 5
(I B@em|)
eod

approximating the non-oscillating part scaling as 3(q) & exp(—o%R?q*) for particles of

(2.19)

radius R and a particle size distribution of finite width og. G(q) is an exponential Debye-
Waller factor G(q) = exp(—o%a?q®) with relative root mean square particle displacement

op for a lattice of size a and the structural scattering

2
Mhkl Nj

1 - (T i ;
Zy = F Z ZFj(Mthkl)€[2 (2 tybthsl] - L(q — qni) (2.20)
{hkl} | J

With the peak shape function L(q — gnr) and gui of reflection hkl, and its multiplicity
My, the rotation matrix M; accounting for the relative orientation of the particle j within

the unit cell and z;, y;, 2, the fractional coordinates within the unit cell.

2.4.3 SAXS setup

The considerations relevant for the interpretation of the data include geometric information
such as sample to detector distance, wavelength and its uncertainty, beam position and a
possible tilt, detector information such as pixel size and other measured quantities such as
transmission and background and are used for reduction of the 2D detector image to a one
dimensional intensity curve /(q) with uncertainty Aq and AI. A comprehensive discussion

for SAXS pattern collection and correction is given by [91]. Here I shortly present the
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instrumentation used for collection of the SAXS pattern. Data for the projects shown in
this thesis were recorded at an inhouse setup [92] and at various synchrotron facilities:
DESY, ELETTRA and ESRF.

A scheme of a SAXS setup can be found in Figure 2.8 The X-ray beam travels from
the X-ray source via the collimation path to the sample mounted at the sample stage. The
scattered X-rays as well as the direct beam travel through a vacuum tube that prevents air

scattering. The beamstop blocks out the direct beam. The detector records the scattering

pattern.
scattering
v v
\
X-ray source collimation path sample beamstop  detector

Figure 2.8: Scheme of a SAXS setup.

In-house setup

The in-house setup will shortly be described here [02, 03]. As a source serves a mikrofocus
X-ray tube with a molybdenum anode. With the K, = 17.4 keV of molybdenum we have
a wavelength of A = 0.71 A. Collimation is achieved with two scatterless slits in this setup.
The beam size is about 1.2 x 1.2 mm? and the maximum beam divergence is 0.16 mrad.
The flux is about 2.5 - 10° photons/s. The Sample stage is connected to a heating/cooling
system to allow the observation of the sample in differing ambient temperatures. Sample
chambers are made from aluminum or polyvinyl chloride (PVC) and have a thickness of
lem. PVC sample chambers are used for samples containing gold nanoparticles. Two
vacuum tubes of different lengths are available for the two sample to detector distances of
1100 mm or 2500 mm with q-ranges from 0.009 A~ to 0.15 A~ t0 0.014 A" t0 0.38 A",
respectively. The semi-transparent beamstop consists of lead tape glued to the Kapton foil
sealing the vacuum tubes. A Pilatus 100K (Dectris Ltd, Switzerland) with a pixel size of

0.172 mm x 0.172 mm and a total area of 83.8 x 33.5 mm? serves as a detector. Motors



2.4 Small-angle X-ray scattering (SAXS) 29

are used to position slits, sample stage and the vacuum tube with the beamstop via the
spec software. Here usually multiple exposures with a duration of one hour were taken.
The sample to detector distance and beam center is calibrated using the characteristic 2D

scattering pattern of concentric rings of silver behenate (AgBe) as a standard.

2.4.4 Sample considerations

The optimal thickness of the sample depends on material and the wavelength of the X-
rays. Absorption has to be kept small while the sample volume has to be large enough for
sufficient scattering to occur. As the scattering intensity is proportional to the illuminated
sample volume as well as the transmission given by T = I(z)/ly = e #* for a sample
of thickness z with the linear absorption coefficient u, the optimum sample thickness is
given by zg = i For X-rays using the K, of a molybdenum anode with A\ = 0.071 nm
measuring a sample of water the optimum sample thickness is about 1 cm. To tell apart
the scattering pattern of the object of interest from the background of the matrix the
scattering length density contrast between the sample material and the matrix material
has to be high enough. As the contrast increases with electron density difference, higher

concentrations are needed for samples of lower atomic numbers in water.

Synchrotron facilities

Measurements at synchrotron facilities have the advantage of high flux and short exposure
times. A short introduction is given following ref. [74]. Synchrotron radiation is the
electromagnetic radiation produced by accelerated charged particles. In the 1970s the idea
emerged that the synchrotron radiation stemming from the charged particles circulating in
the storage rings of particle accelerators built for high energy nuclear physics experiments
can serve as X-ray sources with high intensity and versatility. Since then many storage
rings dedicated to the delivery of X-rays have been constructed. Main components that are
found in typical experimental beamlines at third generation synchrotron sources are shown
in the scheme in Figure 2.9, The charged particles - usually electrons - are kept circulating
in the storage ring at constant energy at relativistic speed. They are kept on a circular path
by bending magnets. An efficient production of X-rays is achieved using insertion devices:
wigglers or undulators. In these devices the electrons are forced by arrays of magnets of
alternating field direction on an oscillatory path. An undulator is constructed to cause

small oscillations where different contributions of the oscillation of a single electron add
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coherently and yield X-ray beams of high brilliance. With the use of a monochromator
a particular wavelength band can be selected from the incident beam. On the basis of
Braggs law robust perfect crystals that can withstand the heat produced by the incident
beam serve for this purpose. Silicon is the main material used for monochromators at
synchrotron facilities, due to its availability, versatility and thermal expansion properties.

X-ray mirrors or compound refractive lenses can serve as a focusing device for the beam.

Synchrotron
storage ring

"
Spectrometer h

) N 5 L

‘ > Monochromator Undulator

\ Focusing
device e
[ e
e 30 m
_ e 2 m
-7 ) 10 m

Figure 2.9: Scheme of a typical X-ray beamline at a third generation X-ray source. The
charged particles circulating in the storage ring are forced on to execute small oscillations by
alternating magnets when passing insertion devices in the straight sections. This produces
intense beams of radiation. A number of optical elements gives the beam the required
properties [74]. From ref. [74] Copyright (2011) by John Wiley & Sons, Ltd. Reprinted by
permission of John Wiley & Sons, Ltd.

The data used for the three projects that are part of this thesis was recorded at three
synchrotron facilities: ”Deutsches Elektronen Synchrotron” (DESY) in Hamburg, Ger-
many; "European Synchrotron Research Facility” (ESRF) in Grenoble, France, and the
ELETTRA Synchrotron in Trieste, Italy.

The measurements at the DESY P08 beamline and at ESRF ID01 were performed by
Stefan Fischer, Kilian Frank and Bert Nickel. The ELETTRA SAXS beamline uses a
57-pole wiggler, a double-crystal monochromator, collimation is achieved by a slit system.

[94] The X-ray energy was 8 keV with A = 1.54 A. At the ESRF ID02 beamline [95] one of
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three undulators can be selected as X-ray source. Components are a liquid nitrogen cooled
channel-cut Si-111 monochromator and a toroidal mirror for collimation. The beamline
was used with a wavelength of A\ = 0.995 A corresponding to 12.46 keV. Detectors can be

moved in a vacuum tube to sample to detector distances from 1-31 m.

2.4.5 SAXS data interpretation
SAXS data treatment

The recorded scattering intensity pattern is transformed with the instrument parameters
to a 1D scattering curve I(q) in terms of q that shows the characteristics of the sample.
IgorPro plugin NIKA [96] was used for the reduction of the recorded 2D scattering pattern
via circular averaging to a 1D scattering intensity for the inhouse setup. The median of
multiple recordings is taken to remove outliers. The characteristic 2D scattering pattern of
concentric rings of silver behenate is used for calibration of the sample-to-detector distance.
Then typically the scattering intensity of the buffer is subtracted as a background. The
scattering curve I(q) obtained this way is characteristic for the measured sample and in
the following, the data can be analysed by fitting of a model to I(g) or by transformation

to real space.

The pair density distribution function

The scattering data can be interpreted by transformation to real space [85], [77]. The Pair
density distribution function (PDDF) P(r) is obtained by Fourier transformation of the

experimental scattering curve via
I(q) = 47T/ y(r)r? sin(qr) /qrdr. (2.21)
0

Its relation to the electron density is P(r) = r?y(r) with v(r) = (p(7) * p(—7)). The
PDDF provides direct information about the distances between electrons in the scattering
object. The Fourier transformation is usually performed making use of the indirect Fourier
transformation methods [97]. The PDDF equation analogous to the Debye formula in real

space for N spheres is [98]

N-1 N

N
< PNspheres (F) > orient.aver. = = Z p?pO(ra Rj) + 2 Z Z Pijﬁ(ﬁ djk7 Rj> Rk) (222)

j=1 j=1 k=j+1
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with the distance distribution function po(r, R;) = %“R?TQ — WRJQ.rg + 5r° of a sphere of
radius I; and electron density equal to unity and the cross term distance distribution
p(r, dji, Rj, Ry,) of sphere j and k with radius R; and Ry at a distance dj; as in [98].

The PDDF of spherical particles of different sizes and of dimers of spherical particles
are shown in Figure [£.2] Transformation to real space is performed with the software
GNOM [99, 100] from the ATSAS package or the proprietary software GIFT [101] via
indirect Fourier transform. In the indirect Fourier transform, trial P(r) functions are

Fourier transformed and compared to the experimental data.

Model fitting and software

Model fitting is performed with the software SasView [102]. Different form factors and
structure factors are contained in the library. Parameters can be fitted to obtain size,
polydispersities etc.

For quantification of the difference of the observed data set Y; from the expected dataset

2 .
Yineory,i X° is used.

2 2
X o (Y; - Y;fheory,i)
N = E Ve /Npts (2.23)

error,t

with the number of data points Ny [86]. As optimizer for example the gradient descent
Levenberg-Marquardt algorithm can be used which is fast but will find local minima only
or the population based more robust but slower DREAM optimizer [86].

Furthermore, the ATSAS data analysis software is a program suite for SAXS analysis
for biological macromolecules [I03]. The software CRYSOL [104] from the ATSAS package
can determine solution scattering intensities from PDB files of objects of known atomic
structure. PDB files can be obtained from CanDo [67] from a nanostructure design file
from caDNAno [66]. The software tools GNOM [99] [100] from the ATASAS package and

software GIFT [1I0I] can be used for the transformation of the data to real space.



Chapter 3

SAXS for characterization of DN A

origami structures’

Design and assembly of DNA origami nanostructures are well established. However, design
details such as crossover density, position of staple strand breaks, sequence selection, etc.
can influence the structural properties [106], [107]. Furthermore, environmental conditions
such as changes of the salt concentration can induce structural changes that have to be
accounted for in applications where precision in placing nano objects is a key element.
Established methods to prove successful assembly and determine structural features of
DNA nanostructures are AFM and electron microscopy. However, drying, staining, freezing
or the presence of a surface required for the imaging of the sample can influence the native
environment and therefore induce structural changes during the imaging process. On the
other hand, SAXS measurements of the sample can be performed in solution, and thus
enable the determination of structural properties of DNA origami objects in their native,
hydrated state. SAXS can therefore serve as a complementary method for characterization

of DNA nanostructures in solution [TI08] [79]. In this chapter I will discuss how structure

I This chapter is based on the publication ” Shape and Interhelical Spacing of DNA Origami Nanostruc-
tures Studied by Small-Angle X-ray Scattering”, Stefan Fischer, Caroline Hartl, Kilian Frank, Joachim O.
Rédler, Tim Liedl, and Bert Nickel, Nano Letters, 16 (2016), 4282-87. |doi: 10.1021/acs.nanolett.6b01335.
Adapted with permission from [I05]. Copyright (2016), American Chemical Society.

(Sections: ﬁrst part of and corresponding Supplementary Information.)

Author contributions:

S.F. and C.H. contributed equally to this work, T.L., B.N., C.H., S.F. designed the research, C.H.
prepared the assemblies, S.F. and K.F. performed the SAXS measurements and the fitting of the data,
S.F. prepared the Figures and C.H. wrote the first draft of the manuscript. All authors interpreted the
results and modified the manuscript.
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and structural changes in pure DNA origami can be probed with SAXS.

3.1 The shape of DNA origami

DNA origami structure can be modeled using different levels of detail, see Figure[3.TA. The
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Figure 3.1: Representations of the DNA origami structure: (A) Target shape of the DNA
object, representation by cylinders corresponding to the DNA double helices, and part of
caDNAno design with specific sequences. (B) Models with cylinders representing double
helices and TEM images of two 3D structures probed in this study with squarelattice and
honeycomb lattice cross section (C) Molecular dynamics simulation of two DNA origami
structures of a honeycomb (upper image) and square lattice type (lower image) [109]. Wire
frame (black lines) connects the centers of mass of the DNA base pairs that form continuous
double-stranded DNA cylinders or crossovers of the original DNA origami designs. The
lines between the centers of mass of the same index base pairs connect the wire frame and
length of the lines indicates the local inter-DNA distance, which is color-coded from 18
A(blue) to 30 A(red). (Relaxation time is 130 and 120 ns, respectively.) . Reprinted from
ref. [109], copyright (2013) National Academy of Sciences.

first level of detail is equivalent to the overall target-shape of the structure. The second
level corresponds to the second step in the design process of DNA origami where the desired
shape is represented as a composition of perfectly straight parallel cylinders representing
the double helices (Figurd3.1]B). A third level of detail follows from the fact that the helices
are connected by staple and scaffold crossovers and from the atomic composition of the

double helices. At the connection points of the double helices - the corresponding holliday
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junctions - the DNA helices are held together closely [32, 109]. A chicken-wire structure
arises, that can readily be seen in AFM images [32], see Figure and :

3.2 SAXS for characterization of DNA origami struc-

tures

Here I shortly describe the results of the SAXS measurements on pure DNA origami nanos-
tructures and then a detailed discussion is given. In the project described in this chapter
the scattering profiles of three different structures - a block, a sheet and a cylinder - with
three different types of cross-sections were investigated. Three dimensional cross sec-
tions of the honeycomb and the square lattice and a one layered structure are chosen. The
theoretical scattering pattern of the basic shapes have been discussed in the introduction
in chapter [2.4.2, Figure 3.2/ shows the calculated scattering pattern of approximate overall
shapes represented by a cylinder of radius 8 nm and length 100 nm, a block of size 57 nm

x 36 nm x 7 nm and a sheet of size 76 nm X 62 nm X 2 nm.
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Figure 3.2: Calculated scattering intensities of the shapes of the DNA origami objects
investigated here: cylinder of radius 8 nm and length 100 nm, a block of size 57 nm x 36
nm X 7 nm and a sheet of size 76 nm x 62 nm X 2 nm.

We will see, that the calculated scattering intensities agree well with the experimental
values in the lower q range. An additional peak is found at higher q values. This peak
is also found for a model that uses a representation of the DNA origami structure as
an arrangement of parallel cylinders representing the double helices. The position of the

peak is influenced by the interhelical distance in the arrangements. This means that the
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overall shape of the objects as well as the average interhelical distance can be obtained
from SAXS. As a next step the possibility for revelation of overall shape and interhelical
distance is used to identify structural changes induced by environmental influences such as
salt concentration and temperature.

To assess structural changes of DNA origami with changes in ionic strength, the struc-
ture of the cylindrical DNA origami under exposure to buffers of Mg?™ concentrations
between 0 and 11 mM was probed. A disappearance of the structural features in the scat-
tering pattern at Mg?" concentrations below 2 mM Mg and a Debye like swelling of DNA
nanostructures exposed to lowering Mg?™ concentrations was found. While a swelling is
observed for DNA nanostructures exposed to lowering salt concentrations above its dis-
assembly treshold, no indication of swelling is found for the disassembly at increasing
temperatures. Additionally, it was found, that the assembly process could be performed
in situ and monitored. The findings show that in principle SAXS measurements can be
used to identify and possibly tune the structural properties and behavior of DNA origami

to changing environmental conditions.

