UNIVERSITA DEGLI STUDI DI TRIESTE
Sede Amministrativa del Dottorato di Ricerca
UNIVERSITA DEGLI STUDI DI UDINE

Sede Convenzionata
XXIV CICLO DEL DOTTORATO DI RICERCA IN
NANOTECNOLOGIE

EVOLVING BIOSENSORS:
INTELLIGENT DEVICES AT THE
NANOSCALE

Settore disciplinare: AGR/12

DOTTORANDA
Monica Marini

COORDINATORE DEL COLLEGIO DEI DOCENTI

Chiar.mo Prof. Maurizio Fermeglia
W Universita degli Studi di Trieste

RELATORE
Chiar.mo Prof. Giuseppe Firrao

s Ve O Universita degli Studi di Udine

i
CORRELATORE
Dott. Marco Lazzarino
IOM-CNR-Laboratorio TASC, Area Science Park

-2010/2011-



Alla mia famiglia



Abstract

In this work | present a novel approach to the use of biomolecles as
constructive material for an autonomous DNAbased platform on which is
possible to do sensing consequently actuating the object & the transduc-
tion of an environmental signal.

The new approach is based on a DNA origami obtained by foldinga long
polynucleotide with hundreds of shorter oligonucleotidesand resulting in a
well de ned and ordered disks of a diameter of about 100nm. Eeh disk is
composed of two main parts, an external ring and an internal dsk, connected
each other in only two diametrically opposite points. A linear single stranded
DNA molecule, the probe, is inserted on the upper face of thenternal mov-
ing disk, perpendicularly to the connections and to the axisof constrain; as
far as the probe remains single stranded, the DNA-object appars planar,
but when it gets in contact with its complementary ssDNA called \target",
forming a double stranded DNA, it opens the origami's structure.

The realization of such autonomous organic structure is préminary to its
application in many contests. The actuation principle was rst applied for
the development of a revertable biosensing platform, wher¢he addition of a
third single stranded molecule, displaces the target from he probe restoring
the initial state of the origami.

The same principle was also improved with real samples suchsaviral RNASs.
In this thesis, | report the setting up of the single componeits of the device:
complex DNA based objects, the switching mechanism, the vadation with
real samples and the possible applications of the whole sysin.
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Chapter 1

Introduction

1.1 Detection of molecular interactions

1.1.1 Biosensors and nanosensors

A biosensor is an analytical device consisting of a biologa sensitive
element such as enzymes, cells, DNA, microorganism and abibdies in con-
tact with a transducer, the reading element (Turner, 2000). The sensitive
element is the active part of the system, interacting with the sample to be
analyzed, and due to this interaction provides a signal. Thetransducer can
be coupled to an appropriate read out device, so a electrochdcal, thermal,
optical or acoustic signal transducer that, with the sensiive element, per-
mits to analyze either the quantities or properties of the aralyte.

Due to the speci city of the interactions between the target molecule and
the biological part of the biosensor, they were seen as a sdion to a number
of problems in many research elds. The main advantages arette speci city
and sensitivity of the techniques, associated to the low cds and the speed
of the response. A commercially available example, is the bbd glucose
biosensor, which uses the enzyme glucose oxidase, that oids glucose and
uses two electrons to reduce a component of the enzyme. This iturn is
oxidized by the electrode and the resulting current is a measre of the con-
centration of glucose (Clark and Lyons 1962). In this case,le electrode is
the transducer and the enzyme is the biologically active elment.

The biosensor technology has a great potential as analytidamethod in a
variety of applications, ranging from medical diagnosticsto the monitoring
of the environment pollution. The development of an e cient biosensor has
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to be supported by a deep comprehension of the biological pty and a ne
set up of the working conditions, in order to have the best enironment
that provides high quality response. To be competitive, a bosensor has to
ful | some requirements such as a very short or even absent mparation
of the sample; the reaction of the active element has to be higy specic;
it should be stable under normal storage conditions; it has ¢ show good
reliability; the response should be accurate, precise, repducible; it should
have low background noise; should be cheap, small, portablend capable of
being used by operators without speci ¢ training. The miniaturization of
the biosensors devices is highly desirable in order to dease the produc-
tion costs, the quantity of the reagents used and of the targemolecules to
be analyzed. DNA is well suited for biosensing applicationsdue the speci-
city and robustness of base-pairing interactions betweencomplementary
sequences.

In a typical DNA biosensor, a single stranded DNA (ssDNA) is immobi-
lized in the recognition layer, the place where the base paing proprieties
permits the recognition of the complementary DNA target molecules and
the consequent direct immobilization of the targets on the sirface. The
hybridization event can be detected in many ways, applying derent prin-
ciples such as uorescence, electrochemiluminescenceg&rochemical and
enzymatic methods (e.g. Kricka, 2002), choosing the apprajated one on
the basis of the sensitivity of the molecules to be detected.

With the introduction of nanotechnology biosensors can be poduced at the
nanoscale dimension, allowing the insertion of more than om technology on
the same platform and the determination of more than one elerant with
high sensitivity and speci city.

1.1.2 Single molecule sensing

Over the last decades of the twentieth century, Feynman's sggestion
that \Is plenty of room at the botto™ inspired the research f or techniques
based on the reaction of single, isolated molecules. The tsanalytical study
of single molecules was the one in 1961 observing singlegalactosidase
molecules trapped in microdroplets and acting on a uorogeiic substrate
(Rotman, 1961). In the 1980s, successful near- eld approdes were devel-
oped, including Scanning Tunneling Microscopy (STM) and Atomic Force
Micorscopy (AFM). Modern STM techniques allow chemical syrihesis at the
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single molecule level, while AFM has been developed into a t to image and
change the conformational states of single nucleic acid androtein biopoly-
mers. Perhaps the most immediate impact on bioanalytical tehnology may
be expected from the miniaturization and multiple analysis of biological as-
says enabled by single molecule approaches such as those lgghin DNA
sequencing (Thompsoret al, 2011). A separate set of approaches for single
molecule detection is based on confocal microscopy. ConfalcFluorescence
Correlation Spectroscopy (FCS) was developed in the 1970ssaa way to
measure the kinetics of chemical reactions (Magdet al., 1972). In combi-
nation with uorescence resonance energy transfer (FRET) a a molecular
ruler (Ferster, 1959), confocal uorescence microscopy bfreely diusing
molecules has also been used to report biological polymerslding (Walter,
2008). Furthermore, FCS in combination with FRET has been aplied to
single immobilized molecules to evaluate conformational ltanges (Walter,
2008). Starting in the early 1970s, optical tweezers were deloped as a
noninvasive tool to manipulate polarizable objects such agjlass and plas-
tic beads with refractive indices distinct from their environment (Ashkin,
1970). AFM has been applied with success to study unfoldingn a number
of proteins, but extensive investigations have been carrig out for a lamen-
tous protein molecule from muscle sarcomeres that carries uftiple tandem
repeat domains of several distinct types and is believed toufrnish passive
elasticity to muscle tissues. Several groups characteridethe nanomechan-
ical properties of single titin molecules (Riefet al.,, 1997, Williams et al.,
2003).

Optical tweezers have been used, among the others, to invégate the elastic
properties of nucleic acids (Smithet al., 1996; Seokt al., 2004), to measure
protein-DNA interactions (Kotch et al. 2002), and to characterize the fold-
ing of nucleic acids (Liphardt et al. 2001, Woodsideet al., 2006).

1.1.3 \Top-down" and \bottom-up" approach

The progress of diagnostics has always been related to the mstruction
of novel strategies of detection and the outstanding develoment of infor-
mation technology in the last few decades has been strictlyalated to the
progressive miniaturization of the components employed fio making novel
devices.
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Top-down approach

The miniaturization of components for the construction of useful de-
vices and machines has been and still is pursued by the top-ém approach
(Balzani, 2008). This approach, which leads physicists, lblogists and en-
gineers to manipulate progressively smaller pieces of magt in example
by photolithography and related techniques, has operatedn an outstand-
ing way up until now. However, it is is becoming increasingly apparent,
for example, that miniaturization in computer technology, which relies on
silicon-based chips, is rapidly approaching the upper lints of its capabili-
ties. Therefore the top-down approach does not seem capabt# exploiting
such an opportunity.

The most common top-down approach to fabrication involves ithographic
patterning techniques using short-wavelength optical souces with the ad-
vantage that the parts constructed are patterned and built in place and con-
sequently no assembly step is required. Optical lithograph is a well known
eld due to the high degree of re nement in microelectronic chip manufactur-
ing, with current short-wavelength optical lithography te chniques reaching
dimensions of 100 nanometre scale. Shorter-wavelength swes, such as ex-
treme ultraviolet and X-ray, are being developed to allow lthographic print-
ing techniques to reach dimensions from 10 to 100 nanometresScanning
beam techniques such as electron-beam lithography providpatterns down
to about 20 nanometres. Smaller features are obtained by usg scanning
probes to deposit or remove thin layers. Mechanical printirg techniques-
nanoscale imprinting, stamping, and molding have been exteded to 20{40
nanometres. These techniques are based on making a mastertamp' ob-
tained by a high-resolution technigue such as electron-bea lithography and
then applying this stamp to a surface to create the pattern. n example, the
controlled patterning of a molecular monolayer on a surfacean be achieved
by stamping an ink of thiol groups onto gold-coated surfacesIn another ap-
proach the stamp is used mechanically to press the pattern ito a thin layer
of material. These nanoscale printing techniques o er seval advantages be-
yond the ability to use a wider variety of materials with curv ed surfaces. In
particular, such approaches can be carried out in ordinary dboratories with
far-less-expensive equipment than that needed for conveittnal submicron
lithography. The challenge for all top-down techniques is hat, while they
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work well at the microscale, it becomes di cult to apply them at nanoscale
dimensions. A second disadvantage is that they involve plaar techniques,
which means that structures are created by the addition and sbtraction
of patterned layers (deposition and etching), so arbitrary three-dimensional
objects are di cult to construct.