3.2.1 Shape and inner structure of DN A origami

Three DNA origami structures were assembled, concentrated, and analyzed via SAXS. As
a first structure, we selected a twist-corrected variant of the canonical one-layer sheet of
parallel DNA helices (Figure [3.3h) [32]. Second, we investigated a brick-like object built of
three layers of parallel helices arranged on a square lattice (three-layer block) [52] 63]. In
this design, all inner helices are connected to four neighboring helices (Figure[3.3p). Third,
we used a cylinderlike structure [110] of the honeycomb-lattice type [62], where each of the
inner helices is connected to three neighboring helices (24-helix bundle, Figure )
Imaging with TEM or liquid tapping mode AFM confirmed successful and high-yield
assembly of all three objects. The concentration of each structure was estimated by ab-
sorption spectroscopy. For SAXS measurements we worked with concentrations of ~ 250
nM, which corresponds to 1.25 mg/ mL of DNA (molecular weight of all structures ~ 5
MDa). Concentrated DNA origami samples were initially probed with our in-house SAXS
setup [92] and experimental data with superior statistics in the low intensity region were
obtained at synchrotron sources (P08 at DESY and ID1 at ESRF). The SAXS data for
our three model systems (sheet, brick, cylinder) together with design schemes and TEM
and AFM micrographs are summarized in Figure [3.3] The SAXS intensity distributions

for the three model structures show very distinct and characteristic curves in log-log rep-
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Figure 3.3: Small angle X-ray scattering intensity of three different types of DNA origami
structures in solution with corresponding model, lattice structure (with unit cell) and AFM
or TEM image: (A) one-layer sheet, (B) three-layer block with square lattice design, and
(C) 24-helix bundle with honeycomb lattice design. Three different model fits are shown
for each intensity plot. The geometric model takes only the overall shape - that is, sheet,
block, or cylinder - into account (gray lines). A model treating the double helices as rigid
cylinders predicts the existence and position of a peak corresponding to interhelical distance
but overestimates the peaks intensity (blue lines). The combination of the geometric model
with a Lorentzian peak attributed to the interhelical arrangement reproduces the scattering
intensity with high accuracy (red lines). Scale bars: 100 nm.

resentation of scattered intensity (I) versus the scattering vector (q). In our experiments,
the q values cover the range from 0.01 A=* to 0.3 A~'. This interval corresponds to real
space distances of 2 nm up to about 60 nm, that is, the X-ray data contains information

on the overall origami shapes and their inner structure.

On first sight, the intensity of the monolayer sheet exhibits a =2 behavior for small q
values as predicted from Porods law for two-dimensional objects [83]. The scattering signal
of the brick shows different slopes in the log-log plot owing to its three different lateral
dimensions and a dip at 0.08 A~! due to its thickness. The cylindrical 24-helix bundle
has the most pronounced scattering features due to its rotational symmetry. The minima
and maxima of the scattered intensity stem from the radius of the helix bundle. For the
detailed form factor, we refer to the Supporting Information (eq .

We analyzed our data by geometric models, which approximate the origami structures
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by homogeneous geometric bodies. We here use the analytical Fourier transform of a
sheet, brick, or cylinder, respectively, and we account for free oligonucleotides in solution
by adding a Debye background with a radius of gyration R, representing a Gaussian chain
[79, 111]. As the objects are oriented randomly in solution, we integrated numerically over
all possible angles between the axis of the objects and their q vector. For small q values
up to 0.15 A=', this model matches the intensity for all three objects (gray lines in Figure
53).

Overall the dimensions obtained from the geometric model analysis agree very well with
the design parameters. The sheet has a thickness A = 21.5 + 0.3 A, a width B = 610 +
60 A, whereas the length C was fixed to 960 A. The brick has a length C = 627 + 5 A,
a width B = 379 + 2 A, and thickness A = 76.6 £ 0.2 A. The 24-helix bundle modeled
as a cylinder has a radius of 78.7 + 0.2 A. Note that the uncertainties diverge when the
characteristic dimensions approach the resolution limit. Dimensions that are too large to
be resolved by the SAXS experiments, such as the cylinder length of L. = 100 nm, do not
influence our analysis. Exact fit parameter values for all dimensions can be found in the
Supporting Information Table [A.2]

In all cases, the geometric model is not able to describe the scattered intensities in the
region of high q values (0.15-0.3 A‘l). This g region corresponds to real space distances of
2.1 nm - 4.2 nm; that is, here, the inner structure of the DNA origami is probed. In order
to refine our model in this region, we represented each DNA double helix by a straight
cylinder with diameters of 2.0 and 2.2 nm. The distance between the cylinders is varied
until this model reproduced the observed peak positions in the high q region (blue curves in
Figure shows solution for 2.2 nm diameter). These peaks represent the Bragg condition
of the inner arrangements of the DNA double helices that arise from the different lattice

design principles (linear, square, and hexagonal; unit cells are shown in Figure [3.3).

This model, however, consistently overestimates the interhelical peak intensities. Be-
cause we idealize the electron distribution of a DNA double helix by a full cylinder, we
neglect atomistic structure. Using more realistic but still analytical helix models includ-
ing a continuous single helix [I12] and a continuous double helix improved the quality of
the fits only slightly. Simulations of scattering intensities calculated from (quasi)atomistic
models obtained from computational tools [68, 67, 113],[104], on the other hand, resulted in
good intensity matching for the 24-helix bundle. Unfortunately, this procedure did not im-
prove the fits for the other two structures suggesting that these models require refinement.

A problem here may be the wellknown chicken-wire-like structure of the DNA helices in
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DNA origami [32, [63] 1T4], which is not taken care of in the above models. Therefore,
we combine the geometric model with a Lorentzian peak centered at gy = 27/d, probing
the helical lattice planes d (cf. Supporting Information eq . This model yields
nearly perfect description of all the experimental intensity data (red line in Figure . In
detail, for the one layer sheet, we obtain an interhelical distance of 26.9 + 0.2 A, similar
to the cubic lattice spacing of the brick, which is 27.32 & 0.02 A. The interhelical distance
measured for the honeycomb lattice of the 24-helix bundle is 25.36 4 0.03 A. These values
agree well with lattice parameters obtained from CryoEM, where an effective helix diame-
ter of 2.6 nm was observed [114] and from molecular dynamic simulations [115] [109]. Note
that all these literature values have been obtained under buffer conditions that favor DNA
origami stability, that is, 10 mM or more of Mg2+ and temperatures below 30 °C. We
will now address the question to which extend origami structure and shape change with

temperature and ionic strength.

3.2.2 Structure of DNA origami in different salt concentrations.

A1o°_ T Cae T 32
S ] i |
@ | { v <
- 107 3 (e q30g
= 107 _814 | & g
o < B -
K 10% 4 Y ' e 1 %
= 1 3 | = 28‘—“
% 10°3 S5 3 i 1 2
g 1004 “76d 1 n 1 2
10" 4 | S - 26 §
_2' ___________ | T el £

107 3 Mg?* concentration | E
10° 7 L7771 24

0.01 0 2 4 6 8 10 12

q (A" Mg? concentration (mM)

Figure 3.4: (A) Scattering curves of 24-helix bundles at varying MgCl, concentrations (11
mM, 5 mM, 3 mM, 2 mM, 1 mM, and 0 mM from top to bottom) with Debye background
(dashed lines). (B) TEM images of DNA structures exposed to 0 mM, 1 mM, 2 mM, and
5 mM MgCly. Scalebars: 100 nm. (C) Radii of the overall cylinder-shaped structure and
interhelical distances extracted from (A) and Debye length for the corresponding MgCl,
concentrations.

We expose the 24-helix bundle to different Mg2+ concentrations at room temperature.
The scattering of the samples in buffer of 0, 1, 2, 3, 5, and 11 mM MgCl, is summarized in
Figure[3.4)A. The typical oscillations of the scattering intensity are recognizable for all sam-

ples down to 2 mM MgCly. However, with decreasing Mg2+ concentration, characteristic
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features are less pronounced and the scattering at low q drops significantly. Ultimately, for
a MgCly content of 1 mM and 0 mM, the origami scattering features vanish completely.
The remaining scattering intensity is a combination of the general Debye background (cf.
eq|A.5) and a second Debye term with a radius of gyration of about 20 nm, which can be
considered as a contribution from the dismantled DNA origami structure. Complementary
TEM micrographs support this scenario qualitatively, that is, we still find predominantly
intact structures for 2 mM MgCl; and only dismantled objects at 1 mM and 0 mM MgCl,
(Figure [3.4B).

In order to quantify the structural changes in response to the MgCl, concentration,
we evaluated both the interhelical distance and the diameter of the whole origami cylinder
(Figure ) With decreasing MgCl, content both values increase up to 10% in a strongly
correlated manner before the structures fully dismantle (cf. Supporting Information Figure
x).

The expansion as a function of decreasing salt reflects the interplay of the electro-
static repulsion between the negatively charged DNA phosphate backbone and the elastic
restoring forces of the internal DNA origami crossovers within the origami framework.
The electrostatic Coulomb potential is well known to be screened by salt [116] [115] and
increases at reduced ionic strengths. Interestingly, the relative change of the interhelical
distance mirrors the behavior of the calculated Debye length of the Mg2+ ions (Figure
ﬂC) suggesting that the main role of the Mg2+ ions is Debye screening rather than spe-
cific effects such as ion bridging [117]. This observation is in line with molecular dynamics
simulations, which have already shown that the origami frameworks prevents the proper
relative orientation of the DNA double helix needed to form ion bridges in the first place
[115, 118]. Note that the observed origami lattice expansion prior to disassembly of up to
10% is rather characteristic for classical solids, whereas hydrogels show orders of magni-
tude larger swelling capability. Reducing the number of crossovers might allow to tune the

origami mesh swelling, for example, for the fabrication of molecular sieves.

3.2.3 Annealing and melting of DNA origami structures.

Next, we study the annealing and melting of a 24-helix bundle origami by ramping the
temperature while recording X-ray data. We focus on two parameters, which highlight dif-
ferent structural aspects of folded DNA origami architectures; first, the scattered intensity
in the limit of small ¢, which is a measure for the fraction of folded structures (Figure

3.5]A), and second, the intensity of the interhelical peak (Figure [3.5B). Upon heating, both
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parameters initially show little temperature dependence suggesting most structures stay
intact. Rising the temperature to 50 °C and beyond, results in a drastic drop of the con-
centration of folded structures. At the same time the interhelical peak vanishes completely,
which suggests abrupt melting. In order to quantify this melting process, we plot the nor-
malized intensities versus temperature (Figure ). Both parameters exhibit the typical
shape of a melting transition at 53.5 °C.

Interestingly, we do not observe significant thermal expansion prior to melting, that is,
the interhelical peak at ¢ ~ 0.17 A~ and the dip at ¢ ~ 0.05 A~!, which are sensitive to the
interhelical distance and origami cylinder radius, respectively, remain at a fixed q position
until the whole structure melts and the intensities vanish. This indicates that thermal
fluctuations, for example, Helfrich undulation forces do not play a major role in the force

balance. In contrast, the electrostatically induced disassembly exhibited a continuous
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Figure 3.5: In-situ SAXS measurements during melting of 24-helix bundles. (A) Scattering
intensities for increasing temperatures (35 to 58 °C) recorded in-house. (B) Background-
corrected intensities recorded between 29 and 62 °C at a synchrotron source (IDIQESRF)
to access higher ¢ values. (C) Normalized intensities at small q extracted from A (red
circles) and helix peak intensities extracted from (B) (black squares) plotted as a func-
tion of temperature. Melting occurs at higher temperatures than folding (extracted from
Supporting Information Figure , blue triangles).

lattice expansion at low ionic strengths, indicating that the microscopic mechanism for
thermal melting is fundamentally different from electrostatically driven disassembly. These
results suggest that the 24-helix bundle should be able to act as rigid framework in the
whole physiologically relevant temperature range of up to 50 °C. Both distinct structural
transitions provide a critical test for thermodynamic models of DNA origami constructs
that take ionic and temperature effects into account.

Along these lines it is remarkable that the melting behavior of the three-layered brick
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shows subtle differences when compared to that of the 24-helix bundle. The dip in the sheet
scattering curve, which is sensitive to the sheet thickness, vanishes well below the overall
melting transition (cf. Supporting Information Figure . This premelting phenomenon
could result either from the difference between square (three-layered brick) and hexagonal
(24-helix bundle) lattice arrangements or from the different geometries, that is, brick vs

rod.

Optimization of the reverse process of melting, that is, folding of DNA into origami
structures, is essential for high yield assembly of high quality DNA structures. It has
been shown that for certain designs, a specific folding temperature can be determined in
fluorescence-based DNA melting assays [119, 120]. Generally, folding is a slow process
occurring at lower temperature than melting. Thus, we followed the folding kinetics by
cooling the sample down from a molten state and simultaneously monitoring the evolution
of the SAXS signal at selected temperatures until the origami folding is completed (also
confirmed by TEM imaging and agarose gel analysis, see Supporting Information Figure
and Figure . Our experiments confirm a clear temperature hysteresis between
melting and folding (at 45 °C) for the 24-helix bundle as shown in Figure (blue
triangles). Note that this type of data acquisition was possible at our in-house source
as the underlying processes occur on time scales of hours and information can readily be

obtained from the rather high scattering intensities at low q.
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Figure 3.6: (A) Median scattering intensity (30 min integration per degree) without back-
ground subtraction for different temperatures during cooling of scaffold and staples of
24HB (B) Five times 2 h measurement of same sample after folding at room temperature
with background subtraction, solid line is cylinder plus Debye background fit (inset) TEM
image after folding, scale bar is 100 nm.
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3.2.4 Conclusion

With the field of DNA nanotechnology advancing toward biotechnological, biomedical, and
materials applications, accurate structure determination of DNA constructs in varying en-
vironments and physiological conditions is essential. Moreover, assembly and disassembly
as a function of temperature and ionic strength are at the heart of precise and high yield
production of DNA origami. We found that SAXS is a versatile tool to access structural
details at the angstrom level surpassing imaging and fluorescence read-out approaches.
Importantly, SAXS is an in situ method that provides reliable data without the necessity
for labeling or immobilization. We observed swelling of the interhelical distance of up to
10% in response to Mg2+ depletion, which could in principle be used to transduce ionic
strength or pH changes into conformational transitions. Tunable porosity or pH dependent
structures may have potential applications for retention and release of drug cargo by DNA-
based agents. From a theoretical viewpoint, the finite ionic and zero thermal expansion
revealed by SAXS scattering are remarkable and leave room for refined 3D origami models
that include thermal melting and electrostatic interactions in various ionic conditions. A
better understanding of temperature and ionic effects on DNA origami will help to improve
stability issues in complex fluids and potentially allow for purposeful structural switching
mechanisms. Recent studies also showed how SAXS measurements can monitor conforma-
tional changes of DNA origami switches and obtain timescales on which these processes
occur [121], [122]. Furthermore, SAXS was used recently to identify global twist in DNA

origami structures [123].
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Chapter 4

SAXS on DNA mediated gold

nanoparticle (AuNP) assemblies’

In this chapter I discuss how the arrangement of gold nanoparticles (AuNP) on DNA
origami nanostructures can be investigated and tested by SAXS. SAXS as an established
tool for characterization of biomacromolecules in solution has also been used in several
studies for AuNP constructs [125]. It can be used to determine the distance of AuNP pairs
itself or to use the AuNPs as labels for characterization of intramolecular properties and
interactions [120], 127, [78]. Both of these applications of SAXS can in principle be useful
for AuNP nanoarchitectures mediated by DNA origami: to measure the distance of AuNPs

yielding it accessible for optimization and to gather information about linker properties.

'This chapter is partly based on the publication ” Position Accuracy of Gold Nanoparticles on
DNA Origami Structures Studied with Small-angle X-ray Scattering”, Caroline Hartl, Kilian Frank,
Heinz Amenitsch, Stefan Fischer, Tim Liedl, Bert Nickel, Nano Letters, 18 (2018), 2609-15. |doi:
10.1021/acs.nanolett.8b00412. Adapted with permission from [124]. Copyright (2018), American Chemi-
cal Society.

(Sections: and corresponding Supplementary Information.)
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4.1 Applications of DNA origami templated AuNP

architectures

A short overview of DNA origami as promising candidates to serve as templates to arrange
metallic nanoparticles into plasmonic devices is given here following the description of ref.
[60]. Collective oscillations of conducting electrons in metal nanoparticles upon interaction
with light result in particle plasmon resonances. Those plasmon resonances depend on
shape, local environment, composition and arrangement of the metal nanoparticles. The
coupling of plasmons of metal nanoparticles close to each other is among other things
influenced by relative spatial placement of the individual nanoparticles. The DNA origami
technique offers the possibility for a precise arrangement of metal nanoparticles and with
this provides a path for the creation of plasmonic structures with tailored optical properties
and new functionalities. For example, in dimers of metal nanoparticles in close proximity
to each other upon incidence of light a hot-spot of strongly enhanced electromagnetic
fields is localized in the gap between them. Such constructs can serve as optical antennas.
Light sources such as fluorophores can be coupled to the antennas by placement in their
hot-spot [128].The antennas serve for signal enhancement and single-molecule detection
[128, 129, 130]. Furthermore, it was shown that a helical arrangement of nanoparticles can
create a strong and switchable plasmonic circular dichroism in the visible spectral range
[110],131),[132]. Roller et al. [I33] demonstrated DNA origami assembled nanoparticle rings
exhibiting electric and magnetic resonances at visible frequencies. DNA origami templated
assembly has promoted the fabrication of plasmonic waveguides for energy transfer based
on arrays of metal nanoparticles [134], [135], [136].

All these applications require a precise positioning of guest molecules. Thorough char-
acterization of the DNA origami based systems can facilitate modeling and simulations.
To verify and optimize the properties of the DNA mediated assemblies, configuration de-

termination by SAXS can be useful.