Bottom-up approach

An alternative and promising strategy to exploit science ard technology
at the nanometer scale is o ered by the bottom-up approach, wlch starts
from objects at the nano- or subnanometre scale (such as atasror molecules)
to build up nanostructures. The bottom-up approach is largdy the realm
of nanoscience and nanotechnology (Balzani, 2008). In thisvay chemists
and physics able to manipulate atoms and molecules, and biogists able
to manipulate organic biopolymers and their correspondentmonomers, are
in the ideal position to contribute to the development of nanoscience and
nanotechnology. Bottom-up, or self-assembly, approache® nanofabrication
use chemical or physical forces operating at the nanoscal® tassemble basic
units into larger structures. Inspiration for bottom-up ap proaches comes
from biological systems, where nature has harnessed cheraldorces to create
essentially all the structures needed by life. Researcheraim is to replicate
nature's ability to produce small clusters of speci ¢ atoms which can then
self-assemble into more-elaborate structures. In the botim-up approach to
miniaturization can be distininguished two limiting cases (Balzani, 2008):

1. Nanoscale objects are chemically simple to characterizend have no
speci ¢ intrinsic function (atoms, clusters of atoms, smal molecules);
the functionality arises from the ensemble of such objects.In exam-
ple metal nanoparticles such gold can be used to cover surfas; gold
nanoparticles are made of gold atoms as are gold sheets, but the
nanoparticles most of the gold atoms are on or close to the stace,
and, therefore, they are exposed to interactions with otherspecies.
Covering a macroscopic piece with gold sheets (technologyr with
gold nanoparticles (nanotechnology) leads to materials caracterized
by quite di erent properties. This eld of nanoscience and nanotech-
nology involving the study of nanoparticles, nanostructured materi-
als, nanoporous materials, nanopigments, nanotubes, nairaprinting,
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gquantum dots, etc. is of great interest, and has already orignated
many applications in materials science. For basic investigtions, an
important role is played by manipulation or imaging nanoscde tech-
niques.

2. The nanoscale objects with complex chemical compositiosuch as mul-
ticomponent systems, have characteristic structures withproperties
exploiting particular functions, as the natural molecular-level devices.
The arti cial molecular devices and machines need to go neathis
principle and must be synthesized starting from simpler conponents.

A number of bottom-up approaches have been developed for pducing
nanoparticles, ranging from condensation of atomic vapows on surfaces to
coalescence of atoms in liquids. For example, liquid-phagechniques based
on inverse micelles have been developed to produce sizeestéd nanoparti-
cles of semiconductor, magnetic, and other materials (Jiaet al., 2011). An
example of self-assembly that achieves a limited degree obitrol over both
formation and organization is the growth of quantum dots. Indium gallium
arsenide (InGaAs) dots can be formed by growing thin layers binGaAs on
GaAs in such a manner that repulsive forces caused by comprsise strain
in the InGaAs layer results in the formation of isolated quartum dots (Borri
et al., 2006). Another example of self-assembly of an intricatetaucture is
the formation of carbon nanotubes under the right set of cherital and tem-
perature conditions (Terranova et al., 2006).

DNA-assisted assembly may provide a method to integrate hetrogeneous
parts into a single device. Biology combines naturally selassembly and
self-organization in uidic environments where electroctemical forces play
a signi cant role. By using DNA-like recognition, molecules on surfaces
may be able to direct attachments between objects in uids. Sich assembly
might be combined with electrical elds to assist in locating the attachment
sites and then be followed by more-permanent attachment apmaches, such
as electrodeposition and metallization. The DNA-based appoach has many
advantages: DNA molecules can be sequenced and chemicallinthesized
in large quantities at low cost, DNA sequences can be used toecognize
complementary DNA strands, hybridized DNA strands form a number of
hydrogen bonds to their complementary sequence giving gréasstability to

the double stranded structure, and nally DNA strands can be modied

with labels or other molecules or nanoparticles. These progrties are being
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explored as ways to self-assemble molecules into nanoscalgts. For exam-

ple, sequences of DNA have been attached only to pre-determed surfaces
of compound, providing a basis for self-assembly. For exanig, thiol groups

at the end of molecules cause them to bind to gold surfaces, il carboxyl

groups can be used for attachment to silica surfaces. Direetl assembly is
an increasingly important variation of self-assembly whee parts are moved
mechanically, electrically, or magnetically and are placd precisely where
they are planned.

1.2 DNA as a building material

Since the discovery by Watson and Crick in 1953, DNA was known
mainly as the molecule for the storage of genetic informatio but nowadays
it has also been shown to be very useful as material for the catruction of
micrometer and hanometer-scale objects with high featureasolution. In this
context, nanostructures self-assembly o ers great potentl for nanofabrica-
tion of materials with applications in nanoelectronics, bionanosensors and
autonomous machines.

In the last 20 years a number of constructs exploiting base piaing interac-

tions were synthesized and fabricated; we can mention moletar transistors

(Tans et al., 2000), nanowires (Huanget al., 2001, Klinov et al., 2007) and
single molecules simulating conventional electronic cingits (James et al.,

2005). In many cases nucleic acids are used as monomeric caonents of
more complex structures (LaBeanet al., 2002) where DNA is only used in
the double helix conformation without possibilities to branch the structure.

After 1982, when Seeman and coworkers (Seemaat al., 1982, Seemaret
al., 1983, Seemaret al.,, 1999) started to construct arti cial conjunctions

with DNA (Figure 1.1Seeman junction. The motifs. e.g PX and its topoiso-
mer JX, can result from reciprocal exchange of parallel doule elices of DNA
molecules, forming a crossover at every possible juxtapd&n between them
(from Yan, 2002). gure.caption.4), many research groups tarted realizing

constructs such as DNA-based rigid triangles (Liuet al., 2004), cubes (Fuet
al., 1993) and junctions for structures with three or four rami cation points

(Zhong et al., 1992).
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Figure 1.1: Seeman junction. The motifs. e.g PX and its topoisomer JX can
result from reciprocal exchange of parallel double elices of DNA motailes, forming
a crossover at every possible juxtaposition between them (from an, 2002).

In 1996, the group of Mirkin and Alivisatos (Alivisatos et al., 1996;
Mirkin et al., 1996) reported pioneering studies on the assembly ssDNA-
mediated of gold nanoparticles (AuNPSs) into aggregates, aatrolling the
number and the site in the linear chain of the particles that have to be
placed. Another interesting application of the autonomousself assembly of
oligonucleotides in solution was reported in 2004 by the Dik's group and
called \Hybridization Chain Reaction” (HCR). This techniq ue uses three
synthetic ssDNAs able to hybridize each others in presencef@a target DNA
molecule at room temperature (Green, 2006). The result of tke recogni-
tion is a cascade sequence of complementation events the faation of a
polymer made of nucleic acids, triggered by the presence ohé designed
probe (Figure 1.2Hybridization Chain Reaction working principle. Two hair-
pin species, H1 and H2, are stable in solution but when a singl stranded
molecule called initiator (1) is added in solution, triggers the hybridization
event between the hairpin species originating a DNA-based glymer (from
Dirks et al., 2004). gure.caption.5).

Linear ssDNAs can be designed also to arrange into branchingfructures
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Figure 1.2: Hybridization Chain Reaction working principle. Two hairpin s pecies,
H1 and H2, are stable in solution but when a single stranded molecule dad ini-
tiator (1) is added in solution, triggers the hybridization event betw een the hairpin
species originating a DNA-based polymer (from Dirkset al., 2004).

called \dendrimers", i.e. high ordered structures with a humber of rami ca-
tions so that the reactive ends are exposed and functionalable with endless
possibilities. Starting from the pioneering works of '70s ad '80s (Buhleier
et al., 1978, Denkewalteret al., 1981, Newkomeet al., 1985, Tomalia et al.,
1985), in 2005 Li's group created DNA-based dendrimers int&onnecting
di erent branching subunits via sticky ends cohesion, chooig as construc-
tive material DNAs among the other possibilities such as capohydrates
and proteins (Luo, 2003). The resulting polymer was monodigersed and
controllable with a relatively high yeld and purity (Figure 1.3DNA den-
drimers. As rapresented in the gure above, many oligonucletides com-
plement each other by hybridization forming an Y-shaped mommer. Due
to the complementary of the monomers' sticky ends, rami cated comlpex
structures made of the same monomer units can be obtained @m Li et al.,
2004). gure.caption.6).

1.2.1 The DNA-based origami method

DNA based nanotechnology, with its potential to address mawy chal-
lenges, has attracted a huge interest from a number of eldsri research, such
as chemistry, biology, physics, material and computer sciece. In the bionan-
otechnology eld, DNA origami is a landmark invention and in a few years
since its introduction has been exponentially widened. DNAorigami is the
technique introduced by Rothemund in 2006 in which a long sigle-stranded
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Figure 1.3: DNA dendrimers. As rapresented in the gure above, may oligonu-
cleotides complement each other by hybridization forming an Y-shapd monomer.
Due to the complementary of the monomers' sticky ends, rami cated comlpex struc-
tures made of the same monomer units can be obtained (from Lét al., 2004).

polynucleotide, the \sca old strand", is folded into arbitr ary nanostructures
with the help of many short oligonucleotides, named \staplestrands”. The
DNA based objects yet created can be planar (smiles, squaresriangles,
rectangles) as shown in Figure 1.4Two dimensional DNA-Origmi. The
DNA origami obtained by Rothemund in 2006 are stars, smiley &ces and
rectangles. With precise and localized modi cation of the sirface of the
origami, north and south america and other well de ned shaps were ob-
tained and visualized with AFM. gure.caption.7 but even th ree-dimensional
(cubes, tooted gears) as in Figure 1.5Three dimensional DNArigami. The

DNA origami obtained by Andersen in 2009 is a 3-D cube openinghe lid

after a hybridization event. The images were obtained with ¢yo-EM (An-

dersenet al., 2009). gure.caption.8 and Figurel.6Three dimensionalDNA-

Origami. The toothed gear, spherical wireframe capsule resnbling a beach
ball and the concave and convex triangles obtained by Dietz'group, were
visualized by negative-stain TEM. These objects are an example of how
bending enables the design of intricate nonlinear shapesgure.caption.9.
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Figure 1.4: Two dimensional DNA-Origami. The DNA origami obtained by Rothe-
mund in 2006 are stars, smiley faces and rectangles. With precise drlocalized
modi cation of the surface of the origami, north and south americaand other well
de ned shapes were obtained and visualized with AFM.

Figure 1.5: Three dimensional DNA-Origami. The DNA origami obtained by An-
dersen in 2009 is a 3-D cube opening the lid after a hybridization eventThe images
were obtained with cryo-EM (Andersen et al., 2009).

Figure 1.6: Three dimensional DNA-Origami. The toothed gear, sphédcal wire-
frame capsule resembling a beach ball and the concave and convesiangles ob-
tained by Dietz' group, were visualized by negative-stain TEM. Thes objects are
an example of how bending enables the design of intricate nonlinear apes.



CHAPTER 1. INTRODUCTION 12

1.2.2 Preparation and design of a DNA origami

A DNA origami is a nanostructure composed by a long sca old stand
that runs back and forward to create a rigid building block or an autonomous
structure and that is hold in place with the aid of many short single stranded
DNA molecules complementary to the sca old.

To design a DNA origami Paul Rothemund used a particular elaloration
created with MatLab, in association with complex computational studies to
calculate and predict the shape. At the moment there are sewal freeware
open-source program packages, for the design of DNA origanmanostruc-
tures. These softwares are characterized by some di erencanaking them
more user-friendly and more compatible with the aim of the pioject in which
are involved. In this work | took into consideration SARSE DNA origami
package and caDNAnNo, two software packages.

The SARSE-DNA package was released by Kjems's group for thereation
of 2D DNA origami structures. This software has a scienti ¢ data editor in
which a bitmap picture can be imported to automatically generate a rough
folding path through all the shape, representing the sca old strand. The
folding path has to be further modi ed and re ned manually in the editor
and then the staple strands with appropriate crossovers in lhe plane of the
structure are added. A rough 3D model of the desired shape maglso be
generated. This software was used in the design of non-geotrieal shapes
such as dolphins (Anderseret al., 2008) and in the construction of 3D DNA
box (Andersen et al.,, 2009), based on the hybridization between strands
protruding from the edges of singular squares.

The software named caDNAno was released by Shih's group in 29. Is spe-
cialized for design honeycomb or squared lattice DNA arraysassuming for
simplicity that the DNA double helix section is approximately a cylinder.
This package is composed of three main panels: \Slice" to gemate manually
the number of helix of the sca old strand, \Path" to manage sca old and
staples strands length, position and number of crossoversna the \Render"
panel to see a rough 3D simulation of the structure. With this software a
3D model can be generated as demonstrated by Shih's group hitthe cre-
ation of innovative curved 3D DNA origami objects (Dietz et al., 2009). As
output, the operator obtains the sequences of the staple sénds, reporting
lengths, colours and positions. To create a DNA origami a geoetric model
has to be designed that approximates the desired shape. Whethe rst
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planar DNA nanostructures based on parallel double helicadomains were
made (Winfree et al., 1998) a few points were focused about their structure.
It was assumed that:

1. the helices would be lie close-packed
2. the helices would be be without bends

3. the length of the structures with parallel helices (measued perpen-
dicular to the helices) was assumed to be given by the relatio 2*h
nanometers where h is the number of helices

4. the width of the structure was assumed to be 0.34nm*n (Brow, 1996)
where n was the number of nucleotides in the structure.

By the observations of Rothemund (2006) imaging the structues by AFM
the above assumptions were reviewed and, except the fourthall of them
turned out to be incorrect due to their approximation. The helices are not
close packed, they reveal gaps between, tipically 1 or 2 naneetres wide
whose position and length follow the pattern of crossoversn the underlying
structure. Wherever two helices have a crossover, the gap isot observed
at the crossovers but a few nanometers away. The source of thater-helix
gap may be electrostatic repulsion between helices of the assovers. In
Rothemund's work the width of the gap appears to depend on thespacing
of crossovers: origami with 16 nucleotides spacing (about.& turns) between
crossovers have a 1 nm gap, origami with 26 nt spacing (about.2 turns)
appear to have a 1.5 nm gap.

The interhelix gap appears to be an important aspect of DNA nanostructures
constructed from parallel helices and this approximation vas suggested: the
length of the structure should be 2h+(h-1)g nm where h is the umber of 2
nm wide helices and g is the inter-helix gap. Lengths measudeby AFM are
typically within 5% of the predicted length by this formula; for the width
the error was tipically 10%.

Using caDNAnNo, the double helices are cut to t the shape in pdrs and
to be an integer number of turns in length. To hold the adjacen helices
together many crossovers have to be inserted in a periodic nmamer. These
crossovers are possible only in certain points of the helise more precisely
in the sites where the strand switch position with the adjacent one. The
crossovers have to be placed every 1.5 turns of the helix (I®.nucleotides
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or approximately 3.4 nm), but in the DNA origami designing process, one
turn is approximated to be 3.5 nm in length and 10.7 nucleotices. In this
way the software can consider an integer number of bases beden periodic
crossovers, in other words 16bp for 1.5 turns. The fundameai constraint,
on a folding path, is that the scaold can form a crossover only at those
locations where the DNA twists; furthermore the parallel hdices are not in
a close contact between each other, in uencing the y-resolion. Once this
path is designed, a set of staple strands complementary to #sca old strand
are generated. Consequently the software is able to createhé periodic
crossovers. The asymmetric nature of the helix, due to the prsence of
the minor and major grooves and the non-integer number of bas pairs
per half turns in standard B-DNA, introduces some complicaions in the
balancing of twist strain between crossovers. In order to awid this problem,
the crossovers are arranged with a symmetry that places, inlgernating way,
the minor groove at the top and at the bottom face of the shape.The last
step of the design is the study of the length and the position bthe staple
strands, that must be comprised between 20 and 50 nucleotide the length
and temperature of hybridization have a crucial role to the nal stability
and well-formed success of the structure (Rothemund, 2006)

1.2.3 DNA origami nanoarrays and other nanostructures

A DNA origami is completely made of biological soft matter and can
be used, as demonstrated, to create versatile structures Wi the possibility
of modify few staple strands in order to add features necessato create
arbitrary active shapes. DNA origami has also been used as aibstrate to
integrate DNA nano-mechanical devices.

A work that showed how DNA origami can be complex was Kjems' goup
dolphin, designed with the SARSE software package. The DNAbased dol-
phin in Figure 1.7The dolphin structure imaged with AFM. In p anels A and
B are shown the possible tail ipping conformations and the @rrespondent
AFM images (Andersenet al., 2008). gure.caption.10 was composed of two
main parts sew together by crossovers to form the dolphin eyeA particular-
ity of this work was that the dolphin tail can ip up and down on the basis
of the absence of crossovers in the tail seam. Kjems's groupethonstrated
that dimer interaction of the dolphin structure stabilizes tail conformation.
The binding of two structure was provided by the insertion of extensions in
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some speci ¢ points on the dolphin, providing sticky-end cdesion between
the two structures. The exibility is an interesting proper ty of an active

DNA structure that yields that may be a basis for creating new controllable

dynamic nanostructures (Andersenet al. 2008).

Figure 1.7: The dolphin structure imaged with AFM. In panels A and B are shown
the possible tail ipping conformations and the correspondent AFM images (An-
dersenet al., 2008).

1.2.4 DNA origami for nano-arraying

The DNA-based objects has been regarded as a promising platfim
for the precise arraying of nanomaterials. Functionalizaton of the DNA-
origamis surface can be obtained by oligonucleotides modtation during
the chemical synthesis. The selective deposition of inorgac nanomate-
rials on the DNA origami is important for various applicatio ns based on
the nanoarrays. An example of the selective deposition of dd nanoparti-
cles (AuNP) addressed on a triangular-shaped DNA origami gucture is re-
ported on Ding's group work (Ding et al., 2010): three di erent sizes of gold
nanobeads were addressed with high precision on the origarsurface (Fig-
ure 1.8Addressment of gold nanoparticles on DNA-origami stfaces. On the
left, schematic drawing of the assembly of six AUNPs on a triagular DNA
origami template through DNA hybridization. First, the sca old strand
(red) hybridizes with designed staple strands to form the DNA origami tem-
plate with di erent binding sites on one side of the origami surface. Di erent
AuNPs covered with corresponding DNA strands then bind to the designed
locations through complementary strand hybridization. In panel a SEM im-
age of six-AuNP linear structures organized by triangular DNA origami and
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in panel b zoom-in image of one assembled origami-AuNP strdiare (from
Ding et al., 2010). gure.caption.11).

Figure 1.8: Addressment of gold nanoparticles on DNA-origami suices. On the
left, schematic drawing of the assembly of six AUNPs on a triangular INA origami
template through DNA hybridization. First, the sca old strand (re d) hybridizes
with designed staple strands to form the DNA origami template with di erent
binding sites on one side of the origami surface. Dierent AuNPs coered with
corresponding DNA strands then bind to the designed locations though comple-
mentary strand hybridization. In panel a SEM image of six-AuNP linear structures
organized by triangular DNA origami and in panel b zoom-in image of o assem-
bled origami-AuNP structure (from Ding et al., 2010).

Other important biomolecules in biosensing are the proteirs. One of the
most used protein linked to DNA strands is biotin, ideal for the recognition
by the streptavidin protein. The biotin-streptavidin bond is often used to
link between the two parts and this principle was applied on te surface
of the DNA origami, inserting staple strands modi ed with bi otin. The
strategy is to create binding sites on the DNA origami structure that might
provide more stability and selectively than other techniques. The group
of Yan in 2002 veri ed the speci ¢ placement of each biotinylated staple
strand, for example the center tile, the corners, the diagoals and the cen-
ter tiles at each edge. The arrays where than incubated with septavidin,
nding bound protein only at the predicted positions. In Fig ure 1.9Specic
placement of streptavidin molecules on a biotin-modi ed DNA origami sur-
face. The DNA-based arrays, incubated with streptavidin, revealed bright
spots corresponding to the protein at the expected position(from Lund et
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al., 2005). gure.caption.12, panels on the left are schemati drawing show-
ing the expected position of the streptavidin (green balls)on the array and
panels on the right are corresponding AFM images where the light spots
reveals the the streptavidin. The work of Voigt and co-workeas is another
example how to use biotinylated staple strands in a rectanglar shaped
DNA-origami to address streptavidin molecules, demonstréing that it is
possible to perform reactions on a DNA origami with a yield aound 80-90%
with high precision positioning (Voigt et al. 2010).

Figure 1.9: Speci c placement of streptavidin molecules on a biotin-mdi ed DNA
origami surface. The DNA-based arrays, incubated with streptaidin, revealed
bright spots corresponding to the protein at the expected positim (from Lund et
al., 2005).