4.2 Distance measurements on AuNP arrangements
with SAXS

Distance measurements of gold labels as rulers on macromolecules of interest in solution
conditions have been suggested [126]. Gold labels have been used for characterization of

molecules, their conformations and interactions [126], 125 [78]. The scattering measure-
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ments determine the interference term of the gold labels to obtain the distance [125]. The
technique was used to investigate the mechanical properties of DNA [80, 127, [137]. The
distance measurements of gold labels were also applied to study the deformation of DNA
induced by the MutS protein, which is involved in mismatch repair, in the presence and
absence of mismatches in the DNA double strand [I38]. Furthermore, it was studied how
the number of bridging DNA strands in a DNA linked nanoparticle dimer influences the
interparticle separation [139]. It was shown that SAXS measurements can in principle
be used to characterize biomolecular interactions [78]. SAXS measurements can provide
information not only on nanoparticle distances in DNA origami assemblies but also on
the influences of linker properties. This information can be used to tune the structural

properties.

4.3 Attachment of AuNPs to DNA origami nanos-

tructures

DNA has a long history of beeing exploited for the creation of metal nanoparticle assemblies
[140, 141]. AuNPs and other species of guest particles can be attached via single stranded
DNA protruding from the surface of origami nanostructures [142, 55]. AuNPs can be
covered with DNA using thiolated single strands. Those DNA strands that can bind to the
corresponding complementary sequences on the DNA nanostructure. The DNA coverage is
influenced by nanoparticle size and spacer composition and the salt concentration during
the coverage procedure [I43]. The curvature of its surface and therefore the nanoparticle
size can play a role for the maximum amount of DNA that can be attached on the surface
[144]. The DNA shell has an influence on the properties of the connection to the Origami

structure.

In Figurel4.1]a scheme of the attachment of AuNPs to DNA origami structures is shown.
DNA covered AuNPs are mixed in excess with the DNA origami nanostructures that here
contain three protrusions as docking strands. The docking strands are selected in a way
that they point outward from the surface of the structure. After incubation, the assembled
structures are purified via agarose gel electrophoresis (Figure [4.1]A). Successful assembly
is verified using TEM (Figure [£.1B). Here the final geometry of the nanostructures with
SAXS measurements is probed to access the distances of the nanoparticles in the assemblies

and to obtain the influence of attachment sites and linker properties.
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Figure 4.1: Attachment of gold nanoparticles to DNA origami structures. Gold nanopar-
ticles are coated with DNA. Those are mixed with DNA origami that have single strands
of a complementary sequence protruding from the surface. The gold is mixed in a five fold
excess with the DNA origami nanostructures. After incubation the assembled structures

are purified with gel electrophoresis from excess gold nanoparticles. Success of assembly is
assessed with TEM.

4.4 Pair density distribution function of AulNP as-

semblies

The characteristic distances of an assembly are reflected in its pair density distribution
function (PDDF). The PDDFs of a given system can be computed or can be simulated by
a Monte Carlo approach [98], [145], 146], 147]. Here, I will shortly describe how geometrical
parameters of the nanoparticle configurations probed in this study are reflected in its
PDDF.

For a sphere of radius R=2.5, 5, 10 nm and dimers of spheres with radius R=5 of
distance d=20,25,30 nm the PDDF is shown in Figure 4.2l The PDDF of the spheres
shows one maximum (Figure [4.2]A). The position of the maximum is related to the size
of the spheres. The dimer configurations show two maxima (Figure 4.2B). Differences in
the center-to-center distance of the dimers are reflected in the PDDF in differences in the
position of the second maximum. It can be seen that with these parameters the second
maxima of the PDDF occur in close proximity to the center-to-center distances of the

AuNP dimers.

As an example for an assembly with more than two gold nanoparticles here a helix
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Figure 4.2: Pair density distribution functions (PDDF) of spheres (A) and dimers (B).
PDDF of spheres of radius R=2.5, 5, 10 nm and a dimers of spheres of distance d=20, 25,
30 nm for R=10 nm are shown.

formed by AuNPs is considered. A discrete helix has characteristic pair distances. For
example, a discrete helix of pitch p and radius R}, with nanoparticles at multiples of 30°

has characteristic pair distances d,, calculated by

d, = \/2 - Rpetiz - sin 30° - n? + (g - n)? (4.1)
A change in helical pitch would result in shifts of all d,, to larger values, while a change
in radius would leave those d, corresponding to particles on the same side of the helix
unaffected while increasing those corresponding to opposing parts of the helix the most.
Thus, structural changes in radius and pitch are accessible and distinguishable via the pair

distances.

4.5 SAXS on DNA origami mediated AulNP assem-
blies

In the project described in this chapter we apply SAXS for structure determination of three
prototypical gold decorated DNA origami nanostructures with increasing complexity: a
dimer, a trimer, and a helix. AuNP pair distances of dimers and trimers in solution
extracted with pair density distribution function (PDDF) analysis are in good agreement
with the design estimates. The distances obtained from the PDDF agree with the values
extracted from direct modeling of AuNP arrangements within 1.2 nm. We then use the

PDDF to analyze design details of positioning of nanoparticles on DNA origami. We find
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that the attachment point position on the origami, the choice of the orientation of the
DNA connector and the DNA length all influence the positioning. We see indications of
repulsion between AuNP placed laterally next to each other, presumably due to their large
DNA shell and their flexible connectors to the origami. Furthermore, the radius of a helical

arrangement of nine nanoparticles can be obtained from the AuNP pair distances.

4.5.1 SAXS pattern and design scheme

The synchrotron SAXS intensities of the components used in the assembly, namely the
origami block and the AuNPs, and their assemblies are shown in Figure [£.3] They are
plotted as functions of the magnitude of the scattering vector ¢ = 4w /A sin () with wave-
length A and scattering angle 26. The scattering intensities from the bare DNA origami
structures, a block and a cylinder shape, are well known from previous measurements [105]
(i&ii). The AuNPs show the characteristic oscillations of spherical particles (iii), which
allow us to measure their radius from model-based analysis of the scattering curve. At first
glance, the scattering intensities from the AuNP dimers largely resemble the scattering of
the single unbound AuNPs, since they are the dominating scattering objects in these as-
semblies due to their high electron density. A closer look, however, reveals characteristic
interference effects at small ¢ (iv), i.e. in the q range which probes the AuNP nearest pair
distances dyp via ¢ = 27 /dyp . Similarly, the helical AuNP arrangement mediated by the
origami cylinder modulates the intensities at small q (v) (data shifted for clarity).

Before we analyze the SAXS data quantitatively we describe the design scheme in detail
in order to define the estimated distance values for the AuNPs in the different constructs.
To assemble the dimer, we attached DNA-functionalized gold nanoparticles of nominally 10
nm diameter to three different binding sites on block-shaped, three-layered DNA origami
nanostructures [52] (Figure [4.4h). The defined binding sites consist each of three single-
stranded DNA extensions, which are protruding from the upper or lower surface of the
block (marked red) in a triangular geometry. All protrusions have a length of 15 A-bases
while the gold nanoparticles are functionalized with thiol-modified-oligonuleotides of 19
T-bases, which gives a single-stranded spacer of 4 nucleotides (nt), adding a certain degree
of flexibility. Two binding sites are located on one side of the block, one at the center (A)
and one at the edge (B), and one binding site at the middle of the other side of the block
(C), enabling the formation of three different dimer pairs (AB, AC, BC). Attachment sites
A and B are laterally displaced by a small and a large shift compared to C, respectively.
For clarity, we call these arrangements lateral (AB), vertical (AC), and diagonal (BC).
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Figure 4.3: Sketches (a) and measured SAXS pattern (b) of the components: i) a three-
layered origami block, ii) an origami cylinder of 24 helices, iii) gold nanoparticles of ap-
proximately 10 nm diameter, iv) a gold nanoparticle dimer mediated by the DNA origami
block, v) and a helical arrangement of nanoparticles mediated by the origami cylinder.
Fits are shown for a dimer model considering only the scattering of the gold nanoparticles
(solid line) and of a model taking into account the origami block and DNA shells around
the particles (iv dashed line) in a zoom-in (c).

The distance between the A and B attachment points of the lateral arrangement cor-
responds to 63 basepairs (bp), i.e. we expect a AuNP distance of 21.4 nm for the AB
dimer, accounting for 0.34 nm per bp [23]. In dimer AC and BC, the attachment sites
are on opposing sides of the origami block, and laterally displaced by 4.8 nm and 16.7 nm
for AC and BC, respectively (Figure ) The thickness of the three layer DNA origami
block is 7.7 nm [105], while the radius of the AuNPs has been determined from the SAXS
data to be 4.2 nm. As a simple estimate we here calculate the connector length of the
oligonucleotides binding the AuNP as 5.1 nm accounting for a distance equivalent to 0.34
nm per basepair for 15 bp. With this, we estimate AuNP distances of 27 nm and 31 nm
for the vertical (AC) and diagonal (BC) dimer, respectively. Note that these distances are
well beyond the standard range of FRET experiments. After we fabricate all three dimers
(AB, AC, BC) and the trimer conformation (ABC) we employ TEM imaging (Figure 4.5p)
confirming assembly of all four structures (Table . For distance measurements the TEM
images are prescreened for top views and side views of the lateral AB and vertical AC and
BC configurations, respectively. The average center-to-center distance for the lateral (AB)
configuration is 21 with a standard deviation of 4 nm, which is in good agreement with

the designed value of 21.4 nm. For the vertical and diagonal configuration AC and BC we



52 4. SAXS on DNA mediated gold nanoparticle (AuNP) assemblies

b) 21.42 nm (63bp)

) GE—

4.8 nm| 16.7 nm
C

Figure 4.4: Sketch of the trimer ABC with nanoparticles at different attachment sites A,
B and C of the origami block.

find values of 25 + 1 nm and 27 £+ 2 nm which are slightly off the design-estimated values
of 27 nm and 31 nm. The TEM analysis confirms the successful assembly and gives first
estimates on the distances of the AuNPs, but the orientation of the objects when landing
and drying effects can have a large influence on the particle configuration on the grids.
These drawbacks can be overcome by SAXS measurements in solution. We will see below
that center-to-center distances obtained by TEM are systematically smaller than the SAXS

values for full hydration conditions.

4.5.2 Direct modeling and PDDF

We first analyze the SAXS data of the dimers as they exhibit the simplest geometry. First
we used direct modeling to reproduce the scattering data (Supplementary Information
S2 in [B). The most basic fit model (solid line in Figure (iv)) considered only the
superposition of the scattering amplitudes of two gold spheres, displaced by distance d,
which was already sufficient to extract dimer distance values which lie in the expected
range (Table , however some fits did not converge. In order to refine the model, the
origami block and the DNA shell of the functionalized AuNPs were included in the explicit
modeling (dashed line). Now, AuNP distances could be extracted for all dimers. In the
cases where both models converged, the agreement was better than 1 nm, while the full
model yielded systematically slightly lower distances (Table .

Before we turn to the quantitative discussion of the distance values, we use the indi-
rect Fourier transform of the scattering data obtained in a model-free way through the

software package GIFT [I01]. This software calculates the pair density distribution func-
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AB AC BC

T Ty 3T Tig Ty 3T Tig
Simple 22.92 X X 26.98 21.29 22.75 31 &+
model + 0.09 + 0.09 | =0.05 | =£0.08 | 0.2

Extended| 21.93 19.80 20.67 26.22 20.84 22.20 30.8 £+
model + 008 | £005 | £0.06 | £0.08 | £0.05 | £0.06 |0.1
GIFT 23.1 21.0 21.6 26.9 21.8 23.1 30.2
GNOM 23.0 20.9 21.6 26.8 21.6 23.2 30.4
TEM 21£4 (203 |18 =3 (|25 £ 120 £1|21 £1|27+2
69) |5 @) |31y |y |38 |0

Table 4.1: Comparison of the values of the center-to-center distances in nm of the dimeric
structures obtained by fitting with the simple model only considering an AuNP dimer, with
the extended model additionally considering DNA shells and the DNA block, by reading off
the position of the second maximum of the PDDF obtained with GIFT and GNOM, and
by TEM image analysis. The number N of structures measured via TEM image analysis
is given in brackets. Obtained distances from SAXS data vary no more than 1.2 nm from
each other. x indicates datasets where the simple dimer model did not produce sufficient
agreement with the data.

tion (PDDF) p(r). The PDDF is a histogram of distances r which can be found inside
the scattering object and p(r) = r?v(r) with the averaged self-convolution of the density
distribution ~y(r) =< p(7) * p(—7) > [83], [[7, 84]. The PDDF distribution for a pair of
spheres is supposed to show two maxima [98]. The first maximum is determined by the
AuNP-sphere radius, the second maximum is determined by the center-to-center distance

(Supplementary Note S2).

4.5.3 Influence of attachment sites and connector types

We find that all PDDFs of dimers show a second maximum at a different characteristic
position for lateral, vertical and diagonal configuration (Figure , solid line, dashed line,
dash-dot line, respectively). For the lateral, vertical, and diagonal configurations, the
maxima indicate distances of 23.1 nm, 26.9 nm and 30.2 nm, respectively. These values
are in good agreement with the design values. Furthermore, we find that distances obtained
from the second maximum position of the PDDF agree within 1.2 nm with the analysis
of SAXS intensities by simple geometric shape models and trends are the same. Thus,
particle distances can be read off directly from the experimental PDDF (Supplementary
Note S2).

With the goal of investigating the influence of DNA design details, we collected SAXS
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Figure 4.5: PDDF obtained from the scattering of the dimers AB, AC and BC and trimer
ABC (blue solid line, dashed line, dash-dot line and black solid line respectively) with
nanoparticles at different attachment sites. TEM images of all 3 dimers and the trimer are
shown. Positions of the second peak indicate the center-to- center distances of the gold
nanoparticles.

intensities of the lateral and vertical dimers (AB & AC) using different connectors (Figure
4.6p). Particle attachment was performed in three different ways. The AuNP were con-
jugated to (i) Ti9 with thiol with a 6 carbon spacer at the 5-end, (ii) Ty with thiol with
a 6 carbon spacer at the 5-end, and (iii) to T}9 with thiol with a 3 carbon spacer at the
3-end (Figure [4.6h)). The origami structures were prepared with protrusions of either A;;
or Ay extending from 3’-ends of 3 designated staple strands to capture the nanoparticles
covered with Tig or Ty strands, respectively. We expect that attachment thus occurs via
hybridization and the formation of 3 double strands of 15 and 8 bp in (i) and (ii). The
third configuration (iii) is designed to form a 15 bp double strand in a so-called ”zipper”
configuration [129]. Assembly of the different constructs was first confirmed using TEM
(Figure & c¢) followed by detailed SAXS studies.

For the vertical dimers (AC) we find that the second maximum positions indicate the
dimer distances, 26.9 nm, 21.8 nm and 23.1 nm for configuration i, ii, and iii, respectively
(Figure ) This can be rationalized by the following geometrical arguments: The
observation that the distance in configuration (i) is 5 nm larger than (ii) can be explained
by the length difference of the connecting oligonucleotides. The zipper configuration (iii)
might be expected to yield the smallest dimer distance by zipping the nanoparticles tightly
to the DNA origami surface. One should consider, however, the effect of sterical hindrance

by the single-stranded DNA shell, which is 11 nt larger for the zipper configuration (iii)
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than for configuration (ii). The sterical hindrance of long oligonucleotides and the T4
single stranded spacer may cause the larger binding distance of the zipper configuration

(iii) compared to the Ty configuration (ii).
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Figure 4.6: a) Scheme of the tested connector types: (i) Aj; to Tig (blue), (ii) Ag to T
(orange) and (iii) A5 to 3'Ti9 (green, zipper configuration). b) & ¢) PDDF for each of
the three different connector types for dimers AC (b) and AB (c) are shown together with
corresponding TEM images.

For the lateral dimer (AB), we find that the second maximum positions indicating
the distances vary slightly for the three connector types: 23.1 nm, 21.0 nm, 21.6 nm for
configuration i, ii, and iii, respectively (Figure ) The measured distances of the lateral
AB dimer with the shorter connectors (ii and iii) are close to the calculated attachment
point distance of 21.4 nm. The long linker configuration (i) yields a 2 nm larger value for
the center-to-center distance. We here want to estimate if at this distance an influence
of repulsion due to the DNA-shell on the AuNPs can be expected: Analysis of SAXS
measurements of the AuNP functionalized with (i), (ii), and (iii) using a core-shell model
as approximation indicate an equal Au core size of 4.2 nm and the largest shell for Tig
with the six carbon spacer and the smallest for Ty as expected (Supplementary Note S2).
If the single stranded oligonucleotides covering the surface of the AuNP behaved as ideal
polymer random coils, the DNA shells would be of the order of the Flory radius [148] of
4 and 2nm for Ti9 and Tg, respectively. However, as the configuration of oligonucleotides
attached with thiol via a carbon spacer on a curved and densely covered surface deviates
from this picture, we expect a different behavior. In order to verify for dense particle
functionalization with DNA, we performed UV /vis spectroscopy control measurements for
selected samples. We find that the number of DNA oligonucleotides, e.g. of 10 nm AuNPs
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functionalized with Tig, is on the order of ~ 80 strands per particle, yielding surface
densities of ~ 0.2 strands per nm? which is consistent with previously reported values
[T44]. At high surface densities, DNA is expected to adopt a "brush” configuration with
oligonucleotides being stretched away from the surface [149] [I50]. Due to the rigid core
of the AuNP, the remaining space in between two AuNP sitting next to each other in the
AB configuration is only 13 nm. This length corresponds to about 26 nt in a stretched
configuration [I49]. This implies that the 19 nt -long DNA strands covering the AuNPs
would overlap and hence induce steric repulsion, while for AuNPs covered with 8 nt-long
DNA no repulsion would be expected. Indeed, we find an enlarged distance for the longest
Ti9 connectors. For the shorter connectors (ii) and (iii) the particle separations are close
to the nominal value. We assume that the shorter connector (iii) allows for less movement
of the particles away from the attachment point. This explains a lower deviation of the
AuNP distance from the attachment point distance due to repulsion in configuration (iii).
The trend of larger AuNP distances for Tig (i) compared to Tg (ii) obtained here in full
hydration is also observed for dried samples on TEM grids for the lateral AB as well as for

the vertical AC configuration of the dimer.

4.5.4 Helical nanoparticle arrangement

Finally, we turn to the question whether also assemblies with more than two AuNP yield
meaningful PDDFs. This question is highly relevant in order to confirm that analysis of
AuNP-DNA assemblies with the model-free PDDF is possible by standard data processing
based on the indirect Fourier transform. We find that the PDDF of the trimer arrangement
is indeed a superposition of the three PDDFs obtained separately for the dimers (see
Figure . A disentanglement of the respective dimer distances is, however, difficult,
since all dimer distances (AB, AC, BC) agree within a few nm, i.e. the trimer is similar
to an equilateral triangle. We therefore turn to a construct that has more characteristic
pair distances; a helical arrangement of nine AuNP attached to a cylinder-like 24 helix
bundle origami [I10]. The measured PDDF of the helical AuNP arrangement is shown
in Figure (black solid line). The experimental PDDF shows side maxima at various
pair distances in a discrete helix (Figure [£.7b). The first and second side peak at 21.2 nm
and 36.4 nm agree with the nearest and next nearest neighbor distances of AuNPs in the
discrete helix design, shown in the schematic (Figure ) as purple and blue lines. With
these neighbor distances, it is possible to estimate the radius of the helix to approximately

R=18.4 nm assuming a pitch of 57 nm. This value is in good agreement with the design
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Figure 4.7: a) PDDF of the helical arrangement (solid line) and by Monte Carlo simulation
(dash-dot line)(see also Supplementary Note S2). b) The distances (colored arrows in the
scheme) occurring in the PDDF (colored squares) confirm a helical arrangement with an
overall helical radius of approximately 18.4 nm.

(Supplementary Note S3). At larger distances multiple peaks overlap in the PDDF. Here it
is only possible to analyze the PDDF via comparison of the whole function with a simulated
PDDF based on our structure model using a Monte Carlo approach (Figure , dash-
dot line, details can be found in Supplementary Information S2) [146] 145, [151]. The
agreement of the experimental PDDF with the simulation is remarkably good considering

the complexity of this assembly.

4.5.5 DNA origami assemblies mediating small AulNPs

Within the context of the second project the PDDF of a dimer consisting of gold nanopar-
ticles of a smaller diameter was examined. Gold nanoparticles with a nominal diameter of
5 nm were covered with thiolated oligonucleotides of 19 thymine bases. Those nanopar-
ticles were attached to binding sites on one side of a DNA origami block corresponding
to configuration AB, see Figure f.8h. The binding sites consist of three single stranded
protrusions of 15 adenine from the block. SAXS data was recorded for this dimer of 5 nm
diameter nanoparticles in the AB configuration.

The program DATGNOM [152] was used to indirectly Fourier transform the data. The
obtained PDDF is shown in Figure 4.8b. Two maxima are visible in the PDDF as would
be expected for a dimer of nanoparticles in this configuration. The first maximum is

expected to be in proximity to the radius of the nanoparticle and the second maximum is
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Figure 4.8: (a) Scheme of the DNA origami block carrying gold nanoparticles of nominal
diameter of 5 nm. Attachment sites A and B consist of three protrusions of 15 adenine
bases each on one side of the DNA origami block. The DNA nanoparticles are covered by
DNA strands of 19 thymine bases. (b) PDDF of the shown assembly: Two maxima are
observed. The position of the second maximum is found at 21.2 nm. For comparison the
distance of the attachment site is 21.4 nm when accounting for 0.34 nm per basepair.

expected to be in close proximity to the center-to-center distance. It is to be noted, that for
nanoparticles of 5 nm diameter a shift of the second maximum of the PDDF with respect
to the center-to-center distance is expected to be even smaller than for particles of 10 nm
diameter. Here the maximum is found at 21.2 nm. The designed value for the center-to-
center distance of the gold nanoparticles is 21.4 nm. It is estimated via the distance from
the center of one attachment site to the center of the other attachment site accounting for
0.34 nm per base pair. The values are in very good agreement. For dimers of nominally
10 nm the value of 23.1 nm for the peak position of the second maximum was found. This
value was larger compared to dimers with gold nanoparticles covered with smaller thiolated

oligonucleotides of 8 thymine bases in the AB configuration that gave a maximum position
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of 21.0 nm. It was assumed that this difference can stem from repulsion due to a large
DNA shell around the particles. Therefore, for the configuration of smaller particles a
shorter distance is expected, as is the case for smaller shells. The value of 21.2 nm found
for smaller nanoparticles fits in this picture. As scattering intensity scales with scattering
length density and volume, for large nanoparticles the contribution of the DNA block and
the DNA shell around the particle to the scattering can in some cases be neglected while
for small nanoparticles scattering of the DNA might play a larger role. In this experiment,
however the position of the second maximum agrees very well with the designed center-
to-center distance. Due to a difference in curvature the DNA shell of a particle of 5 nm
diameter and with this its connection properties might differ from a nanoparticle of 10 nm

diameter [144]. This might be accessed in further SAXS experiments.

4.5.6 Conclusion

Our data shows how SAXS can be used to investigate the placement precision capabili-
ties of DNA origami. While DNA origami itself has fairly predictable spacing properties
along the axis of DNA, the attachment of relatively large structures such as the AuNPs
of 10 nm diameter used in this study requires multiple attachment strands, which adds
further complexity. Here, SAXS measurements can provide distance information within an
uncertainty range of 1.2 nm for fine tuning of object positioning by choosing, measuring
and adjusting the connectors of the AuNPs to tailor the structures to fit the needs of the
experiments. The presented measurements have been performed at a synchrotron facility
but initial experiments performed on an in-house setup yielded consistent results. The
PDDF analysis is applicable to simple particle systems, which is confirmed by comparison
to direct modeling. For many component AuNP-origami objects such as AuNP helices it
is possible to extract key design parameters such as the helix radius from characteristic

next neighbor distances.
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Chapter 5

Three dimensional crystalline DNA

origami lattices"

5.1 Programmable materials

The goal of producing novel materials with tailored, programmable properties and re-
sponsivity is a driving force in basic research. Increasing control over the manufacturing of
building blocks opens new opportunities and challenges. A generalized approach for crystal-
lization of arbitrary nanoparticles or macromolecules into lattices of predefined symmetries
and with predefined lattice constants can pave the way for straightforward production of
tailored materials of any type and for a broad range of functions. A scaffolded crystalliza-
tion system promises to provide a unified solution to differing challenges in crystallization
of a wide variety of building blocks such as nanoparticles and proteins of varying interac-
tion properties due to differences in e.g. shape, size and charge. The scaffolding system

can be tailored independently and determine lattice properties decoupled from the proper-

IThis chapter is partly based on the publication ”3D DNA Origami Crystals”, Tao Zhang, Caroline
Hartl, Kilian Frank, Amelie Heuer-Jungemann, Stefan Fischer, Philipp C. Nickels, Bert Nickel, and Tim
Liedl, Advanced Materials, 2018, 1800273. doi: 10.1002/adma.201800273. Adapted with permission from
[153]. Copyright (2018), WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(Sections: [5.2.1]45.2.4] [5.2.8| and corresponding Supplementary Information. Adaptions: starting at the
second paragraph, Figure 1 replaced by Supplementary Figure S5 and references to Supporting Information
removed)
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T.Z., B.N. and T.L. designed the research. T.Z., P.N., and T.L designed the DNA structure. T.Z., C.H.,
A.H.-J. prepared the assemblies. C.H., S.F., K.F., and B.N. performed the SAXS measurements. S.F.,
K.F., C.H. and B.N. analyzed the SAXS data. T.Z., S.F, K.F., and C.H. prepared the figures. C.H., T.Z.,
B.N. and T.L wrote the manuscript. All authors discussed the results and edited the manuscript.
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Figure 5.1: Three dimensional lattices based on DNA and AuNPs as building blocks.
Tunable design parameters of the lattice, connections of building blocks, assembly schemes,

SAXS pattern and structure factors and TEM images with scalebars of 50 nm are shown.
From ref. [I54]. Reprinted with permission from AAAS.

ties of its components. A promising material for the assembly of a crystallization scaffold
system is DNA. The development of DNA nanotechnology was driven by Seeman’s idea
to overcome challenges in protein crystallization for structure determination using DNA
[14]. The method of DNA origami allows to scale the building block unit of a material
and with it the lattice constant without compromising the rigidity that is necessary for
correct assembly. Furthermore, the properties of DNA origami allow for rational design
of building blocks into almost any desired shape. The versatility of this building block’s
design transfers to the lattice design. In addition, the DNA self-assembly method bears
the potential to create materials with tailored properties using guest particles. A robust
large open DNA origami crystal holds promises as a framework to host a variety of types
of guest particles simultaneously. Many milestones have been reached on the road towards

new programmable three dimensional crystalline materials and various materials relying on
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DNA for mediation of the interactions of the building blocks have been created promising
a wide range of functionalities [I55] 156].

For example tailorable strong light-plasmon interactions in 3D crystals have been re-
ported [I57] and multicomponent enzyme crystals [I58] have been built. When aiming to
construct lattices to arrange nano objects two approaches are the use of particles connected
to DNA as building blocks [I41] and the construction of DNA based systems with the pos-
sibility to co-assemble various types of nanoparticles [43, [159, [I55]. The first approach
for the fabrication of such lattices relies on nanoparticle atom equivalents functionalized
with DNA for the mediation of inter particle interactions [I41) 140] . Tunable symmetries
and lattice parameters of nanoparticles of different sizes based on DNA with long range
order have been obtained [154) [160] (Figure [5.1)). Making use of the DNA origami tech-
nique, more advanced lattices can be fabricated with designed unit cells as for example
lattice systems based on polyhedral DNA origami frames connected to AuNPs, even in
three dimensions [161] 162} [163].

Another level of intricacy has been added by the creation of lattices that can be switched
between phases in response to selected DNA strands [I65]. In these crystals both DNA and
nanoparticles are lattice defining elements. The second approach relies on stiff DNA motifs

[43]. First two dimensional arrangements were based on a double crossover DNA tile that

A

Figure 5.2: Various DNA building block based lattice assemblies. (A) AFM image of 2D-
DNA lattices assembled from DNA tiles from ref. [44]. (B) Schematic representation (top)
and TEM images (bottom) for crystals of a prescribed depth of 20 layers from ref. [164].
(C) Schematic representation (top) and TEM images (bottom) of parallel lines of 10 nm
gold nanoparticles on a crystal from ref. [164]. Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, (A) Nature, from ref. [44],
copyright (1998); (B,C) Nature chemistry, from ref. [164], copyright (2014).
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consists of two antiparallel double helices interconnected twice [44] (Figure [5.2A). Two
dimensional lattices have been constructed with the ability to host AuNP of differing sizes
[159]. Lattice building blocks exploiting the versatility of DNA origami have been created,
for example two dimensional arrays based on DNA origami tiles [I66]. A reconfigurable two
dimensional lattice built from DNA origami blocks has been constructed which is able to
switch between an open and a closed state [49]. Furthermore, membrane assisted growth
of DNA origami tile lattices was demonstrated using cholesterol moieties as membrane
anchors [167]. Here, the confinement of the building blocks to two dimensions and their
orientation on the membrane play an important role for the assembly process. These
findings show that DNA building blocks are promising candidates for the mimicking of
the operation of specific proteins in the cellular membrane. Moreover, a robot arm rotary
device was placed within a two dimensional lattice [I68]. The shown operability of the
rotatory nano devices in a well defined reference frame is a promising step in nanorobotics.
Extending assembly to the third dimension, DNA bricks with the ability to assemble into
lattices with a prescribed depth that are able to host guest particles have been obtained
[164] (Figure [5.2B,C).

The group of Ned Seeman constructed the first self-assembled three dimensional crystal
made purely from DNA [46]. The impressiveness of this example of a bridge of the molecule
level with the macroscopic world can be grasped by admiration of the optical image of
this self-assembled DNA crystal seen in Figure [46]. A close look reveals that its
rhombohedral shape is visible. To allow for the incorporation of large guest particles such
as proteins into the lattice, crystals of larger cavity sizes are required. For the construction
of lattices of large cavity sizes an important factor to be considered is the rigidity of the
building blocks. Altogether, DNA nanotechnology offers a promising path towards further

applications.

5.2 Three dimensional crystalline DNA origami lat-

tices

The goal of the work presented in this chapter is to build a crystal that is made purely from
DNA and has a large cavity and thus can serve as a scaffolding construct for large guest
molecules [153]. My colleague Tao Zhang designed a triangular building block inspired by
the Seeman-crystal [46] shown in Figure , B. The building block is about one order of

magnitude larger and can thus serve as a building block for a lattice system able to host
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Figure 5.3: (A) optical image of DNA crystals built from a triangular DNA motif [46].
The rhombohedral shape of the crystals is visible. (B) Schematic of the triangular DNA
building block and its surroundings [46]. (C) DNA origami building block triangular motif
inspired by the Seeman-crystal and its surroundings. (A, B) Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature, Nature, from ref. [46],
copyright (2009); (C) Reprinted with permission from [I53]. Copyright (2018), WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

large guest particles (Figure ) It is based on the DNA origami technique. A careful
optimization ensured the monomers rigidity, improved symmetry and a correct assembly.
The polymerization of the monomer into a three dimensional lattice is induced by the
addition of polymerization oligonucleotides that cause the formation of so called ”blunt
ends” in the monomer structure. These ”blunt ends” in turn lead to stacking interactions
that lead to lattice formation. We showed that this three dimensional lattice purely made
from DNA can host gold nanoparticles of 10 nm and 20 nm diameter. We performed
SAXS measurements of all three lattice assemblies. The SAXS measurements determined
the dimensions of the lattice in solution to be in agreement with the design. The optimal
annealing temperature was found to be just below the temperature up to which the lattice

is stable.
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5.2.1 Triangular DNA origami building block

For our purposes, the DNA origami building block must bear the following features: 1)
high structural rigidity, 2) polymerizability along three axes in space, and 3) long edges
to provide a large unit cell volume to host guest particles. Thus, inspired by earlier work
by Seeman, Mao, and co-workers [46, 45, [169], we built a large ”tensegrity triangle” motif
with DNA origami (Figure [66]. This motif gains uniform rigidity from the intrinsic
triangulation and its equally shaped three struts that are arranged in an over-under, over-
under, over-under fashion. All of the three struts are 14-helix bundles (14 HB) with a
designed length of 67 nm and a diameter of ~12.5 nm. The three struts are folded from
a single-stranded phage-derived scaffolding DNA (8634 nt) together with 235 synthetic
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Figure 5.4: Structural details of the triangular DNA origami design and the sequential
workflow towards DNA origami lattices. A) The circular scaffold strand and the core
staple strands (without connection oligonucleotides and polymerization oligonucleotides)
are annealed in step 1 to form the three 14-helix bundles (14HBs) of the triangular DNA
structure. The resulting honeycomb design of the 14HBs and the positions where the
scaffold crosses over between the struts (black lines) are shown in the cross section image.
B) Schematic of the 3 nucleotide-long scaffold spacers connecting the three 14HBs. The
selected connection positions and the shortness of the scaffold loops results in a structurally
self-restricting origami triangle structure. The inset depicts the scaffold seam in one of the
14HBs. This seam is closed in step 2 by the addition of connection strands during the
folding cycle. This two-step process favors correct geometries (over-under, over-under
arrangement) over misconnected triangles. C) Correctly folded DNA origami monomer.
The addition of polymerization strand in step 3 result in the completion of the struts
ends and the formation of dsDNA blunt ends (inset). D) As the DNA origami monomer
displays a three-fold symmetry, any blue end can interact with any orange end (inset).
Thus the blunt end stacking of the shape complementary ends leads to polymerization
of the monomers in three out-of-plane directions and to the growth of a rhombohedral
lattice (step 4). E) The resulting unit cell shares eight triangular DNA origami monomers.
Reprinted with permission from [I53]. Copyright (2018), WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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oligonucleotides in a temperature annealing ramp from 65 to 4 °C. Scaffold crossovers
interconnect all struts in an over-under fashion predetermining the orientation of each
bundle toward one another. One of the 14 HBs contains a ”"seam” where the scaffold
strand does not continue through the entire bundle but is closed by oligonucleotides only
(inset in Figure . By choosing identical cross section, axial orientation, and staggering
of the three struts, the origami monomer can polymerize via blunt-end stacking into a
rhombohedral lattice with the unit cell parameters a =b =¢ = 67 nm and a = g = ~
= 106° 4+ 4° (#90°, the three nucleotide long spacer between each of the 14 HB struts
gives rise to flexibility at the joints and results in the uncertainty for the angles o , 3 ,
and ) (Figure [p.4)).Note that all three upper ends (blue) match all lower ends (orange)
with similar interaction strength which enables the monomers to be incorporated into the
crystal in three different orientations due to their three-fold rotational symmetry (Figure
54).