1.2.5 Selective deposition of DNA origami structures

In nanotechnology the recognition and hybridization of ordered pairs
of molecules and substrates is attractive for building strictures and de-
vices on surfaces containing templates etched with lithogaphy or other top-
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down fabrication process. However the application of thesdechniques is
not simple due to the size of the objects. An ideal strategy imolves the
spontaneous selection of the appropriate component for thesurface sites,
forming devices through a process of self-determined recoigion and assem-
bly. Using DNA-based building blocks, Kershner and coworkes described
the shape-dependent templating of DNA origami objects ontdlithographed

solid supports (Kershneret al., 2009). They rst produce hollow triangular

DNA origami tiles (Rothemund, 2006), with an approximate dimension of
120 nm; the tiles then nd their allocation in the complementary sites in
templates lithographically etched on a silicon oxide surfae, to which they
can bind with selectivity and correct orientation (Figure 1.10Speci ¢ place-
ment of streptavidin molecules on a biotin-modi ed DNA orig ami surface.
The DNA-based arrays, incubated with streptavidin, revealed bright spots
corresponding to the protein at the expected position (fromKershner et al.,

2009). gure.caption.13).

On the basis of this self assembly strategy DNA-based tilesfahe desired
shape can be designed and functionalized; the surface tengting dictated

by tile-template shape and size cal allow speci c surface picement. Tech-
nologies that could benet from this hierarchical ability i nclude molecu-
lar electronics, \lab-on-a-chip" applications, optical and logic devices, and
a variety of biomedical applications with templated sites governing many
biomolecules functions.

Figure 1.10: Speci c placement of streptavidin molecules on a biotin-rodi ed DNA
origami surface. The DNA-based arrays, incubated with streptaidin, revealed
bright spots corresponding to the protein at the expected positim (from Kershner
et al., 2009).
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1.2.6 3-D DNA origami structures

The DNA origami technology has no limitations for its use in the cre-
ation of 3D structures, eld of increasing interest in the last years. In 2009,
di erent cuboid shapes with various dimensions were desigree and tested
experimentally (Ke et al.,, 2009) using the sca olded- DNA-origami strat-
egy with DNA helices packed on a square lattice geometry, ashewn in
Figure 1.11Schematics of the squared lattice DNA origami orthe left and
correspondent TEM images on the right (Ke et al., 2009). gure.caption.14.

Figure 1.11: Schematics of the squared lattice DNA origami on the léfand corre-
spondent TEM images on the right (Ke et al., 2009).

In the last years the Shih's group was able to create a 3D shapasing
a like six-helix bundle; a set of adjacent helices framed wit an angle of
120 instead of the planar angle of the 2D structures were desigrie This
angle can be obtained with a di erent spacing of the crossover between
the staple helices (Douglaset al., 2007). This idea was further extended
to 3D more complex structures like the honeycomb lattice stuctures with
which twisted and bended structures may be introduced by adihg or re-
moving one or more bases at strategic positions (Dietzt al., 2009). If just
one base is deleted from the 7bp period, the result is an oveinding and
tensile strain for the fragment, which causes a left-handedorque and a
traction on its neighbors; on the contrary if a base is inseréd, the result
is a local underwinding and compressive strain that can be deved by a
compensatory global right-handed twist and bend away from he fragment
(Figure 1.12Schematic models and TEM images of 3 by 6 helix ldles. As
visible from the TEM images (scale bars 20 nm), combining si-directed in-
sertions and deletions induces globally bent shapes, progmmed to di erent
degrees of bending (reproduced from Dietet al., 2009). gure.caption.15).
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Figure 1.12: Schematic models and TEM images of 3 by 6 helix bundles. Assible
from the TEM images (scale bars 20 nm), combining site-directed inggions and
deletions induces globally bent shapes, programmed to di erent deges of bending
(reproduced from Dietz et al., 2009).

This predictions where con rmed with the design and observaion of the
six and twelve teeth gears, the beach ball-like capsule, theonvex and con-
cave triangles and even spiral-like objects (Dietzet al., 2009).

Another example is reported in the work of Kjem's group and its 3-D DNA-
based box the M13mp18 sca old strand was used to create the sigquared
domains, corresponding to the six cube's faces, connectecheh other by
the continue sca old. A key-lock system was also inserted: tw protruding
oligonucleotides with exposed sticky ends were inserted othe edge of two
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adjacent faces of the box. The contact of the sticky ends withthe target
DNAs triggers the hybridization between the key-probe and he lock, open-
ing the lid. The opening was qualitative detected with FRET technique
and Atomic Force Microscopy. The closing process has not beeconsidered
(Andersen et al. 2009).

1.3 Nucleic acids visualization

In DNA nanotechnology, visualization of samples is crucial in order to
see whether or not the software elaborations and simulatiorcorrespond to
the real features of the object synthesized. Di erent visuaization techniques
may be used depending on needs; electrophoresis and uorese techniques
are mainly qualitative analysis, in contrary of microscopy techniques, that
can give a precise information about shape and dimensions efhat we are
observing.

1.3.1 Gel electrophoresis

Standard agarose gel electrophoresis is the most used quative tech-
nigue to check if the annealing process has performed well dnif any con-
structs were formed. Electrophoresis allows the migrationof a charged
molecule in an electrical eld; in example, DNA molecules wih their nega-
tive charge can migrate in the electric eld on the basis of their molecular
weight and conformation. Generally, for double stranded DMs, longer
molecules migrate slower than smaller but for DNA origami, the conforma-
tion of the object a ects migration. The information we can obtain is just if
any constructs had formed in the annealing step by comparinghe migration
pro le of the sca old strand molecule with that of of the nano- object.

1.3.2 Fluorescence techniques

Fluorescence resonance energy transfer (FRET) is a mecham describ-
ing the energy transfer from a donor uorophore which transfers energy
non-radiatively over long distances (10-1004), to an acceptor uorophore.
The relationship between uorophore distance and energy tansfer was rst
described by Ferster in the 1940's (Ferster, 1946; Ferster, 1948) and was
later veri ed by Stryer and colleagues, in the late 1970's. Anumber of ad-
vantages are inherent to the use of this technique, includig the sensitivity of
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uorescence-based detection, the relatively short timesale of energy trans-
fer, and the appreciable range of distances over which it came applied.
The processes underlying FRET have been reviewed extensiyeand are
illustrated in Figure 1.13Schematic working principle of the FRET mecha-
nism. The absorption of energy by the donor, results in exciation from the
ground state SO, to an excited singlet state S1. gure.captn.16.

Figure 1.13: Schematic working principle of the FRET mechanism. The asorption
of energy by the donor, results in excitation from the ground stae SO, to an excited
singlet state S1.

The rst step involves absorption of energy by the donor moleule, re-
sulting in excitation from the ground state, SO, to an excited singlet state,
S1. Several excited states are available to the donor; howey, vibrational
relaxation to S1 D by internal conversion is rapid, ensuringthat a majority
of emission occurs from this state. Several fates are pos$ibfor the ex-
cited donor, including spontaneous emission and non-radtave processes. If
a suitable acceptor uorophore is nearby, then non-radiatve energy transfer
between the donor and acceptor occurs. This transfer involes a resonance
between the singlet-singlet electronic transitions of thetwo uorophores,
generated by coupling of the emission transition dipole morant of the donor
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and the absorption transition dipole moment of the acceptor Thus, the ef-
ciency of FRET and the range of distances over which it can beobserved
are determined by the spectral properties of a given donor/aceptor pair.
FRET can be experimentally measured in a number of ways, usig either
time-resolved or steady-state techniques. The most commdy employed
methods for quantifying FRET monitor either the reduction i n the donor
guantum vyield in the presence of acceptor or the enhancemenbf accep-
tor emission in the presence of donor. Quantum mechanics diates that the
rate of energy transfer correlates with the inverse sixth pwer of the distance
separating the uorophores, R.

1.3.3 FRET use and applications

FRET is used in many elds of research to localize and study mtec-
ular ruler. Theodor Ferster demonstrated that between two uorescent
molecules there is an energy transfer if they are within a preise radius of
distance; hence, if the uorescent molecules are in the Fester radius excit-
ing the donor, the acceptor emission is recorded. An applidéon of this kind
of analysis is the Kjem's DNA box (Andersenet al., 2009, Figure 1.143D
DNA cube made with origami face and with controllable lid. The M13mp18
was folded to generate six interconnected sheets, which wersubsequently
arranged to form a 3D box; the edge of the box were than bridgedavith more
staple strands, resulting in a cuboid structure. The lock{key system to open
and close the lid of the box was obtained by the attachment of wo sets of
complementary DNA strands to the lid and an adjoining face to achieve the
closed lid. The strands on the adjoining face had sticky-endextensions to
provide the displacement of the complementary DNA on the lidby an exter-
nally added key strand, which opens the lid. This selectiveitl opening was
con rmed by uorescence resonance energy transfer betweetlhe uorescent
dyes attached to both of the faces (Anderseret al., 2009). gure.caption.17).
Since an acceptor emission frequency may be very dierent frm that of
the emitter, a typical FRET application implies the use of an acceptor to
guench the donor emission. The quencher, has the role of quemng the
uorescence so that there is no emission when the moleculegain strict
contact; on the contrary an increase in the distance produce an increase in
the recorded uorescence and can be taken as an indication dghe change
of conformation of an object.
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Figure 1.14: 3D DNA cube made with origami face and with controllable lid The

M13mp18 was folded to generate six interconnected sheets, whigtere subsequently
arranged to form a 3D box; the edge of the box were than bridged ith more staple

strands, resulting in a cuboid structure. The lock{key system to gpen and close
the lid of the box was obtained by the attachment of two sets of conplementary

DNA strands to the lid and an adjoining face to achieve the closed lid. he strands
on the adjoining face had sticky-end extensions to provide the disacement of the
complementary DNA on the lid by an externally added key strand, which opens
the lid. This selective lid opening was con rmed by uorescence resoance energy
transfer between the uorescent dyes attached to both of thefaces (Andersenet

al., 2009).

1.3.4 Microscopy techniques

To allow the analysis of the real shape of the designed DNA strctures,
the use of microscopy techniques was needed. TransmissionegEtron Mi-
croscope (TEM) is used for an estimation of the shape and the ichensions
of the objects but the sample has to be very thin, to allow the ransmis-
sion of electrons as it is recommended for two dimensional DN Origami
and not for 3D structures. To gain more information about the 3-D struc-
tures, is used the Cryo-EM, where the sample is kept at low terperatures.
This technique does not need any staining or xation, the sanple can be
analyzed in its native conditions except the initial freezing step. To pro-
vide more detailed information on three-dimensional stru¢ures, Cryo-EM
or TEM are combined with the small angle X ray scattering (SAXS). All
the techniques based on electron microscopy have many diseahtages such
as the need of the creation of a vacuum condition in the workig chamber
compromising the real conformation of the soft objects, thedrying, staining
or freezing steps and the investigation are destructive. Tl most informative
microscopy technique is the Atomic Force Microscopy (AFM), where biolog-
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Figure 1.15: Schematics of AFM setup. The AFM consists of a cantilegr with

a sharp tip at its end that is used to scan the sample surface. Whenhe tip is

brought into proximity of a surface, forces between the tip and the sample lead to
a de ection of the cantilever, measured using a laser spot re ectd from the top

surface of the cantilever into an array of photodiodes.

ical objects can be imaged in their appropriate environmentin example in
a bu er or more generally, in liquid. In this way the reactivit y of the sample
and the eventually morphological changes induced by the irgraction can be
monitored in real time.

Atomic Force Microscopy

In 1986 Binning, Quate and Gerber demonstrated the possibilies to

measure Van der Walls interactions and used this result to dsign a new
scanning probe microscope, the atomic force microscope (AR), one of the
most used tools for imaging, measuring and manipulating maer at the
nano-scale.
The working principle, evidenced in Figure 1.15Schematicof AFM setup.
The AFM consists of a cantilever with a sharp tip at its end that is used
to scan the sample surface. When the tip is brought into proximity of a
surface, forces between the tip and the sample lead to a de ¢on of the
cantilever, measured using a laser spot re ected from the tp surface of the
cantilever into an array of photodiodes. gure.caption.18is that when the tip
is in proximity of a sample surface, forces between the tip ad the sample
lead to a de ection of a cantilever, which acts like an ideal gring.
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Usually the de ection of the cantilever is measured using aaser beam
which is re ected by the cantilever into a four quadrant photodiode. The
photodiode is adjusted until the re ected beam hit the centre of the quad-
rant photodiode and the signal is near zero. Any deviation fom the rest
position of the cantilever is translated into a positive or negative voltage on
the photodiode output. Thanks to the particular geometry of atomic force
microscopes, the typical sensitivity of this method is abow 50mV per nm
which allows the detection of very small cantilever de ection. To create a
topographic map, the tip is raster-scanned in contact with the sample sur-
face and the cantilever de ection is recorded and convertedn actual height.
The rapidity with which the de ection recovers the set point value after the
tip has encounter a height step is regulated by a parameter wich is usually
named feedback gain. The higher the feedback gain the bettethe tip fol-
lows the sample pro le. However if this setting is too high the system can
be driven to resonance and the tip starts to tap the sample wih high force
which can result in tip and sample damages. The ne tuning of he feedback
gain requires a very high sensitivity by the microscope useand is one of
the key point in obtaining good AFM images. During a scan the ip moves
in one direction and returns in the opposite direction geneating two images
(trace and retrace image) of the same scan line. When the paraeter are
set correctly, trace and retrace images are identical. Wherinstead the tip
interact and modify the sample trace and retrace could appeadramatically
di erent. Piezo-actuators made of piezoelectric ceramics ee typically used
to control, among x and y, the z position with the desired accuacy. The
use of piezo actuation combined with the high de ection sengivity of AFM
cantilever and the possibility of manufacture high resoluion tips with radius
of curvature of the order of 1nm allowed AFM imaging to obtain routinely
resolution of 1 nm in the x/y plane and of 0.1 nm in z-axis. AFM can be
operated in contact or non contact mode. When the tip is in coriact with
the sample with a constant scan force, AFM measures the repsive forces
between the tip and the sample.

Non contact or dynamic mode operation includes frequency maulation and

the more common amplitude modulation. In frequency modulaton, changes
in the oscillation frequency provide information about tip-sample interac-
tion. Frequency can be measured with phase locked loop teclgues which
can track with high speed and precision any frequency changand thus the
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frequency modulation mode allows for the use of very sti catilevers. Sti

cantilevers provide stability very close to the surface and as a result, this
technique was the rst AFM technique to provide true atomic r esolution
in ultra-high vacuum conditions (Giessibl, 1995). Also in dynamic mode
is it possible to generate an error image, mapping either thdrequency or
the amplitude di erence with the respective set point. Seveal other image
modes are available in atomic force microscopy, among themhase imaging,
current imaging, lateral force and friction imaging are the most common.

1.3.5 AFM imaging on DNA origami structures

AFM imaging permits to observe biological samples with highde nition
and with advantages if compared with other microscopy techiques such as
transmission (TEM) or scanning electron microscopy (SEM). The absence
of the vacuum need in fact is a great advantage for the imagingf three di-
mensional or non planar objects and the sample does not needgiminary
preparation with noble metal coating, drying process or staning. The more
important aspect is that biological samples can be imaged irtheir appro-
priate environment, allowing the possibility to analyze samples' behaviour
in the most proper bu er, maintaining biological molecules active and alive
during the imaging process. In these conditions the analysi of sample re-
activity is made possible by exposing it to analytes and evalating, in real
time, the structural variations induced by the interaction. The AFM tech-
nique could be used even for force curves analysis to explothe physics
characteristics, such as elasticity, deformability, moleule bond tension, cells
membrane composition.

As a substrate for AFM imaging, muscovite mica is the most usd due to
the low roughness. For DNA-Origami imaging a Mg2+ bu er is required
to permit to DNAs to rmly adhere on the negative mica surface; both
the mica surface and the DNA are negatively charged so the sabu er

is necessary to screen these charges one from each other. Toape soft
biological samples the softest cantilevers should be used tminimize poten-
tially destructive interaction with the sample surface, combined to use the
non-contact mode that is more gentle than contact-mode. Saaning tips are
available in various shapes and sizes and the geometry andmoposition play
a critical role on AFM imaging of the sample (Taatjes et al., 1999); indeed
artefacts or convolutions may occur if the scanning tip is lss sharp than the
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pro le of the object (Hoh and Hansma 1992). In fact when the sanning
tip is sharper than the sample features, the real pro le of the features is
obtained. However sharper tips can damage more the biologit samples.
So it is important to choose the appropriate tip also taking in consideration
the nature of sample (You, Lauet al. 2000).
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Materials and Methods

In this section, materials and methods for the production ard the assem-
bly of each component of the device are presented. If not speed, oligonu-
cleotides are purchased from Sigma-Aldrich (Germany) and esuspended in
water at 100 M concentration and stored at -20 C. All the solutions used
were sterilized by autoclaving at 121 C for 21 minutes.

2.1 Nucleic acids fabrication

2.1.1 DNA based Origami in silico design

The program used for the design of the DNA origami was caDNAno
square lattice package v.0.2.3. (Dietzt al., 2009), chosen among the others
(SARSE DNA-Origami package, Nano-Engineer-1). Below | surmerize how
to proceed for origami design using this program, showing th various types
of diagrams that the program can draw to aid in design. When tre desired
prototype of the needed nal shape has been determined, the ekign of a
DNA origami proceeds in four main phases (manual design stepand passes
of the program):

1. Generation of the cylinder model by hand, a rough model is gener-
ated. It is comprised of circular blocks in which each block $ taken
to be one turn of DNA wide and one DNA helix plus half the inter
helix gap in height. Such approximation overestimates the vidth of
the structure by approximately the 180%.

2. Generation of the folding path after the automatic generation of the

29
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single strand in each row for a given shape there are many putae
patterns. The preferred pattern must be chosen by the operatr and
then hand-designed.

3. Generation of the rst pass design automatically the program gen-
erates a few staple strands of arbitrary length, usually vey long and
unusable

4. Break and modify the staple strands in this part of the design, one
of the basic principles is that crossovers may be used to holdhe-
lices rigidly in a parallel orientation. Because the naturd equilib-
rium length for a single turn of DNA appears to be close to 10.%ase
pairs (Wang, 1979) and because DNA backbones are not symmaétally
spaced around the helix designs of such two dimensional DNAanos-
tructures invariably incorporate features that should cause strain. The
bases at the end of the helices are highly available for stagky against
other DNA origami (Rothemund, 2006). To avoid stacking interac-
tions between adjacent origami and the consequent aggregan, 4T
tiles were added to staple strands sequences on the edges bétshape.

2.1.2 DNA-Origami in vitro production

The desired set of staple strands was mixed in a 10-fold exceswith
1.6nM circular M13mp18 DNA (New England Bioulabs) in a 100 | volume
of 1X Tris-Acetate-EDTA bu er (TAE, 200ml of 50x bu er solutio n: 48.4g
Trizma, 11.42ml acetic acid, 20ml EDTA 0.5M, pH 8.0) added of12.5mM
magnesium acetate and annealed by cooling slowly from 9& to 25 C in
a PCR machine (Eppendorf) at a rate of 0.01C/second ramp. Annealing
products were stored at 4 C.

Origami puri cation from staples excess and desalting

Puri cation from the staple strands excess was carried out vith di erent
methods, following manufactor instructions for the GenSph Genomic DNA
Puri cation Kit and the PCR product puri cation kit (Promeg a, Madison,
Wisconsin). The Amicon Ultra 0.5ml 100kDa (Millipore, Massachussets)
where used adjusting the protocol supplied by the construabr. Briey, 2x
TAEM solution was added in the same amount of the sample to reeh the
1x TAEM concentration; capped Amicon ultra were centrifuged ve times
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for 1.5 minutes at 14000g. Concentrated sample was eluted spinning the
inverted lIters in a clean vial at 2000 g for 2.5 minutes.

2.1.3 Production of long single stranded oligonucleotides

The single stranded DNAs (ssDNA) required for the target and the
complementary probe strand were constructed using three dérent DNA
molecules each. Oligonucleotides' sequences are reportedm pag.92.

2.1.4 Insilico design of long single stranded oligonucleotides

The sequences were drawn using the program BioEdit and wereulilt
using the rules of no self annealing, no loops in the singulasequence, no
strong dimers and 50% GC. This general parametres were cheaft using the
open source softwares Oligo Calc and IDT's Oligo Analyzer \3.1. Exception
was made for the target, where the high GC content was requiré due to the
presence of the 20bp GC clamp to enrich the strenght of the copiementarity
between a partial sequence of the ssDNA probe. The approximea melting
temperatures (Tm) were calculated with this rule, valid for sequences longer
than 14 nucleotides:

Tm = 64.9 C+41 [(number of GC - 16.4)/sequence length)]
The annealing temperature (Ta) was calculated as follows:

Ta=Tm-4 C.