First, the monomeric DNA origami structures were thermally annealed starting at 65
°C (for experimental details see appendix . To avoid kinetic trapping of the struts in an
undesired conformation, the oligonucleotides connecting the seam (Figure were injected
only midway through the folding process at 52 °C to improve the folding efficiency of
monomers. The folded triangles were purified from excess oligonucleotides by polyethylene
glycol (PEG) precipitation before analysis by transmission electron microscopy (TEM)
imaging and polymerization (Figure [.5]A). Note that due to their structural similarity,
misfolded structures (Figure asterisk) could not be removed from correctly folded

structures during the purification step and thus remained in solution during crystal growth.

5.2.2 Lattice assembly

To initiate the growth of the 3D lattices, ”polymerization strands” were added in a tenfold
molar excess over the purified monomers. These oligonucleotides completed the formation
of each of the ends of the struts and thus established shape complementary blunt ends. The
sample mix was incubated at a constant temperature of 47 °C for 90 h and then deposited
and dried on TEM grids. TEM and SEM (scanning electron microscopy) images of origami
lattices show the surface-morphology of a regular, hexagonal pattern with a center-to-center
spacing between the monomers of 64 nm, which deviates slightly from the designed strut
length of 67 nm and reflects the fact that helices in a DNA origami structure are not
perfectly straight but undulate in a chicken-wire geometry effectively shortening the struts

(Figure [5.5B-F). Close-up views display multiple layers of the lattice (Figure [5.5E). Due
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Figure 5.5: DNA origami lattices. A) TEM images of purified triangular DNA origami
structures after purification and before addition of polymerization oligonucleotides that
would initiate lattice growth. The asterisk points out a defective monomer. B-F) SEM
images of DNA origami lattices. The inset in panel (B) exemplifies the left-handed over-
under design. Panel (C) reveals the 3D of the assemblies and their polycrystallinity becomes
apparent in the wide-field view shown in panel (D). Although the lattices collapse on the
imaging substrates during drying, the multiple layers and the original geometry can be
inferred in a magnified view (white arrows, panel (E)). F) SEM image showing the border
of a lattice with asterisks indicating defective monomers that were expelled from the lattice
during the growth process and can only bind later at lower temperatures to the periphery.
Scale bars in (A-F): 100 nm, (D): 1 pm, insets in (A) and (B): 50 nm. Reprinted with
permission from [153]. Copyright (2018), WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

to the obtuse interaxial angle of the building blocks, the lateral extensions along the [111]
plane exceed those of all other planes. Consequently we predominantly observe hexagonal
patterns corresponding to a top view perspective of the [111] plane. The magnified inset of
the building blocks shown in Figure[5.5B confirms the correct chiral over-under orientation
of the struts. Low magnification SEM images reveal the polycrystalline nature of lattice
patches that are tens of micrometers in size with single domains spanning up to about
2.5 pym? (Figure ) Of particular interest is the observation that although defective
triangles are present during the growth process, they seem to not incorporate themselves
into the lattice patches but only appear in the periphery of the crystals (Figure )
We rationalize that, as the defective monomers lack the designed symmetry, their overall
binding energy does not suffice to stabilize their integration into the lattice at the elevated

temperatures during lattice growth. Correctly folded monomers, instead, can replace the
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defective ones, which permits the self-healing growth of the origami lattices. After growth
and at ambient temperatures, however, defective monomers can bind to any border of the
lattice with just one or two connecting sites. Given the limited yield of correctly folded
monomers, the observed assembly of macroscopic origami lattices indicates the effectiveness

of the self-correcting processes and an overall robust lattice growth.

5.2.3 DNA origami lattices hosting guest particles

To demonstrate the precise placement of guest molecules in our origami lattices, we at-
tached gold nanoparticles (AuNPs) of different sizes at the center of each triangular origami
mono mer (Figure ) This choice of position preserves the symmetry upon incorpora-
tion in the lattice and therefore maintains the rhombohedral lattice type. The particle-
bearing building blocks were prepared and purified as described elsewhere [I70]. Consecu-
tive lattice growth occurred under equal conditions as for the pure DNA origami lattices.
Figure shows again the hexagonal pattern formed by origami triangles but this time

with 10 nm or 20 nm AuNP groupings at the positions expected in this lattice orienta-

B [ .
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Figure 5.6: Hosting of gold nanoparticles in DNA origami lattices. A) Workflow to prepare
gold nanoparticle lattices: 1) Folded and purified DNA origami triangles are incubated
with gold particles overnight and then purified from excess particles. 2) Addition of the
polymerization oligonucleotides to initiate the lattice growth process. 3) Incubation at 47
°C for 3-4 d yields assembled host-guest lattices. B, C) Model views and TEM images of
DNA origami lattice hosting 10 (left) or 20 nm (right) gold nanoparticles. The number of
particles per grouping indicates the number of lattice layers overlapping at the respective
points (black circle in (B)). D,E) Wide-field TEM images of origami lattices hosting 10 nm
(D) and 20 nm (E) gold nanoparticles. Scale bars in (B) and (C): 100 nm; (D) and (E) 500
nm, insets: 50 nm. Reprinted with permission from [153]. Copyright (2018), WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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tion. As AuNPs are nearly vertically overlayed when looking down on the [111] plane,
the number of nanoparticles per group actually indicates the number of origami layers in
the lattice. Due to the strong electron scattering properties of the AuNPs, only a limited
penetration depth into the dense samples can be achieved and perfect hexagonal patterns
can be observed for not more than a few lattice layers (Figure [5.6E). A different type of
nanoparticle pattern - rows of particles - emerged from adsorption of the same lattice in an
orientation different from the [111] plane (Figure [5.6[C), resulting in a different viewpoint.
Low magnification TEM images illustrate the high quality of the particle-hosting lattices
(Figure ) Note that in solution there is no plasmonic coupling between AuNPs as the

distance between the particles is too large.

5.2.4 Small angle X-ray scattering pattern of DNA origami lat-

tices

In order to access the full 3D crystal structure of our constructs in solution, we performed
small-angle X-ray scattering (SAXS) measurements on the triangular origami monomers,
the pure origami lattices, and origami lattices hosting AuNPs. The X-ray intensities for
all samples, extracted structure factors, and different model fits are shown in Figure

From the scattering data of the monomeric DNA origami building block (dataset i in
Figure [5.7A), we obtain a strut length of 1 = 64 nm, strut radius of r = 6.3 nm, and an
angle of = 109° in very good agreement with the monomer design [105]. In the absence of
”polymerization strands”, the monomers are freely dispersed and we see no indication of
assembly into any structure of higher order (dataset i in Figure ) This is very different
for the origami crystals (dataset ii in Figure ) where pronounced Bragg peaks can
be observed. The intensity distribution of DNA origami lattices can be modeled by the
product of the monomer form factor P(q), and S(q), the lattice structure factor [90]. In
the fitting procedure, we allowed for variation of the interaxial angle, i.e., deformation of
the monomer in the assembly process. The best fit confirmed that the geometry was not
distorted (a =1= 65 nm, r = 6.3 nm, o = 110°) and the resulting lattice is rhombohedral.
The measured unit cell of our pure DNA lattice was found to have a volume of ~1.83 - 10°
nm?, which is about 100 times larger than that of previously reported pure DNA crystals
[46].

SAXS temperature studies revealed a sigmoidal curve, which is characteristic for co-
operative effects and indicates the disintegration of the lattice at ~50 °C, just above the

temperature that we found to yield best crystal growth (Figure [5.7). Interestingly, no
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Figure 5.7: Small-angle X-ray scattering (SAXS) measurements on the triangular origami
monomers, pure origami lattices, lattices hosting gold nanoparticles, and the in situ SAXS
monitoring of lattice melting. A) SAXS intensities of triangular DNA origami monomers
(i, blue), origami lattices (ii, green), and origami lattices hosting 20 nm (iii, orange), and
10 nm (iv, red) gold nanoparticles as a function of scattering vector q. Solid black lines:
model fits of total intensity. Inset: SAXS pattern of 10 nm gold-decorated sample. B)
The monomer SAXS intensity (i, blue) divided by the fit yields a constant, indicating the
absence of a lattice. Lattice structure factors from SAXS data (ii, green, iii, orange, iv
red) Squared datapoints: in-house setup, dots: Elettra SAXS beamline, diamonds: DESY
P08. Black lines: model fits assuming a rhombohedral unit cell (parameters in the text).
Vertical dashed lines label selected Bragg peaks found at the same position in all structure
factors. The error range of the instrumental q resolution of each peak is 1 x 1073A~!. The
differences in peak width and q range stem from the use of different beamlines (DESY P08
and Elettra SAXS). Data in (A) scaled for clarity. Reprinted with permission from [I53].
Copyright (2018), WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

expansion of the lattice appears prior to melting, i.e., the Bragg peak positions remain
fixed until the peaks finally disappear, which is in accordance with our previous findings

that DNA origami structures do not exhibit thermal expansion [105].

For DNA origami lattices hosting AuNPs, the crystal structures of the generated AuNP
lattices are determined by the DNA origami lattice templates and the nanoparticle place-
ment as described above. For both 10 and 20 nm AuNP lattices, the Bragg peaks resemble
each other (vertical dashed lines in Figure datasets iii and iv) indicating the same
3D lattice. SAXS intensities of Au-DNA lattices are dominated by the form factor of
the AuNPs and contain their coherent diffraction (Figure datasets iii and iv). Im-

portantly, we observed a precise correspondence between the unit cell parameters of pure
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origami and AulNP lattices, validating the experimental design of templated assembly in
3D by DNA frameworks.

5.2.5 Melting of lattices at high temperatures

Within the context of this project we recorded additional data about stability and as-
sembly properties of the lattices, see also [I53] [147]. Scattering data of the pure lattices
and lattices with gold nanoparticle guest particles of 10 nm and 20 nm diameter during
exposure to increasing temperatures was recorded in order to access possible differences in
stability. Furthermore, scattering data during the polymerization process in different tem-
perature conditions to test possibilities for monitoring and optimization of lattice growth
was collected.

Pure DNA origami lattices, lattices hosting 10 nm and 20 nm gold nanoparticles were
monitored during the exposure to increasing temperatures during the course of about 1
hour. The temperature was increased from 28 °© C to 68 © C. Scattering data was recorded
at temperature steps of 2-5 ° C.

Figure shows intensity plots of all three lattices during this procedure. The data
is shifted for clarity and shown without background subtraction. For all lattices peaks
are clearly visible at 28 °C. The Presence of peaks is maintained up to a certain temper-
ature. Peaks decrease at higher temperatures. At elevated temperatures features have
disappeared. For the pure lattices peaks became less pronounced but have not completely
vanished at 50 °C and have disappeared at 53 °C [I53]. The position of the first peak is
indicated by a line. The normalized intensity at the position of the first peak is shown
in [5.8B. Fore pure lattices, it stays approximately constant up to 45 °C and then starts
to lower at 48 °C. At the temperature of 56 °C the normalized intensity has dropped to
zero. The midpoint of the melting curve is at about 53 °C. For comparison the melting
temperatures for a block shaped and a cylindrical DNA origami structure have been de-
termined to be 53 °C [105]. If the triangular DNA origami structure has a similar melting
curve, this means that disintegration of the lattice occurs with the disintegration of the
building blocks. The optimized polymerization temperature of pure DNA origami lattices
was determined to be at 47 °C, i.e. it lies slightly below the melting temperature. For
10 nm AuNP lattices a first look at intensity profiles reveals a disappearance of the peak
features at 50 °C. The normalized intensity at the position of the first peak is reduced
at the temperature steps between 37 °C and 48 °C before it abruptly drops to zero at

temperatures of 50 °C and higher. For 20 nm gold nanoparticle lattices an overall decrease
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Figure 5.8: Disintegration of DNA origami lattices upon exposure to increasing tempera-
tures, see also [153], [147]: Scattering data of pure DNA origami lattices, lattices hosting
10 nm and 20 nm gold nanoparticles during the exposure to increasing temperatures from
28 © C to 68 ° in the course of about 1 hour. The data is shifted for clarity and shown
without background subtraction.

of the normalized intensity at the position of the first peak during the temperature steps
between 37 °C and 48 °C before the abrupt drop to zero at 50 °C is observed as well. In
summary, the disappearance of peak features carrying gold nanoparticles occurs at slightly
lower temperatures compared to pure DNA origami lattices and a decrease in the normal-
ized intensity is observed before disappearance of the peak features. While polymerization
of building blocks is done at an optimized temperature of 47 °C, building blocks carrying
gold nanoparticles are polymerized at a temperature of 45 °C. Melting temperatures for
both pure DNA origami lattices and lattices carrying guest nanoparticles were determined
to be slightly above the polymerization temperatures of the corresponding lattices. It is as-

sumed that this choice of polymerization temperature facilitated lattice growth. A decrease
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of peak intensity of gold nanoparticle DNA origami lattices during exposure to increasing
temperatures can in principle stem from disassembly of the building blocks of the lattice or
from a detachment of the gold nanoparticles from the lattices. Furthermore, a decrease of
peak intensity would be expected if lattice patches sediment and therefore disappear from
the illuminated sample volume. It is assumed that sedimentation is possibly stronger for

lattices hosting guest particles and especially for larger nanoparticles.

5.2.6 Polymerization process of DNA origami building blocks

In addition to monitoring the disassembly of the lattices upon exposure to high tem-
peratures, the polymerization process of pre-assembled monomers by intermittent SAXS
measurements was investigated. Two samples were measured with one sample being in-
cubated at room temperature and one at the optimized polymerization temperature of
47 °C. Assembled monomers were mixed with polymerization strands and left at room
temperature. After 1 day the first measurement was taken. One sample was heated to
47 °C and in the following kept at this temperature, while the other sample was kept at
room temperature. Multiple SAXS measurements were taken of both samples within the
course of 15 hours. In Figure |5.9| scattering data before start of the incubation of the first
sample and after incubation start over several hours for both the sample incubated at the
optimized polymerization temperature of 47 °C (Figure ) and the sample incubated
at room temperature (Figurds.9B) are shown.

For comparison pre-assembled lattices of DNA origami building blocks are shown (black
line). Considering the possibility of sedimentation of assembled lattice patches, capillaries
were shaken after 4 hours before each measurement to resuspend possibly sedimented
structures to move them back into the beam path. For shaken samples peaks are visible.
It is assumed that polymerization might have taken place already during the pre-incubation
but was not observed due to sedimentation. A comparison of the agitated samples for the
incubation at 47 °C and room temperatures shows that peaks are less pronounced for
samples that are subjected to room temperature compared to samples subjected to 47 °C.
However, no clear trend of peak intensity with time is visible. A reason might be that
only a short time interval, compared to the usual polymerization process of 90 hours, was
monitored and that changes in beam intensity occurred during the measurement time.
In these experiments sample volumes were as low as 30 pl. It is assumed that the total
amount of building blocks can play a role considering a possible accumulation of building

blocks in the sedimentation area. The issues that the assembly process usually takes 90
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Figure 5.9: Polymerization of DNA origami lattices, see also [147]: Scattering data before
start of the incubation of the first sample and after incubation start over several hours for
both the sample incubated at the optimized polymerization temperature of 47 °C (A) and
the sample incubated at room temperature (B) are shown. For comparison scattering data
of pre-assembled lattices is plotted.
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hours, a possible occurrence of sedimentation of lattices and with this a possible influence of
sample volume, recording the beam intensity should be considered for future measurements

to access the possibility of monitoring and optimization of the polymerization process.

5.2.7 Building blocks with multiple guest particles

To explore the versatility of the DNA origami lattice, building blocks with multiple gold

nanoparticles were designed and assembled.
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Figure 5.10: Building block units with multiple guest particles. Scheme (A) and the TEM
image (B) of the building block with three gold nanoparticles. Views onto the 3D model
of a lattice patch made from building blocks with three guest particles.(C) TEM images of
the solution with monomers and polymerization strands after incubation at 45 °C. (D,E)

In Figure[5.10A the design of the triangular building block structure with three nanopar-
ticles at the midpoints of the edges is shown. TEM imaging verified correct assembly of
the building block and attachment of gold nanoparticles (Figure [5.10B). Different views
on the lattice model are shown in Figure [5.10C. Polymerization of building blocks followed
the described procedure for guest particle building blocks i.e. addition of polymerization
oligonucleotides to assembled monomeric building blocks to induce shape complementarity
[153]. The shape complementarity is intended to induce lattice formation during incuba-
tion at 45 °C. After 90 hours of incubation the solution of building blocks carrying three
gold nanoparticles with polymerization strands was investigated with TEM. The corre-
sponding TEM images are shown in Figure and E. It can be seen that in the first

TEM image in Figure [5.10D a rather irregular distribution of gold nanoparticles is found.
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In certain parts of the TEM images the underlying assembled DNA origami lattice pat-
tern becomes visible (Figure [5.10E). Along rows of DNA origami struts an accumulation
of gold nanoparticles is observed. Figure [5.I10[C shows six different views on the lattice
model. In view (i-iii) lattice views are shown that correspond to lines of gold nanoparticles
in building block units carrying only one building block. View (i) shows rows of accumu-
lated gold nanoparticles. In view (ii) and (iii) a rather irregular appearing distribution of
gold nanoparticles is found. In view (iv) and (v) ”stacks” of gold nanoparticles are visible
as lines. View (vi) corresponds to the hexagonal patterning found in pure DNA origami
lattices dried on TEM grids. A comparison to the TEM image at the bottom reveals sim-
ilarities. DNA origami struts are visible and lines of gold nanoparticles are accumulated
next to the struts. The orientation of the lattice patches on the grid or slight positional
deviations from the ideal positions can hinder the accessibility of these patterns in projec-
tion images. Drying of the lattices on a surface for imaging can induce such deviations in
TEM images. It remains to be determined if the structures found in TEM images reflect
a correct assembly of building blocks carrying multiple guest particles. For verification
of correct assembly of gold nanoparticle lattices with multiple guest particles additional
methods might be helpful. SEM images so far have not revealed information about the
success of assembly. A successful assembly of lattices with building block units of multiple

guest particles remains to be confirmed.

5.2.8 Conclusion

Here we have presented a route to building 3D lattices using designable DNA origami build-
ing blocks. Computationally identifying [109] and releasing strain in the structures could
result in further improved monomer quality, which together with large-scale screening of
crystallization conditions. e.g., with seeded growth or hanging/sitting droplet crystalliza-
tion, will potentially lead to the formation of DNA origami single-crystals that can host
a wide variety of components. Importantly, the use of rigid DNA origami building blocks
permits the variable positioning of guest molecules, which would allow for different ” guest
lattices” within the same framework and even dynamically reconfigurable lattices. The
size of our origami monomer and therefore of the lattice unit cell is primarily limited by
the available length of scaffold strands, an obstacle that can be circumvented by employ-
ing, e.g., A -phage scaffolds [I71], T72], hollow struts, monomers built up from hierarchical
assembly [62] or by DNA brick-based assembly [173].
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Appendix A

Supplementary information - SAXS
on DNA origami

In the following we explain the assembly of DNA origami structures, concentration and
purification by PEG precipitation, as well as characterization with transmission electron
microscopy (TEM) and atomic force microscopy (AFM). We depict the SAXS setup and

explain data analysis, models and fit parameters in detail.

DNA origami assembly

For each of the three structures, folding mixtures containing 100 nM of each DNA sta-
ple oligonucleotide (purchased from MWG Eurofins) and DNA scaffold strands (10 nM
of p7308 scaffold for the 1-layer sheet; 30 nM of the p8064 scaffold for the brick; 30 nM
of the p7560 scaffold for 24HB), 10 mM Tris, 1 mM EDTA and 14, 20, 12 mM MgCl,
for 24 helix bundle, three layer block and one layer sheet respectively were subjected to
annealing ramps: For the assembly of Origami structures inside the SAXS-setup the fold-
ing solution described above was directly transferred to the sample chambers without any

prior annealing. The annealing ramps for the assembly inside the setup are described below.

Concentration

The folded structures were concentrated and purified from excess staples via PEG pre-
cipitation [I74]. To the solution containing the folded Origami structures we added an
equal volume of PEG precipitation buffer (15% PEG 1xTE 500 mM NaCl) and the MgCl,
concentration of the resulting solution was adjusted to 10 mM MgCl, (independent of the

MgCly concentrations during folding). This was followed by a step of centrifugation for
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25 min at 20 degree and 16000 rcf. Then the supernatant containing excess staples was
immediately removed and 500 pl of 0.5 TBE 11 mM MgCl, (pH 8.5, 44.5 mM TRIS-Base,
1 mM EDTA, 44.5 mM boric acid) was added. This solution was incubated for 30 min
shaking at roomtemperature and then the precipitation step was repeated. After the re-
moval of the supernatant the purified origami structures were resuspended in 80-100 ul of
the final buffer. The final buffer was 0.5 TBE 11 mM MgCl, (pH 8.5(0)) except for the
second set of experiments where buffers with MgCly concentration of 0, 1, 2, 3, 5, and 11
mM were used. This solution was incubated for at least 24 h shaking at room temperature.
The concentration of the Origami solution was confirmed using absorption measurements
(Thermo Scientific NanoDrop?™ 1000 Spectrophotometer) at wavelength 260 nm. The
measurements suggest a yield close to 100% which corresponds to concentrations up to 270

nM of Origami.

TEM Imaging

The cylinder-like and brick structure were imaged with a JEM-1011 transmission electron
microscope (JEOL) at 80 or 100kV. The samples were diluted 10 times with the respective
buffer (0.5xTBE and respective Mg concentration) and incubated on Argon plasma treated
formvar/carbon coated (copper mesh) grids (Ted Pella, Inc; prod no. 01753-f) and washed

and stained with 2% aqueous Uranyl Formate solution.

AFM Imaging

The sheet structure was diluted to about 2 nM with 0.5xTBE 11 mM Mg buffer and placed
on freshly cleaved mica. It was imaged with a MultiMode™™ SPM 3 (Digital Instruments
Veeco Metrology Group) in tapping mode (fluid) with SNL-10 silicon nitride cantilever
(brukerafmprobes.com) using a frequency of around 9kHz of the 0.24 N/m force constant

cantilever. We used the Flatten-function of the WSxM program for the AFM image.

Agarose Gel Analysis
Intermediate states of the 24HB during annealing were monitored using agarose gel anal-
ysis. Samples of the 24HB folding solution cooled down from 65 °C to 60 °C, 55 °C, 50
°C, 45 °C, 40 °C, 37 °C, 20 °C, shock-frozen after cooling to the target temperature and
subsequently transferred to a 1% agarose gel of 1xTAE 11 mM MgCl, buffer. The gel was
run at 120 V for 75 min.
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7560
scaffold

Figure A.1: Samples of the 24HB folding solution cooled down from 65 °C to 60 °C, 55
°C, 50 °C, 45 °C, 40 °C, 37 °C and 20 °C respectively as indicated. For reference in the
first lane scaffold p7560. A band running faster than the scaffold can be seen for samples
cooled down to 45 °C and lower. This band corresponds to folded DNA origami.

SAXS setups

All SAXS measurements except of the DNA sheet and the melting and folding were per-
formed at PO8 beamline at DESY in Hamburg. The energy was set to 20 keV. The detector
was a Perkin Elmer flat panel XRD 1621. The sample detector distance was set to 2309
mm and calibrated with silver behenate. The data of melting at low q values and folding
of structure were measured with an in-house Mo Anode based X-ray setup [02]. It has
Genix3D micro focus source and a Pilatus 100k detector. The sample to detector distance
was set to 1110 mm. The data of the DNA sheet up to 0.06 A~ was also measured with
the in-house setup and a sample to detector distance of 2522 mm. Higher g-values for the
sheet and melting curves were collected at ID01 at ESRF in Grenoble at a energy of 20
keV. A 2D Maxipix served as detector. For all measurements we used custom made sam-

ple chambers with a thickness of 10 mm and as window material served a 25 ym Kapton foil.

Melting and folding for in-situ measurements

For the determination of the intensity of 1(0) (Figure [3.5(A,C)) of the melting of DNA
origami three images with an integration time of 15 min were taken for each temperature
step. In between we waited for 2 min in order to reach the desired temperature in the
sample chamber. For the determination of the intensity and position of the peak (Figure
(B,C)) one image for buffer and sample with integration time of 1 second were taken

for each temperature step. Between each measurement we waited for 5 min in order to
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equilibrate the temperature in the sample. For the folding the sample were heated to 65

°C and cooled down to 60 °C at 5 minutes per degree. The scattering intensity was always

integrated over the time of the cooling per degree. From 60 °C down to 37 °C the sample

was cooled for 30 minutes per degree. From 37 °C to 22 °C the integration time was again

5 minutes per degree.
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Figure A.2: Temperature dependent scattering intensity of DNA origami: (A) 24HB and
(B) block left: scattering intensity with three positions of interest: 1(0), 1. or 2. Minimum
and Bragg peak, center: Peak with used background (dashed lines) and right: normalized
intensity of the three parameters (dashed lines serve as guide to the eye)

Data treatment

For all data reduction the Plugin Nika [96] for Igor Pro was used. All in house data im-

ages are stacked and the median is taken for each pixel with ImageJ; all synchrotron data

consists of only one image. If not stated differently, an image of the buffer with the same

measurement time is subtracted accounting for the background. All data shown with the

unit cm ™! are in absolute scale and are calibrated with glassy carbon.
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Data analysis

Sc /2 '
I(Q) = Vl /0 Fg’ylinder(q) sin ada + SCQF;eak(Q) + SC3FDebye(Q) (Al)
2r  pm/2 )
[(Q) = Scl / / |FSmallelinde7" (Q)Slattice(q)l sin O[dOéd¢ + SCQFDebye(Q) (A2)
0 0

The simple model and the semi empirical approach with an additional peak use formula
(A.1). For the simple model the scale factor S is zero. Formula (A.2)) is used for the fit
with small cylinders in the lattice of the different DNA origami.

sin(qL cos a/2) Jy(qrsin @)

F(Small)Cylinder(Q) - QAPV (A3)

qL cos /2 gr sin a

Jp first order Bessel function, @ angle between the axis of the cylinder and g-vector, L
length of cylinder, r radius of cylinder, Ap scattering length density difference (contrast)

between scatterer and solvent.
Sattice = Z exp(iq(x; sin a cos ¢ + y; sin asin ¢)) (A.4)

x; and y; are the coordinates of each lattice point, « is the angle between the axis of the

cylinder and qvector and ¢ is the angle around the axis of the cylinder.

2(6_‘1233 14 q2R§)
(¢*R5)?

FDebye(Q) = (A5)

R, is the radius of gyration. Debye background takes free oligonucleotides into account.
Lorentzian shaped peak:
Fpear = ﬁ (A.6)
(q—q0)
qo is the peak center and B is the HWHM (half-width half-maximum). The peak position

qo is related to the spacing d in the lattice:

d=" (A7)

For the brick and the sheet (square lattice) the spacing d is the same as the inter-helical
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distance a: 5
T
ASquareLattice — —— — d (A8)
do
For the hexagonal lattice of the 24 helix-bundle we have the relation:
1 4n*+hk+k (A.9)
a2 3 a? '
with h and k as Miller indices of the 2D lattice. The first peak, which can be observed, has
Miller indices h=1 and k=0 or h=0 and k=1, which is at the same position. This results

in the inter-helical distance of

4 427
A Hexagonal Lattice = \/;d = \/;q_ (Alo)
0

Instrumental smearing due to finite beam size and finite pixel size of the detector is in-
cluded in the fits. The fitting routine uses a DREAM algorithm which uses a Markov chain
Monte Carlo method.

Simulation with CanDo, caDNAno and Crysol

Different approaches were taken to simulate SAXS scattering intensity from atomistic mod-
els. First a pdb file was generated and the scattering was simulated with Crysol [104]. The
caDNAno file of the 24HB always served as starting point. We used CanDo [67] and varied
the DNA diameter parameter to account for different inter-helical distances. 2.45 nm was
found to fit the data best. All other parameters were kept at the standard values stated
below. CaDNAno to PDB file converter was used as second approach in order to get a pdb
file of the DNA origami. Additionally a minimization with NAMD [IT3] of the structure
was used. For all results a Debye background was added. The result is shown in Figure
A3l

CanDo standard parameters:

Axial rise per base-pair [nm] | 0.34
Crossover spacing [bp] 10.5
Axial stiffness [pN] 1100
Bending stiffness [pN nm?2] 230
Torsional stiffness [pN nm2] | 460
Nick stiffness factor 0.01

Table A.1: CanDo parameter
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Figure A.3: Data of 24HB with different simulation based on caDNAno files with Crysol
[104] of an atomistic model, all added with Debye background (black line): (red) CanDo
with standard parameters (table below) and assuming a DNA diameter of 2.45 nm, (green)
caDNAno to PDB file converter [113], (blue) caDNAno to PDB file converter with mini-

mization [113]

Detailed Fitparameter

Scattering length density of DNA: 1.5e-5 A2

Scattering length density of buffer (water): 9.43e-6 A—2

Length of cylinder: 1000 A (fixed)

Sample A K] B [A] C [A] R [A] LA | R, A

Cylinder - - - 78.66 + 0.13 | 1000 (fixed) | 30.4
Brick 76.60 = 0.19 | 378.9 £ 0.19 | 626.6 &+ 4.7 - - 8.7
Sheet 21.49 £+ 0.31 610 £+ 60 960 (fixed) - - 25

Table A.2: Fit parameter of geometric model
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MqgCl, Scale Radius | Scale Peak Peak Po- | Scale Radius of
Concen- | S r [A] Peak Width | sition ¢ | Debye | Gyration
tration Sea B[A™] | [AY Back- R, [A]
ground
Sc?)
11 mM 2.5e-4 | 78.66 3.0e-3 | 0.01954 | 0.16519 | 0.0266 30.4
+ 0.19 4+ 3.9e-4 | + 2.2e4
5 mM 1.4e-4 | 79.77 2.1e-3 | 0.02758 | 0.16171 0.0293 34.4
+ 0.27 + 6.2e-4 | + 3.5e-4
3 mM 1.7e-4 | 81.46 2.4e-3 | 0.01502 | 0.15826 0.1002 47.9
+ 0.27 + 5.4e-4 | + 3.1e4
2 mM 1.2e-4 | 83.31 2.0e-3 | 0.01979 | 0.15256 | 0.1876 61.2
+ 0.78 + 8.0e-4 | + 10.3e-4

Table A.3: Fit parameter of geometric model and Lorentzian peak for 24HB

MgCl, Scale Radius of | Scale Radius of
Concen- | Debye Gyration 1 | Debye Gyration 2
tration | Back- [A] Back- [A]

ground ground

1 2
1 mM 1.12 245 0.04 28.9
0 mM 0.27 144 0.03 22.3

Table A.4: Fit parameter of two Debye model for 24HB at low M gCl, concentration

Scale Umean w, [A] Radius Scale De- | Radius of
[A] cylinder | bye Back- | Gyration

[A] ground [A]

1.85e-6 25.1 1.7 11 0.04 45

Table A.5: Parameter of small rigid cylinder model for 24HB



87

Sample | Scale | A[A] [B[A] | C[A] |Scale | Width [ Position | Scale | Radius
Peak Peak Peak Debye | of Gy-
[A=1] [A=1] Back- | ration
ground | [A]
Brick | 3.0e-4 | 76.60 | 378.9 | 626.6 | 2.0e-3 | 0.01005 | 0.23003 | 5e-3 8.7
+019 | +£19 | £4.7 + 2.4e-4 | + 1.4e-4
Sheet | 3.6e-4 | 21.49 | 610 £ | 960 4.6e-4 | 0.0354 0.23343 | 7.9e-3 | 25
+ 0.31 | 60 (fixed) + 3.8e-3 | £ 1.7e-3

Table A.6: Fit parameter of geometric model and Lorentzian peak for brick and sheet

Sample | Scale Qmean w, [A] | Radius | Scale Radius | Constant
[A] cylinder | Debye | of Gy- | Back-
[A] Back- | ration ground
ground | [A]
Brick 2e-6 27.27 0.8 11 2.3e-2 45 5e-4
Sheet 1.8e-6 27.41 2.5 11 3.3e-3 25 2.2e-4

Table A.7: Parameter of small rigid cylinder model for brick and sheet

Sizes calculated from inter-helical spacing and comparison with designed val-

ues

Diamonds in Figure [A.4[A) show the calculated values of the inter-helical distance for
the radius of the whole structure Figure [A.4[B). The radius is calculated with R =
VT7a + rpya + shell. The fit values for the 24HB and the brick show that it is useful
to add a shell of 0.14 nm, if we use a radius rpya=1 nm for the DNA. The fit values
for the honeycomb lattice of the 24HB fit well to the design values in Table For the

square lattice structure the fitted values are higher than the designed values, because the

interhelical distance is higher than 2 nm of the DNA plus 0.6 nm of the gap. The values of

the inter-helical distance agree for all structures with the size of the whole DNA origami

structure.
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Figure A.4: Correlation of lattice constant and radius (A) Fit values for radius of simple
model (colors) and calculated radius with lattice constant a (diamond, dark grey) (B)
Model of a 24HB with Radius R and inter helical distance a, diameter of DNA double
strand is 2 nm and an shell of 0.14 nm for the radius is added.