2.1.5 Construction of the target and biosensing ssDNAs

Oligonucleotides were reacted with their partial complematary strand
in equimolar proportion in a water 10 M solution containing 2x SSC (0.3
M NacCl, 0.03 M NacCitrate, pH 7,0). The solutions were boiled & 95 C for
3 minutes and then annealed at 70C for 10 minutes in a thermocyclator
and allowed to cool down at room temperature for at least two tours. The
samples were run in 1XTAE on a gel electrophoresis with 4x lownelting
agarose gel (IBI-SHelton).
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2.1.6 Enzymatic manipulations

Ligation

T4 Dna Ligase (Promega) catalyzes the formation of phosphoiéster
bonds between neighbouring 3'-hydroxil- and 5'-phosphateends in double
stranded DNAs. One unit of T4 DNA Ligase is the amount that joins more
than 80% of 1ug Rsal digested Lambda DNA in 301 1x ligation bu er af-
ter incubation at 15 C to 25 C. The oligonucleotides (NAMES) were rst
annealed as previously reported and then ligated using 5U ofnzyme each
microgram of construct. The reaction was carried out in wate solution,
adding the 10x incubation bu er from the supplier to 1x concertration. Re-
actions were let occur at 15C over night.

Exonuclease digestion

Lambda Exonuclease is an exodeoxyribonuclease which preéatially de-
grades the 5'-phosphorylated strand of double-stranded DI and catalyzes
the stepwise and processive hydrolysis of duplex DNA from 5phosphoryl
termini liberating 5' mononucleotides. Lambda Exonucleag does not de-
grade 5'-hydroxyl termini. One unit of the enzyme catalyzesthe production
of 10nmol of acid-soluble product from double-stranded DNAcontaining a
single 5' terminal phosphate in 30 min at 37 C. The digestion was made in
a water solution using 10x incubation bu er supplied with the enzyme to 1x
concentration and using 6U of enzyme each Zy of dsDNA product with the
shorter oligonucleotide modi ed with a phosporous 5' thermini. Reactions
were performed in wather bath at 37 C over night. The digestion products
were visualized by a 3% gel electrophoresis.



CHAPTER 2. MATERIALS AND METHODS 33

2.2 Nucleic acids visualization

2.2.1 Gel electrophoresis

DNA constructs and products were visualized preliminary byagarose gel
electrophoresis. Electrophoresis was accomplished usidxTAE as running
bu er. Gels were prepared pouring a 2%, 1%, 0.7% or 0.5% (w/v, lPonadisa)
solution in 1XTAE into a suitable gel case and let polymerizefor 20-30
minutes. In all cases, gels were previously added of 0.5x GBRledTM nucleic
acid stain (Biotium, Hayward, CA) Running time varied from 6 0 minutes
to 120 minutes, due to the voltage and DNA sizes. DNA ladders wre used
such as Marker VIII (Roche) and 1kb ladder (Promega). Loadirg bu er
6x (0.25% xylene cyanil, 0.23% bromophenol blue, 15% Fico#00 in water)
was loaded with the nucleic acid structures in solution. Theelectrophoresis
results were visualized and photographed under UV light.

2.2.2 FRET system

Fluorescence Resonance Energy Transfer (FRET) is a spectsoopic pro-
cess by which a donor uorophore transfers energy nonradiavely over long
distances to an acceptor uorophore; the e ciency of FRET and the range
of distances over which it can be observed are determined byhe spectral
properties of the chosen given donor/acceptor pair. In thiscase the cou-
ple 6'-FAM/BHQ-1 was used with a typical Ferster radius of 1 6nm and
emitting green light if excited with blue wavelength. To monitor the confor-
mation of the object, the internal and the external disk were functionalized
with a FRET couple, substituting oligonucleotide DkD3 with the 6'-FAM
labelled DKkDFRET and Crl3 with the BHQ-1 labeled CrIFRET; ol igonu-
cleotides were purchased HPLC puri ed from MWG Operon, Ebesberg).
The DNA origami were directly monitored with a CCD detector ( model
AP47p, Apogee) mounted on a uorescence microscopy (Leitz @hoplan).
Measurements were performed putting 12ul of DNA-origami seple in a
home made cell and photographed with personal computer remnte control
with the software package MaxIm DL after excitation of the sample with a
blue led with (an exciting 470nm blue emission and a 517-540n lter). Led
was powered at 3.9V and photographs were taken after 1 secorekposure.
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2.2.3 Transimssion Electron Microscopy

DNA origami samples were adsorbed for 10 minutes onto carbenoated
nickel grids and visualized at 64000x and 102000x magni cabn with a
Philips CM 10 transmission electron microscope operating 8120 kV. No
staining or contrast agents were used in order to minimize tle perturbations
to the origami state.

2.2.4 Atomic Force Microscopy

Samples were dispersed on a freshly cleaved mica in saline bu(125mM
MgCl2, 400mM Tris-HCI, 10mM EDTA pH 8.0, 20mM NacCl) The large con-
centration of positive ions, mainly Mg++ has the functional ity of screening
the negative charges present at the mica surface and on the &tnal struc-
ture of the dsDNA, allowing the adhesion of the origami on themica surface.
Samples were let sediment for at least 5 minutes and were naveinsed or
dried. Images have been obtained using either a JPK nanowizd II, a
VEECO Multimode with Nanoscope V control or an Asylum MFP3D. All
the instruments where operated in liquid in tapping mode. Weused Olym-
pus tips OMCL-TR400PSA with force constant of 0.08N/m and resonance
frequency, in air of 34kHz.
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2.3 Nucleic acids operation

All the oligonucleotides sequences interactions were badeon the hy-
bridization and complementarity between bases of DNA. With the same
principle probes were inserted on the upper face of the origai and, were
needed, complemented with their target molecules. In this ection the dif-
ferent systems probe-target, probe-targer-competitor ae evaluated.

2.3.1 Probe-target recognition

Di erent combination of oligonucleotides for open and closehe structure
where used. At rst two protruding oligonucleotides named Linker Sx and
Linker Dx were substituted to DkS3 and DkD4 of the DNA-origami v1.
With their sticky ends protruding on the upper face of the object, they were
designed for the hybridization with the probe molecule. Dierent probes
long 120 nt were evaluated, starting from completely randomsequences to
real samples.

2.3.2 Linear and hairpined targets

Each probe was designed to be complementary to a target molate,
hybridizing for 84 nt. Two conformation of targets where evduated for each
probe. The hairpin target is composed of the 84nt speci ¢ segence and a
18nt sequence at both 3' and 5' termini made of guanine and cysine (GC
clamp) to guarantee a highly stable hairpined structure. Also linear targets
were evaluated, obtained removing the GC clamp.

2.3.3 Probe-target mismatch

A target not perfectly complementary to the probe wasin silico designed
and in vitro evaluated. The hairpin target (target mismatch ) was comple-
mentary to the probe for about 2/3 of the molecule, except forthe internal
part leaving a mismatch. An oligonucleotide named \competior" was also
designed perfectly complementary to the target molecule. Tie hybridization
starts from the middle part of the target and triggers the complementation
of all the molecule. This permits to the competitor to remove the target
from the probe. The complementarity of the systems target-ompetitor and
probe-target were previously veri ed by gel electrophoress; also the e ect
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of the adding of the competitor to a stable solution of targetand probes was
evaluated.

2.3.4 Validation with real samples

All test plants were grown in sterilised soil under insect-fee conditions.
Viruses and phytoplasma strains used in the present study bleng to IVV
collection.

Original freeze-dried plant material stored at -20 C of Tobacco Mosaic
Virus (TMV- IFA9strain), Tomato Spotted Wilt Virus (TSWV- P 105strain)
and Iris Yellow Stunt Virus (I'YSV- Cip6strain), were mechanically inocu-
lated on Nicotiana benthamiana Freeze-dried leaf tissue was homogenised
(1/5 wiv) with 50mM phosphate bu er pH 7 containing 1mM Na-EDT A,
5mM Na-DIECA, 5mM Na-thioglycolate and 50 mg/ml activated c harcoal.
Inoculum, mortars and bu er were cooled on ice before and dung inocula-
tion.

FD isolate was graft propagated and maintained in periwinkle from the
original source kindly supplied by E. Boudon-Padieu (Laboatoire de Phy-
toparasitologie, INRA, Dijon, France).

Total RNA from 0,1 g of symptomatic leaves of N. bentamiana (Mruses)
and periwinkle (phytoplasma) were extracted using RNeasy Rant Mini Kit
(Qiagen, Hilden, Germany) according to the manufactures imstruction.

After the extraction, 3 | of RNA were added in 120 | DNA-origami in
solution and visualized as described in paragraph 2.3.4. EA uorescence
value reported is the average of at least 20 independent meaements.
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Results

This chapter is divided in six main sections.
First, | present the working principles of a new reusable DNAbased origami
designed, built, operated and imaged by several qualitatie and quantitative
techniques.
Secondly, to ensure that the objects imaged by AFM were actully the
DNA-disks and not artifacts of salt on mica surface and to uncerstand the
orientation of the disk, the initial version of the design was modi ed intro-
ducing an \IF" motif in the internal disk.
Then | present the results of the experimental work that has keen carried
out to develop the sensing mechanism of the DNA-origami, oldined by
linking a probe on the DNA-Origami i.e. a single stranded mokcule that is
recognizable by a complementary target molecule.
| also evaluate the results of the addition of a third single sranded molecule
that, displace the target from the probe and restore the initial state of the
origami.
Finally, another modi cation to the rst DNA origami design was made to
have a clear response to ssDNA targets; the results of the stghing of modi-
ed DNA-origami were used for the device validation with real samples such
as viral RNAs.

37
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3.1 The project rationale

In recent years, the DNA-Origami technique has lead to many pelimi-
nary applications. DNA-based platforms were used to create3- and 2- di-
mensional objects (as nanoscale template for protein assdaty and for gold
nanoparticles) and to create patterns combining di erent subunits. The ver-
satility of the DNA hybridization between complementary bases made real
the possibility to obtain objects with endless shape possitities as Rothe-
mund and Dietz demonstrated.