Cylinder

Brick
Sheet

A [number | B [number | C [number

of helices| of helices] of bp]

3 14 168 -
1 24 224 -

R [number of helices|

\/7(27“DNA + gap) +
'DNA

L [number
of bp]
284-298

Table A.8: Designed Origami dimensions in number of basepairs or helices respectively.

ATA][BIA][CIA] [ R[A] L [A]
Cylinder - - - 78.79 | 965.6-1013.2
Brick 72 358 | 571.2 - -
Sheet 20 618 | 761.6 - -

Table A.9: Designed origami dimensions in Acalculated for a rise per basepair of 3.4 A(also
counting deleted ones), a DNA-radius (rpya4) of 1 nm and interhelical distances (gap) of

0.6 nm. We accounted for double stranded parts of the DNA origami only.

a[A] [AJA]| BA] [R[A]

Cylinder | 25.36 - - 78.50
Brick | 27.32 | 77.44 | 377.96 -
Sheet | 26.92 | 22.80 | 668.88 -

Table A.10: Inter-helical distance from peak fit and corresponding size of DNA origami
structures. DNA-radius of 1 nm is used and an additional shell of 0.14 nm is added.
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Figure A.5: caDNAno [66] design of the 24HB [110] (Scaffold blue and staple strands
yellow).
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Figure A.6: caDNAno [66] design of the brick structure [52] (Scaffold blue and staple
strands yellow).
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Figure A.7: caDNAno [66] design of the one-layer-sheet [32] (Scaffold blue and staple
strands yellow).
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Appendix B

Supplementary information - SAXS
on AuNP DNA origami

Supplementary Note S1: Assembly of gold nanoparticle DNA nanostructures

Assembly of DNA Origami

A mix with 100 nM of each DNA staple oligonucleotide (purchased from MWG Eurofins)
and DNA scaffold strands (10 nM of the p8064 scaffold for the block and of the p7560
scaffold for the bundle), 10 mM Tris, 1 mM EDTA and 20 or 14 mM MgCl, for the block
and the bundle respectively was subjected to annealing ramps. CaDNAno designs [66] of
the block origami structures are given in Supplementary Note SIII3 [52] and the design of
the helix is as in [I10]. To prevent AuNPs from getting caught in scaffold loops at the
edges of the block structure, additional oligonucleotides with 4 base overhangs (CCCC)
were used compared to the previously published design. Protrusions of DNA single strands

from the structures are designed as explained in more detail below.

PEG precipitation

For purification of the folded origami structures from excess staples after folding, origami
solutions were mixed 1:1 with polyethylene glycol (PEG) precipitation buffer (15% PEG
IxTE 500 mM NaCl) and the mixture was centrifuged for 25 min at 20 °C and 16000 rcf
[T74]. Directly afterwards the supernatant containing excess staples was removed and the
origami were resuspended in 1xXTAE 11 mM MgCl, buffer (pH 8.5, 44.5 mM TRIS-Base, 1
mM EDTA, 40 mM acetic acid) and incubated for 30 min shaking at room temperature.
A second precipitation step was performed and the origami were resuspended in the same

buffer and incubated for 24 hours at room temperature.
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Functionalization and attachment of AuNPs

AuNPs of diameters of approximately 10 nm (BBI International) were covered with thi-
olated DNA oligonucleotides. 5’-thiolated DNA oligonucleotides of 19 bases of T (Tig)
(5-HS-C6- TTT TTT TTT TTT TTT TTT T -3’) or eight bases of T (Ts) (5-HS-C6-
TTT TTT TT-3") or 3’-thiolated DNA oligonucleotides of 19 bases of either T (3'T1y)
(5>-HS-C6- TTT TTT TTT TTT TTT TTT T-3’) or bases 5'-ATT ATT ATT ATT ATT
TTTT C3-SH-3’ (Biomers) - after treatment with TCEP (tris(2-carboxyethyl)phosphine)
- were added in 200 times molar excess to the AuNP solution and the salt concentration
was increased stepwise to 600 mM NaCl [143]. The AuNPs were then purified from excess
DNA oligonucleotides with centrifugation filters (Amicon, 100000 MW cut-off). Purified
DNA covered AuNPs were then added to the origami structure with a 5 times excess
of AuNPs to binding sites on the origami and the MgCl, concentration was adjusted to
11 mM. The mixture is incubated overnight for hybridization of the DNA-coated AuNPs
to the complementary single-stranded DNA oligonucleotide protrusions from the origami
[170], i.e. AAA AAA AAA AAA AAA-3" (Ays) to Tig or 3'Tig, AAA AAA AAAS (Ay)
to Tg, and in the helix additionally 5- ATT ATT ATT ATT ATT TTTT C3-SH-3’ to
protrusions 5-AAT AAT AAT AAT AAT on the DNA origami bundle.

Determination of the number of DNA oligonucleotides on AulNPs

For the determination of the number of DNA oligonucleotides on the AuNPs a known
amount of DNA-coated AuNPs was dissolved and the DNA concentration in the result-
ing solution was measured to calculate back for the DNA-AuNP ratio [I75]. Todine (I,
Fisher Scientific) and potassium iodide (KI, Fisher Scientific) (molar ratio 6:1) were added
to deionized water where KI served to increase solubility of I in water. The I,/KI solu-
tion with a final concentration of 0.34 mM of I, was added dropwise to the functionalized
AuNPs of determined concentration and volume until the initial red color of the AuNP
solution disappeared. Purified water was added to a volume of 500 ul and the resulting
solution was loaded into NAPTM_5 columns (GE Healthcare) that had been washed three
times with purified water. The sample was eluted with 1 ml of purified water and collected.
The DNA concentration of the resulting solution was measured to calculate the number
of DNA oligonucleotides on the AuNPs. Accounting for a surface area of a particle of
10nm diameter, the measured number of DNA oligonucleotides of around 77 per AuNP

corresponds to a DNA-footprint of about 4 nm? per DNA-strand and is in agreement with
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the values found in the literature [144].

Electrophoresis

For purification we used 1% agarose-gel-electrophoresis with IxXTAE 11 mM MgCI2 running
buffer in a cooled ice bath to purify assemblies from excess AuNPs. The desired structures
were recovered by excision from the gel of the second band counted from below and the

corresponding coated AuNPs by excision of the lowest band.

Figure B.1: Agarose gel for purification of the DNA mediated AuNP assemblies from excess
AuNPs.

UV /vis spectroscopy

The concentration of the origami solutions without AuNPs was measured using UV /vis
absorption measurements (Thermo Scientific NanoDrop?® 1000 Spectrophotometer) at a
wavelength of 260 nm. The concentration of origami with AuNPs was calculated from
measured AuNP concentrations using absorption measurements at 520 nm and accounting
for one AuNP per binding site. Dimer concentrations ranged from 0.5 to 1.2 nM. The

concentration of the trimer was 2.4 nM and of the helix 0.25 nM.
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Transmission electron microscopy

Nanostructures were imaged using a EM-1011 transmission electron microscope (JEOL)
at 80 kV. The samples were incubated on Argon plasma treated formvar/carbon-coated
copper mesh grids (Ted Pella, Inc; prod no. 01753-f) and washed and stained with 2%
aqueous uranyl formate solution. Dimer distances were obtained from the images with
the software ImageJ [I76]. To measure the center-to-center distance for the AB structure
only top view TEM images and for the AC and BC structure only side view TEM images
were considered in an attempt to exclude a bias towards lower distances due to projection
of the geometry into two dimensions. Verification of the magnification was achieved by
measuring AuNP diameters, which were found to be in agreement with the SAXS results.
The TEM images used for measurements were taken at a magnification of 30000. The
image size was 1024 x 1024 pixels. The center of the AuNP was determined by eye and

the center-to-center distance was measured with the built in ImageJ measurement tool.

Supplementary Note S2: Small angle X-ray scattering

SAXS measurements

SAXS data were recorded at the SAXS beamline at the ELETTRA synchrotron in Trieste
[94]. We used a flow-through-cell with a quartz glass capillary of 1.5 nm diameter and mea-
sured at 8 keV X-ray energy (wavelength 0.154 nm). An evacuated flight tube was used
to cover the sample-todetector-distance of 1.328 m. A motorized beam stop was placed
inside the flight tube. A Dectris Pilatus 3 1M CMOS Detector (981 x 1043 pixels with
172 pm pixel size) served as a detector. Silver behenate was used for the calibration of
sample detector distance and beam center. For each sample ten exposures of ten seconds
were taken. The beam size was 0.5 x 1.6 mm? and a conical mask was used to restrict the

azimuthal integration to the direction with higher resolution.

SAXS data analysis

Scattering intensities are shown as a function of ¢ = 47” sin @ with the wavelength A of
the monochromatic X-rays and 26 being the scattering angle. Measurements of 1xTAE
11 mM MgCl, buffer served as background intensity. Background subtracted scattering
data of the AuNP assemblies were fitted using the software SasView [88]. The built-in
core-shell sphere model was used to fit the data of DNA-coated AuNPs. To determine
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center-to-center distances of the dimers the following models were used:

Simple dimer model
The simple dimer model neglects the DNA origami and considers the scattering of the

AuNPs only. The scattering intensity was fitted with

I(q) = scale - 10° - (slday — sldp,0)* - V?/(2-(V?)) -2 F(q) (1 + qu(—sd)) (B.1)

with the form factor F(q) = BSm(qR)(_q‘f;;COS(qR) of a spherical scatterer of radius and the

center-to-center distance of the two spherical particles of the dimer d. To account for par-

ticle polydispersity R is drawn from a Gaussian distribution around R,,c., with standard
deviation wg. slda, — sldy,o is the scattering length density contrast in units of Abetween
gold and the aqueous solvent. The model intensity is normalized to two bodies. V = %WR?’
is the gold particle volume and (V?) the average of the squared particle volume using the
Gaussian distribution of radii. A factor of 10® is included to obtain an intensity in cm™!. In
the q region below 0.025 A~!, the scattering of the rectangular DNA origami block cannot
be neglected. Therefore, the fitting range of the simple dimer model was set to 0.025 to
0.095 A='. R, wg and d were obtained from fitting.

Full dimer and DNA model

In the extended dimer model considering scattering of DNA, i.e. the DNA linker shells
on the gold nanoparticles and the rectangular DNA origami block, the scattering intensity
was fitted with

[<Q) = Scaleparticles[particles(Q) + ScaleDNAblock[DNAblock(q> (BQ)

where

sin(qd)) B3)

Lparticies(q) = IcoreSheiisphere(q) (1 +

qd
is the intensity of the gold particle dimer of distance d including the DNA shells and
IpN aviock (@) = Iparaticiepiped(q) is the intensity from the rectangular DNA origami block.
For Icoresheusphere(q) and Laranierepipea(q), the built-in models core-shell-sphere and paral-
lelepiped of the software SasView were used. They account for unit conversion and volume
normalization.

The form factor of a core-shell sphere of core radius R, shell thickness t, core density sld 4.,
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shell density sldpna and solvent density sldp,o is

sin(¢R) — qR cos(qR)

[V(SldAu — SldDNA)

FCOTeShellSphere (Q) =

V;Sotal (QR)S
sin(q(R+1)) — qRcos(q(R + 1))
+V(SldDNA—SldH20) (q(R+t))3 ]
V= %WR?’ (B.4)
4 3
Viotal = gw(R +1) (B.5)

To account for particle polydispersity, R is drawn from a Gaussian distribution around
Rpyean with relative standard deviation wg/Reqn- The scattering intensity of a paral-
lelepiped of side lengths A < B < C' and scattering length density contrast sldpya—sldp,o
is [8§]

scale

I(g) = == ((sldpxa = sldp,0) - V)* (P(q, ) (B.6)

P = [ voti/a= 0[5 (1)) ao B7)

2
Qo (g, ) = /O1 {S [g cos(gu)] S [% Sin(gu)} }2du (B.8)
() = 2D B.9)
uw=qB (B.10)
A C
T (B.11)

All core-shell sphere and parallelepiped parameters were obtained from fits to SAXS data
of the individual components and kept constant in the fits to the dimer data. Dimen-
sions of the block used for fitting in the extended model were a=76.7 Ab=378.9 Ac=626.6
A[105]. Intensity data points in the range 0.0076 to 0.15 A~ were used for fitting and

scalepgrticies; Scalepn apiock and the dimer distance d were allowed to vary. All models
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were smeared with a pinhole function of 0.001 A~! width and fitted to the data with
the SasView-internal population-based DREAM algorithm until no further improvement
of X?/Nyts = 1/Nps Zpts(‘[data — Lnoder)? /AT, could be obtained. N, is the number of
datapoints in the fitted range and A I, the intensity error of the measured data from

averaging over ten detector exposures and from azimuthal data integration.

PDDF analysis with GIFT or GNOM

Buffer subtracted scattering data were transformed with the software GIFT [I01] to a spa-
tial domain. The results of the software GNOM [99] 152] from the ATSAS package were
used for cross checking (data not shown).

The analytical function describing the PDDF of dimers of spheres of radius R and distance

d can be derived from [98] for non-overlapping spheres of equal sizes and yields:

p(r) = 2p*(po(r) + ps(r, d)) (B.12)
With A
Py = ?WRSTQ — TR*3 + %7‘5 (B.13)

for r < 2R and pg = 0 elsewhere and

= g { G2RICRP — (4= 1] = G2RIERY =)+ IR = ld o[

(B.14)
for d — 2R < r < d+ 2R and p3 = 0 elsewhere. The location of the first maximum of
the PDDF is determined by po(r), i.e. the sphere size R. The second maximum of the
PDDF results from the second term p3(r). The location of this maximum is dominated by
the distance d but slightly shifted with respect to it [I77]. In Supporting Figure we
show an example for spheres of size R=4.23 nm, similar to the gold core of the nanopar-
ticles used here, assuming that the DNA shell can be neglected. For a center-to-center
distance of d= 20 nm, the position of the maximum of the PDDF rg,4mq. (black triangle)
coincides within 0.5 nm with the nominal distance of 20 nm (vertical line). The shift of
the second maximum seen with respect to the actual center-to-center distance [177] here
remains small. In simulations effects of a block sitting in between the particles appear in

form of a side maximum in the BC configuration. Indeed, also in the experimental PDDF
of configuration BC a side-maximum is observed (cf. Fig[4.5)).
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Figure B.2: Plot of PDDF of a dimer of spheres with Radius R=4.23 nm and center-to-
center distance d=20 nm.

Simulation of the PDDF of a particle helix

The PDDF of the particle helix was simulated using a Monte Carlo approach by Kilian
Frank, [147]. A histogram of the pairwise distances was calculated from random coordi-
nates inside the assembly [145] 146l 178]. To simulate the PDDF of a particle helix, the

center position of the n-th particle is calculated as
7= (Rpetiz cos(n - 60°), Rpepir sin(n - 60°),n - p) (B.15)

where is the radius of the particle helix and is the helix pitch. The whole helix is composed
of nine spherical particles, n=1 to 9. 200 points of random position are drawn inside each
sphere and the pair distances between all N=1800 random points inside the spheres of the
particle helix are calculated. The histogram of the found distances is used as the simulated
PDDF.

Supplementary Note S3: Design details of the AulNP-DNA nanostructure-
assemblies

Geometry calculation

Dimeric and trimeric configuration of AuNPs

The connector lengths, i.e. the distance of the surface of the AuNP to the surface of the

DNA origami for structures AC and BC are calculated under assumption of the given ge-
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Core Distribution | Shell thick- | shell SLD
radius of core radius | ness t [A] sldpya [107°
Rmean [A] wR/Rmean A72]

T1g 42.4 0.094 57.1 1.06

Ty 42.2 0.097 35.1 1.05

3Tig | 42.3 0.094 46.9 1.01

Table B.1: Fit parameters of the functionalized AuNPs from a core-shell model fit. Radius,
distribution of radius, shell thickness and shell SLD were then used in the fits with the
extended dimer model. The pure AuNP has a radius of 42.1 Aand a distribution of the
radius of 0.094 obtained from a fit with a sphere model.

ometry (Figure and dimensions given by prior measurements (thickness of the origami
block a=7.66 nm [105], AuNP radius R=4.23 nm), or by design (horizontal shift between
attachment site A and attachment site C (ss¢) of 4.8 nm, and horizontal shift between
attachment site B and attachment site C of sgc=16.7 nm accounting for 0.34 nm per bp
and assuming an interhelical distance of 2.7 nm for calculation of the circumcenters of the
attachment sites. For the calculations of the connector length the position of the second
peak of the PDDF obtained by GIFT is used as center-to-center distance d of the particles.