The shape chosen for this work was a isodiametric disk comped by two
main subunits: a rounded internal disk connected to an extemal ring in
two, diametrically opposite points. To facilitate this mov ement some bases
of the sca old strand were leaved uncomplemented in the pointof the bend-
ing of the ap, to reduce the amount of stretch and constrain. In order
to control the DNA origami wings motion, in a more complete design two
opposite oligonucleotides of the internal disk were substiited with longer
oligomers with sticky ends protruding on the upper face of tte disk, on the
edges of the two opposite movable wings; this modi cation dbwed the link,
in the self-assembly step, of the \probe", a single strandedDNA molecule
designed to be 120 nucleotides long with the ends complementy to the
above mentioned sticky ends. The single stranded DNA, conraed to two
edges of the disk, is perpendicular to the axis of constrainin presence of a
hybridizing target molecule, the probe is expected to coil mto a double helix
that stretched the inner disk forcing the edges to move towad each other.
The probe was designed to be perfectly or partially complematary to a hy-
bridizing target molecule, hairpin shaped and named \targd", as shown in
Figure 3.1Schematic model of the DNA-Origami designed in tis work. As
represented, the Origami is made of two main subunits, an exrnal stripe
(crown) and an internal disk connected in two opposite point to the crown.
The exibility of the internal disk is guaranteed by a four no n complemented
nucleotide spacer (green lines). On the left: upper and latal view of a
closed DNA-Origami with a non complemented single strandegrobe (red).
On the right: upper and lateral view of an actuated DNA origami; the probe
is complemented to the hairpin target molecule (blue). gure.caption.20. The
hybridization between the target and the probe nucleic acié and the conse
guent double stranded (ds) DNA formation, originates a tensle force on the
internal disk changing its conformation by moving the wing edges toward
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each other.

Figure 3.1: Schematic model of the DNA-Origami designed in this work As rep-
resented, the Origami is made of two main subunits, an external stpe (crown)
and an internal disk connected in two opposite points to the crown.The exibility
of the internal disk is guaranteed by a four non complemented nucletide spacer
(green lines). On the left: upper and lateral view of a closed DNA-Oigami with
a non complemented single stranded probe (red). On the right: uppr and lateral
view of an actuated DNA origami; the probe is complemented to the hapin target
molecule (blue).

To provide a further degree of freedom to the device, a way to rake
the wing movement reversible was envisaged. The use of probarget pairs
that were not fully complementary allowed a reversible degjn for the DNA
origami actuation. This design implied a rst hybridizatio n step between
the probe DNA on the DNA origami and a partly complementary target.
This hybridization event is subsequently displaced by the adition of an
excess of an additional oligonucleotide named \competitdl, that was de-
signed to be perfectly complementary to the target; due to ths charcter-
istic,the competitor is able to displace the target from the hybrid with its
partially complementray probe, reverting the DNA Origami t o its original
state. The concept of the reversible switch is summarized ifrigure 3.2Base
sequence schematics for the probe/target and target/comptitor actuation
system. lllustration of the reversible system concept. a ad b) The target
(harpin) reacts with a probe (red) that complements only on its terminal
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parts with the target, leaving a mismatch of 34 nucleotides h the middle
of the molecules. This not complemented site remains availde for a third

DNA molecule involved in the reversible switching processthe competitor

(pink). ¢) The 84 nts competitor is perfectly complementary to the tar-

get and, fueled by the free energy of base pair formation andtarting from

the 34 nucleotides mismatch, triggers the detach between t@et and probe.
This hybridization event target/competitor turns 0 again the system due
to the relaxation of the probe. gure.caption.21.

In gure Figure 3.3The basic principle of the reversible switching mech-
anism thet | planned. (a) the target (in blue) complements the probe (in
red) on the two termini, producing a mismatch of 34 nucleotides. (b) when
a competitor (in brown) is added in solution, it complementsin its complete
length the target removing it from the hybrid with the probe. The system
is again in the starting conformation, with the probe as a sirgle strand but
with target and competitor in a double stranded conformation, that may
eventually be washed away, allowing a further cycle. gurecaption.22 is re-
ported a scheme on the mechanics involved during the openigosure of
the disk; in panel a, the origami switch is closed, the wingsdy in the same
plane of the external ring and the ssDNA probe is not hybridizd. In panel
b, the partially complementary target binds to the corresponding sequences
of the probe, inducing the wing opening; in panel c, the fullycomplementary
competitor binds to the target dehybridizing the probe: the wings, which
are no longer subject to the the tensile force generated by #h hybridization,
relax to the rest conformation on the plane. Thus the addition of a third
single stranded molecule that displaced the target from theprobe restored
the initial state of the origami.
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Figure 3.2: Base sequence schematics for the probe/target anditget/competitor
actuation system. lllustration of the reversible system concept. a and b) The
target (harpin) reacts with a probe (red) that complements only on its terminal
parts with the target, leaving a mismatch of 34 nucleotides in the midde of the
molecules. This not complemented site remains available for a third DNAmolecule
involved in the reversible switching process, the competitor (pink). ¢) The 84 nts
competitor is perfectly complementary to the target and, fueled ly the free energy
of base pair formation and starting from the 34 nucleotides mismath, triggers the
detach between target and probe. This hybridization event targe&/competitor turns
0 again the system due to the relaxation of the probe.
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Figure 3.3: The basic principle of the reversible switching mechanism tét | planned.
(a) the target (in blue) complements the probe (in red) on the two termini, pro-
ducing a mismatch of 34 nucleotides. (b) when a competitor (in brown is added
in solution, it complements in its complete length the target removing it from the
hybrid with the probe. The system is again in the starting conformation, with
the probe as a single strand but with target and competitor in a doulde stranded
conformation, that may eventually be washed away, allowing a furtrer cycle.
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3.2 In silico design of the DNA-origami

Structural DNA nanotechnology has been heavily dependent o the de-
velopment of dedicated software tools for the design of unige helical junc-
tions, to de ne unique sticky-ends for tile assembly, and f@ predicting the
products of the self-assembly reaction of multiple DNA strands (Seeman,
1982, Pierce, Winfree). Recently, several dedicated 3D etirs for computer-
aided design of DNA structures have been developed (Biraet al., 2006, Zhu
et al.,, 2009). However, many of these tools are not e cient for defgning
DNA origami structures that require the design of more than 20 unique
DNA strands to be folded along a sca old strand into a de ned 3D shape
(Rothemund, 2006). The recently developed semi-automatedNA origami
software packages as SARSE (Anderseat al.,, 2009) and caDNAno (Dou-
glaset al., 2009) use a 2D sequence editor in conjunction with severauto-
mated tools to facilitate the design process. For both progams the use was
extended for designing DNA origami structures in 3D. Due to he complete-
ness and versatility of the tools, the best choice was caDNAm. Among the
software packages for the DNA origamiin silico design, the possibility to
precise control the turning of staples strands, made caDNAD(SQ) the most
suitable for a working DNA-origami. Nevertheless, it was nad user friendly:
a lot of manual control of the structure was needed and it was dcult to de-
sign the right folding path and adjust the structure once de nitely designed.
The main di culty was the impossibility to import pre-desig ned images to
be converted in the folding path (as SARSE does) and to modifythe path
without starting again.

Di erent paths were evaluated before choosing the most apprpriate. The
one reported in Figure 3.4Folding path of the DNA-origami v.1. The scaf-
fold strand (in blue) is folded with more than two hundreds of staple strands
starting from the rst row on the top. The unfolded nucleotid es are indi-
cated with a red X on the scaold. As visible, the folding path resulting
from caDNAno does not correspond to the real shape of the obg and
it is deformed on the x axis. The estimated dimensions of the loject are
100nm in length and the same measure in width. gure.caption23 was the
folding path chosen among the others, due to the complete usef the 7249
nucleotides sequence of the sca old strand and to the theorétal absence of
distance between the ring and the central disk. By the AFM ob®rvations
of Rothemund (2006), the helices are not close packed, revi@ay gaps be-
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tween, tipically 1 or 2 nanometres wide; the position and legth follow the
pattern of crossovers in the underlying structure. Whereve two helices have
a crossover, no gap is observed; a few nanometers away from egsover,
an inter-helix gap is observed. The interhelix gap appearsd be an impor-
tant aspect of DNA nanostructures constructed from paralld helices, and
this approximation was suggested:: the length of the structire should be
2h+(h-1)g nm where h is the number of 2 nm wide helices and g ishe
inter-helix gap. Lengths measured by AFM are typically within 5% for the
length and 10% for the width predicted by this formula. In the design of
this project, the gaps are about every 16 nt (1.5 turns, appraimately 1nm)
so the estimated dimensions are:

length: 2h+(h-1)g = 2 34+(34-1) 1nm = 10lnm  5,05nm
width: (39 blocks of 8nt) 0.34nm = 3120.34nm = 106nm  10.6nm

To gain a preliminary qualitative information about what ha ppened dur-
ing the annealing process, the assembly results of the DNA @ami were run
on a standard agarose gel GelRed stained and imaged under UNght. The
migration pro le shown in Figure 3.5Standard agarose gel a@ctrophoresis
of the DNA-origami. The migration pro le in lane 3, suggests an e cient
formation of constructs, revealed by the sharp band besidethe band corre-
sponding to the excess of staple strands. If compared with MAmp18 (lane
2, arrow b), the annealing mixture migrates slower. Lane 1: kb DNA
ladder. gure.caption.24, suggests an e cient formation of some constructs:
in lane 3, besides the band corresponding to the excess of pta strands
there is only a single sharp band (arrow a) in the DNA Origami sample,
migrating slower than the M13mp18 viral genome (lane 2), use as control.
This analysis revealed only that an object(s) of a higher matcular weight
if compared to the control was formed during the process, butprovided
no informations about dimensions, shapes and correctnesd the expected
folding.

Because of the rough qualitative information of the agaroseagel analysis,
to understand the real shapes and dimensions, microscopy iaging tech-
nigues were required.
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Figure 3.4: Folding path of the DNA-origami v.1. The sca old strand (iin blue) is
folded with more than two hundreds of staple strands starting fram the rst row on
the top. The unfolded nucleotides are indicated with a red X on the saold. As
visible, the folding path resulting from caDNAno does not correspou to the real
shape of the object and it is deformed on the x axis. The estimated ichensions of
the object are 100nm in length and the same measure in width.
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Figure 3.5: Standard agarose gel electrophoresis of the DNA-orgni. The mi-
gration pro le in lane 3, suggests an e cient formation of constructs, revealed by
the sharp band besides the band corresponding to the excess dfgle strands. If
compared with M13mp18 (lane 2, arrow b), the annealing mixture migates slower.
Lane 1: 1kb DNA ladder.
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TEM imaging

To gain more information about the shape, the sample was pregred for
Transmission Electron Microscopy (TEM) dropping the solution containing
the DNA origami on a carbon-coated grid and letting it dry. TE M imaging
was performed with and without contrast agent. As clearly visible compair-
ing Figure 3.6TEM images of closed DNA-origami visualized \ithout the
use of contrast agent. Images are clearer and not packed. ge.caption.25
and Figure 3.7TEM images of a close DNA-origami visualized sing con-
trast agent. A weaker di erence of density between the interral part and
the external crown can be appreciated. gure.caption.26, he use of contrast
agent makes the images darker and dirtier. As reported in Figre 3.6 TEM
images of closed DNA-origami visualized without the use of @ntrast agent.
Images are clearer and not packed. gure.caption.25 the imprity problems
were de nitely imputed to the contrast agent.