The connector length cdimer of the dimers therefore is:

1
Cdimer:§* \/612_32—R—g (B16)

2

This yields the following values: For Ti9 the connector length was obtained from dimer

connector length cgime, [nm]
Tig 49 £ 0.8
Ty 2.6 £ 0.8
3 T | 3.2+ 0.8

Table B.2: Calculated connector length in AuNP dimers.

AC (5.2 nm) as well as from dimer BC (4.6 nm). Both values are in reasonable agree-
ment and were averaged. The calculated length of the connectors is compared to values
corresponding to the length of double stranded DNA: For the T9 connector 4.9 nm would
correspond to a length of 14-15 bp, the Tg connector length 2.6 nm would correspond to
7-8 bp and the 3’ T9 connector length 3.2 nm would correspond to 9-10 bp.

In addition, values of the connector length are compared to the design: For our estimate of

a maximum connector length we account for 0.34 nm per base pair in double stranded DNA
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and 0.65 nm per base for single stranded bases. Lengths between zero and this maximum
value are assumed to be in agreement with the design without using any prior ideas about

the connector: Therefore, all connector lengths found are in agreement with the design.

Helical geometry of AuNPs
For the helix AuNP pair distances between the n-th and the first AuNP are given by

2
Apotinn = \/ 2+ Rpsia - 50(30° - )2 + (g : n> (B.17)

and therefore the connector length chelix is calculated using

2
Cheliz = \/d%elixn - (g . n) /(2-sin(30° - n)) — RpNapundie — R (B.18)

Rpeie is the radius of the helix, p the pitch and n the number of the AuNP neighbor in
the helix. Assuming a pitch of 57 nm the read off distances of 21.2 nm and 36.4 nm for
the maxima indicating the nearest and next nearest neighbor distances correspond to a
radius of the helix of 18.9 nm or 17.9 nm, respectively. Their average is R=18.4 nm. As
the radius of the DNA origami bundle is Rpn apunaie=7-87 nm [105] and a assuming a gold
nanoparticle radius of 4.23 nm the connector distance is calculated to be 6.3 nm, which
is the length of about 18-19 double stranded base pairs. Deviations from the dimer result
might be due to deviations of the radius in the nanoparticle batch using the ATT ATT
ATT ATT ATT TTTT modification or details in the design. Differences to the connector
length in the dimers could arise from the different protrusion distribution in the honeycomb
lattice based rod structure and the square lattice based block structure (Supporting Figures
and . The value for the connector distance of the helix is therefore in agreement
with the design.
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Figure B.3: Attachment sites of the DNA origami block as in attachment site A. Left: zoom
in of the attachment site staples in the caADNAno [66] design, middle: helix arrangement
at the surface where attachment site staples protrude. Right: attachment site protrusion
positions marked in red on the block structure.
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Figure B.4: Attachment sites of the helix. Left: zoom in of the attachment site staples in
the caDNAno [66] design, middle: helix arrangement at the surface where attachment site
staples protrude. Right: attachment site protrusion positions marked in red on the rod
structure.

End-oligonucleotides marked in red additionally have an overhang of four bases (CCCC).

CCCCAATCCTGTTTGATGGTTGCCCCAGCAGGCGAACCCC
CCCCGCGAACGTATTATTTACATTGCCCC
CCCCGTGTTTTTATAATTCGACAACTCCCC
CCCCCGGAAGCATAACGCGCGGGGAGAGCCCC
CCCCGCAGATTCACCAGGTATTAACCCCC
CCCCTACCGGGGGTTTCTGCGCCGTTTTCACGGTCACCCC
CCCCACCGCCTGGAAATTGCGTAGACCCC
CCCCCGTATTAAATCCAAAGAACGCGCCCC
CCCCCAGGCGCTTTCCAAATCGTTAACGCCCC
CCCCTTTTCAGGTTTAATTTAATGGCCCC
CCCCGCACATCCTCATAACGGCAGCCTCCGGCCAGACCCC
CCCCAAACAGTACAACATGTAATTTCCCC
CCCCAGAAAACTTTTCCAACGCTAACCCCC
CCCCTACCAGTCCCGGTTGTGTACATCGCCCC
CCCCAGGCAGAGGCATTATCATTCCCCCC
CCCCAGGGGGATGTGCTGCATACGCCAGCTGGCGAACCCC
CCCCAAGAACGGAGAATTGAGTTAACCCC
CCCCGAGCGTCTTTCTCACCAATGAACCCC
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Figure B.5: CaDNAno [66] design of the block (adapted from [52] [170]).
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CCCCGTAACAACCCGGCCTCAGGAAGATCCCC
CCCCGCCCAATAATAAGATATAAAACCCC
CCCCTATAAGCAAATATTTAAAAAACAGGAAGATTGCCCC
CCCCGAAACGCACAGAACCACCACCCCCC
CCCCACCATCGATAGCCCTCATTTTCCCCC
CCCCATGCAATGCCTTTTTGAGAGATCTCCCC
CCCCAGAGCCGCCGCCAAACAGTTACCCC
CCCCACAGGCAAGGCAAAGAACATCCAATAAATCATCCCC
CCCCATGCCCCCTTGCGAATAATAACCCC
CCCCAGGGATAGCAACGAAATCCGCGCCCC
CCCCAGGTCATTTTTCTGCGAACGAGTACCCC
CCCCTTTTTTCACGTTGCAGCAGCGCCCC
CCCCTATAGTCAGAAGCAAATCTTTACCCTGACTATCCCC
CCCCAAAGACAGAACGAGTAGTAAACCCC
CCCCATGCAGATACAGGGGGTAATAGTACCCC
GAAAGCCGCCCC

AATCCTGAGAACCCC
CCCCGCGGTTTGCGTAT
AACATACGAGCCCCC
CCCCGCATCAGATGCCG
CGGGGTCATTGCCCC
CCCCACATAAAAAAATC
AGCGCCATGTTCCCC
CCCCCGCACTCCAGCCA
AATGTGAGCGACCCC
CCCCACAAAGGCTATCA
ATATATTTTAACCCC

CCCCGATTTAGTTTGAC
CTTTTGATAAGCCCC
CCCCAAATGTTTAGACT
CCCCACCTGCTCCAT
CCCCTTGGGCTTGAGAT
ACATTCAACTACCCC
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Protrusions for AuNP attachment

AACGACTTTCTGATCGGTGTCTGGTGCTTTGAGGGAAAAAAAAAAAAAAA
TCGTATGTACCGCGGATTGTCTGCCAGCGGAAACCAAAAAAAAAAAAAAA
AGCTGGCATCAAAAGGGTGGCTGATAAAAACAAGAAAAAAAAAAAAAAAA
GCTTATCATATTAGCAAGCAACCTCCCCGTCAAAAAAAAAAAAAAAAAAA
AACAAAAGGGCATTAGACGTTGTTTAAGACTTGCGAAAAAAAAAAAAAAA
GCTAGGATTAGCCACCACCTTTTCGGTGTCACCGAAAAAAAAAAAAAAAA
TCACGATAGCTCTGTTTAGAATGCAGATTATCAACAAAAAAAAAAAAAAA
GCGAAATCAGAAAAAACAGGAAACCGATAATAACGAAAAAAAAAAAAAAA
TAATCAAAAGGGAGGGTAACGCAAGGAAACCAAAAAAAAAAAAAAAA
CGTTCAGCTTATCATATTAGCAAGCAACCTCCCCGTCAAAAAAAAAAAAA
TAAAAGAACAAAAGGGCATTAGACGTTGTTTAAGACTTGCGAAAAAAAAA
AACATGGCTAGGATTAGCCACCACCTTTTCGGTGTCACCGAAAAAAAAAA
TCAAAATCACGATAGCTCTGTTTAGAATGCAGATTATCAACAAAAAAAAA
ATTTTAGCGAAATCAGAAAAAACAGGAAACCGATAATAACGAAAAAAAAA
TAATCAAAAGGGAGGGTAACGCAAGGAAACCAAAAAAAAAA
AACGACTTTCTGATCGGTGTCTGGTGCTTTGAGGGAAAAAAAA
TCGTATGTACCGCGGATTGTCTGCCAGCGGAAACCAAAAAAAA
AGCTGGCATCAAAAGGGTGGCTGATAAAAACAAGAAAAAAAAA
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Appendix C

Supplementary information -
3D-DNA origami lattices

Design and formation of DNA origami:

Design:

The triangular origami designed using caDNAno [66] structure consists of three 14 HBs
packed on a honeycomb lattice with a diameter of about 12.5 nm. These three 14 HBs were
designed to be of the same length (199 bp) and display self-matching shape complementary
blunt ends. The 14 HBs were interconnected at selected positions by forced crossovers with
three bases of scaffold spacers. In order to avoid topological traps of the struts in undesired
geometries, a "seam” was introduced into one of the 14 HBs. Here the scaffold does not
run from one end of the strut to the other but loops back in the middle of the strut for each
pair of helices. The seam is closed by staple oligonucleotides. Groups of staple strands were
divided into ”connection” oligonucleotides (closing the seam), ”polymerization” oligonu-
cleotides (completing the ends of all struts and thus enabling blunt end stacking), "han-
dle” oligonucleotides (for capturing the gold nanoparticles) and ”core” oligonucleotides (all
other strands). It was observed that the presence of the seam oligonucleotides during the
entire folding process leads to the formation of mainly deformed structures, possibly re-
sulting from prematurely closed seams trapping the triangular struts in wrong geometries.
Injection of the seam connectors at lower temperatures improved the yield of correctly
folded triangles to ~60%. While all misfolded objects featured three edges, they did not
exhibit the designed three-fold symmetry (Figure asterisk). Note that due to their
structural similarity to the targeted design, these defective objects could not be removed

during the purification steps but remained in solution during crystal growth.
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Folding and Purification:

DNA origami structures were prepared by mixing core and handles staples (100 x 107
M each, MWG Eurofins), and the circular DNA scaffold strand p8634 (12.5 x 1072 M,
produced in house) in 1x TE-Mg2+ buffer (10 x 1072 M Tris, 1 x 1073 M EDTA, 18
x 1073 M MgCly). The mixture was thermally annealed from 65 to 4 °C over 35 h (15
min at 65 °C, cooling to 58 °C with a cooling rate of -1 °C per 5 min, 58 °C to 35 °C
with rate of -1 °C per 1 h, and from 35 to 4 °C with rate of -1 °C per 5 min). Connec-
tion staples were injected into the folding mixture during the annealing process at 52 °C.
Subsequently the folded DNA nanostructures were purified from excess DNA staples by
agarose gel electrophoresis stained with 1x SybrSafe (1 % agarose in 1x TAE 11 x 1073
m MgCl, buffer; 6.5 V em™ for 2 h) or by PEG precipitation.[179, [174] For agarose gel
purification, samples were run in 1% agarose gels containing 1x Tris acetate buffer (10 x
1073 M Tris, 10 x 107 M acetic acid), 11 x 1072 M MgCl, and 1x SybrSafe (Thermo
Fisher Scientific). All gels were cooled in ice water baths. Samples were separated at 6.5
V em™? for 2 h following excision of the bands and recovery of the products by squeezing
the band between two glass slides and collecting the resulting liquid droplet with a pipet.
For PEG precipitation, equal volumes of 2x PEG buffer (15% (w/v) PEG-8000, 2x TE,
500 x 1072 m NaCl, 20 x 107 M Mg2+) and unpurified folding solution were mixed and
centrifuged for 30 min at 16 000 rcf. The resulting pellet was re-suspended in 1x TAE, 11
x 1073 M MgCl, buffer and subsequently shaken at 650 rpm, 30 °C for 24 h in order to

redisperse the origami structures.

Formation of DNA origami-gold nanoparticle conjugates:

Functionalization of Gold Nanoparticles with DINA:

Gold nanoparticles (AuNPs, BBI International) of 10, 20, and 30 nm were functionalized
with 5’-thiolated 19T singlestranded DNA (Biomers) following published methods. [170]
Briefly, TCEP (tris(2-carboxyethyl)phosphine) treated thiolated DNA was added in excess
(200x molar excess for 10 nm AuNPs, 800 x for 20 nm AuNPs, and 1800 x for 30 nm
AuNPs) to AuNPs. The mixture was incubated at room temperature for 24 h before slowly
increasing the salt concentration to 500 x 103 M by addition of 1 M NaCl over a period
of 6 h. DNA-modified gold nanoparticles were then purified using Amicon centrifugation
filters (100K MW cut-off).
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Conjugation of gold nanoparticles to DNA origami:

Six staple oligonucleotides at the center of the triangular origami structure were extended
from the struts with 19A bases serving as handles for attachment of the gold nanoparti-
cles (one nanoparticle per origami nanostructure). An 8 x molar excess of DNA-AuNPs
was added to the DNA origami structures and incubated at room temperature overnight.
The resulting DNA origami-gold nanoparticle conjugates were purified from excess gold
nanoparticles in 1% agarose gels containing 1 x Tris-acetate, 11 x 1073 M MgCl, buffer,
cooled in an ice-bath. Samples were separated at 7 V cm™! for 1.5 h. Bands were excised

from the gel and recovered as described previously.

Polymerization of DNA origami into 3D Lattices:

Polymerization:

Polymerization oligonucleotides were mixed at 10 x molar excess with purified bare trian-
gular origami structures or with purified structures carrying gold nanoparticles. The buffer
was then brought to 1 x TAE and 15 x 1073 M MgCl,. The polymerization mixture was
incubated at a constant temperature of 47 °C for 3-4 d in a thermocycler. Owing to the
different purification procedures and varying purification yields, the starting concentration
of origami monomer for pure DNA origami lattice growth was ~25 x 107 m (PEG puri-
fied), while for lattices with gold particles the starting concentration of the gold-carrying
monomers ranged between 1 x 107 and 3 x 1072 M (gel purified). As defective monomers
lack the designed symmetry, their overall binding energy does not suffice to stabilize their

integration in the lattice at the elevated temperatures during lattice growth.

Characterization Techniques:

TEM:

TEM imaging of DNA origami lattices was carried out using a JEM-1011 transmission
electron microscope (JEOL) operating at 80 or 100 kV. For sample preparation 10 pl
of polymerized DNA origami structures were deposited on glowdischarged TEM grids
(formvar /carbon-coated, 300 mesh Cu; Ted Pella, Inc; prod no. 01753 - f) for 1 h. For
pure origami lattices and origami lattices containing 10 or 20 nm gold nanoparticles, grids
were furthermore quickly washed once with 0.1%ouranyl acetate solution (5 uL) and im-
mediately afterward stained with 0.1%ouranyl acetate solution (5 puL) for 10 s. For origami
lattices hosting 30 nm gold nanoparticles and the lattices for taking SEM images, grids

were washed two times with water for 2 s.
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SEM.:

The TEM grids were directly used for SEM imaging after 10 s sputtering using an Edwards
Sputtercoater S150B 1990. The sputter target contained 60% gold and 40% palladium.
Process parameters used for sputtering were 7 mbar Ar, 1.1 kV, 35 mA. 10 s sputtering
results in the deposition of layer of gold/palladium with a thickness of a few nm. The
Au/Pd deposited TEM grids were directly fixed on the sample holder with carbon tape for
SEM imaging with a Carl Zeiss LEO DSM 982 GEMINI (containing a source of thermal
field emitting cathode (1997) and a detector of LEO High Efficiency In-Lense Secondary
Electrons). Beam parameters for taking imaging were set as 5 kV acceleration voltage and

30 pm aperture.

SAXS:

The SAXS data were measured at four different sources. All samples to detector distances
and beam centers were calibrated with silver behenate. The scattering data of the monomer
shown in Figure and dataset i were measured at an in-house X-ray source, which is
described in detail in the literature. [92] The data of the undecorated DNA origami lattice
and the DNA origami lattice decorated with 20 nm gold nanoparticles, Figure dataset
ii and iii were measured at the SAXS beamline at ELETTRA in Trieste. The solutions of
polymerized sample were loaded in a 1 mm flow-through quartz capillary and measured at
8 keV X-ray energy. A Dectris Pilatus 3S1M CMOS detector with 981 x 1043 pixels with
172 pm pixel size served as detector. The data of the DNA origami lattice decorated with
10 nm gold nanoparticles shown in Figure [5.7] dataset iv were measured at the beamline
P08 at PETRA III (DESY) in Hamburg. A Perkin Elmer flat panel XRD 1621 with 2048
x 2048 pixels with 200 pum size served as detector. The solutions of polymerized sample
were loaded in 2 mm quartz capillaries. The measurement was carried out at 20 keV in
order to avoid radiation damage of the sample. The melting process shown in Figure [5.8
was recorded at the beamline ID02 of the European Synchrotron Research Facility (ESRF)
in Grenoble at an X-ray energy of 12.46 keV. A Rayonix MX170-HS with 960 x 960 pixels
of 177 pm size served as detector. The sample was loaded in a temperature-controlled

flow-through cell with a 1.5 mm quartz glass capillary.
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