Figure 3.6: TEM images of closed DNA-origami visualized without the ug of con-
trast agent. Images are clearer and not packed.

In some images is possible to appreciate a dierence of dengitcom-
paring the internal part to the external crown (Figure 3.7TE M images
of a close DNA-origami visualized using contrast agent. A waker di er-
ence of density between the internal part and the external cown can be
appreciated. gure.caption.26).

This imaging technique provided us a measure of the real dinmesion
of the object. No informations were given about the height ofthe object.
The closed state of the DNA-based disk was perfectly charaetized, and
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Figure 3.7: TEM images of a close DNA-origami visualized using contrasagent. A
weaker di erence of density between the internal part and the exernal crown can
be appreciated.

described by the diameter of approximately 100nm. TEM imaghg appears
to con rm that the DNA origami folding occurred correctly, r evealing the
expected shape and dimensions. No information were provideabout object
heights and the resolution was not su cient to investigate d ouble helices; for
these reasons investigations in liquid with AFM technique vere performed.
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AFM imaging

To further investigate the structural conformation of the o rigamis, atomic
force microscopy (AFM) was used to characterize the samplesUp to 2000
DNA origami were evaluated and mainly origami with average dameter of
97 6 nm and average height of 2.1 0.2 nm were observed, suggesting that
there was no formation of double layers between di erent disk and con rm-
ing the results of TEM imaging (Figure 3.8Example of an AFM image of a
well formed DNA-origami. The pro le analysis (left) con rm s the diametre
of nearly 100nm and the expected height of 2nm (right). gurecaption.27)
for what concernes shape and dimensions.

Figure 3.8: Example of an AFM image of a well formed DNA-origami. The po le
analysis (left) con rms the diametre of nearly 100nm and the expeted height of
2nm (right).

However, in the rst design a signi cant portion of origami a ppeared
to be connected on their side, in big clusters. As AFM imagingdemon-
strated, stacking interactions were a critical parameter and revealed to be
quite strong; disks which had many blunt ends along the edgestacked so
strongly that they formed big clusters (Figure 3.9Example d an AFM image
of DNA-origami with blunt ends interactions, resulting in d isks connected
one to each other. gure.caption.28). This characteristic is highly undesir-
able: the presence of big clusters of many origami means thenpossibility
to impose direction of linkage or adhesion to a surface in a mdetermined
place, precluding the way to the precise delivery of the objet in a fea-
tured place of a surface with a predetermined orientation. © prevent this
aggregation the insertion of T-tails was required to preven stacking and
clustering between origami groups. After the introduction of this variation
the clusters mainly disappeared (Figure 3.10Example of an EM image of
DNA-origami without blunt ends interactions, resulting in disks detached
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Figure 3.9: Example of an AFM image of DNA-origami with blunt ends interac-
tions, resulting in disks connected one to each other.

one to each other. gure.caption.29), while some non frequat interaction
between edges of couples of DNA origami remained.

Figure 3.10: Example of an AFM image of DNA-origami without blunt ends inter-
actions, resulting in disks detached one to each other.

AFM analysis permitted better understanding of the e cienc y of the
origami formation, information missed in TEM imaging due to the low num-
ber of origami adhered to the carbon coated grid and, as explaed in the
above paragraphs, not allowed in gel electrophoresis. An atysis on more
than 2200 nanostructures revealed that 75 2% of the disks adopted the
designed circular shape while 252% of the disks were incomplete, missing
often the internal disk, the external ring, showing holes or more general
defects, as showns in Figure 3.11AFM image that shows some DNorigami
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with defects and holes and, on the left, the correspondent prle of the
holed structure. The distance between the blue and red marke is 37.17
nm, corresponding to the missing inner disk. gure.caption30.

Figure 3.11: AFM image that shows some DNA origami with defects ancholes and,
on the left, the correspondent pro le of the holed structure. The distance between
the blue and red markers is 37.17 nm, corresponding to the missing iram disk.

The main defects can be imputable to a sub{optimal annealingprocess,

evident especially in the weakness of the bridge in the two @dimetrical op-
posite connections between the internal disk and the crown @mpromising
the presence of the inner disk. As represented, a little numér structures
appear to be just fragments of the crown. Of incidental interest, various
defects can be justi ed by tip damage, especially when a strature was im-
aged more than once in an attempt to get images at high resolibn. Some
DNA-origami showed severe damages.
From the pro le analysis of some incompletely formed origam it was found
that the formed part had a height resulted to be of the right height (2nm)
and the diameter of the joint disk is of nearly 37.2 nm, in compete accord
with the in silico design.
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3.3 The \IF" Origami

In addition to shape analysis, one of the main issues of the iaging is
to determine the DNA-origami disk orientation when it is dispersed on a
surface such as mica. The disk is designed to have two faces) apper layer
exposing the probe and a bottom layer, without functionalization for target
recognition. Therefore, exposing a DNA origami to a target slution allowed
the disk to adhere to the support, means that the origami can pen or not
depending on which surface is exposed after adhesion. In tHe@NA-origami
v.1, the two faces of the origami in the initial design were irdistinguishable.
Therefore it was planned to insert an asymmetric shape in thedisks to
understand unequivocally the orientation. Origami v.1 wasslightly modi ed
in the central disk in order to obtain an hole F-shaped and a pominence I-
shaped made of a second layer of DNA, obtaining an origami thtawvas called
the \IF origami" (Figure 3.12IF origami scheme. On the left i s possible to
see the correct orientation of the \IF origami", exposing the two letters to
the observer. If the adhesion to mica occurs upside down, thé& is not
readable and in accord to the rst version of the origami, the probe is not
exposed to the solution. gure.caption.31).

Figure 3.12: IF origami scheme. On the left is possible to see the cagct orientation
of the \IF origami", exposing the two letters to the observer. If t he adhesion to
mica occurs upside down, the F is not readable and in accord to the st version of
the origami, the probe is not exposed to the solution.

The new folding path (Figure 3.13IF origami folding path. In this folding
path is clearly visible the modi cation of the internal disk with a hole and
an upper layer forming a \I". This design results expected tobe a higher \I"
near the long side of the \F" hole. gure.caption.32) was desgned inserting
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di erent crossovers on the edge of the internal disks, removig part of the
scaold strand to create the \F" hole and adding the removed M13mp18
nucleotides to a second layer, protruding from the internaldisk near the
F, originating the \I"; nally, the wings motion was blocked adding longer
oligonucleotides linking the external crown to the interna disk. Accord-
ing to the design, when adhesion to mica occurs on the bottom fothe IF
origami the two letters have to be visible (and correspondetty, the probe is
exposed). On the contrary when the \F" is not readable for it's asymmet-
rical proprieties (the two images cannot be superimposed byotation) and
the position of the I, the origami is adhered on its top.

Figure 3.13: IF origami folding path. In this folding path is clearly visible the
modi cation of the internal disk with a hole and an upper layer forming a\l". This
design results expected to be a higher \I" near the long side of the k" hole.

In liquid evaluation of the disks with AFM permitted the anal ysis of
the dimensions of the new objects, con rmed the expected dimeter of
100nm of the complete disk. The F hole in the design was estinted to
be 20nm on the long side and 10nm on the short. However with a with
of 4 nm (Figure 3.14IF origami 3D prototype. In this image are reported
all the espected measures of the two letters inserted in androthe internal
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disk. gure.caption.33) problems occurred in the imaging, likely due to the
very small hole dimensions. In many images was never possito see with
high resolution the \F" hole. On the contrary the | was well ch aracterized
(Figure 3.15Two AFM images of the \IF" DNA origami.The highe r part in
the middle of the structure in both images is distinguishabk but the \F"
hole is not visible. gure.caption.34).

Figure 3.14: IF origami 3D prototype. In this image are reported all the espected
measures of the two letters inserted in and on the internal disk.

The use of sharp tips, allowed to gain images with high resohion the
higher layer of double helices of the | object and also the pence of the
F hole (Figure 3.16a) AFM image of \F" origami and (b) a zoomed detail
of the same image (50nm scale bar). (c) AFM image of an \F" origmi in
which the hole is visible (100nm scale bar) and (f and g) two po le lines
with the dimensions of the hole in two directions: (f) is refered to (d);
(9) is referred to (e). Note that the length of the hole is 19.8nm and
the width is 15.7 nm with a hole depth around at 1.5 nm (the blue and
red markers in f and g), that compare well with the dimension @lculated
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from the in silico model. gure.caption.35) were appreciated. In this image
the IF origami image presents a blurred \F" hole and, dependng on the
relief position, the DNA origami seems to be faced down. In tiis case, there
was no su cient resolution to clearly discriminate the two \ F" holes, but

it is possible to see two main holes, one perpendicular to thé observation
con rmed by the analysis of the pro les showing length and width of the

object (Figure 3.16a) AFM image of \F" origami and (b) a zoomed detalil

of the same image (50nm scale bar). (c) AFM image of an \F" origami in

which the hole is visible (100nm scale bar) and (f and g) two po le lines

with the dimensions of the hole in two directions: (f) is refered to (d); (g)

is referred to (e). Note that the length of the hole is 19.8 nm ad the width

is 15.7 nm with a hole depth around at 1.5 nm (the blue and red mekers
in f and g), that compare well with the dimension calculated from the in

silico model. gure.caption.35, panels f and g).

Figure 3.15: Two AFM images of the \IF" DNA origami.The higher part in t he
middle of the structure in both images is distinguishable but the \F" hole is not
visible.
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Figure 3.16: a) AFM image of \F" origami and (b) a zoomed detail of the same
image (50nm scale bar). (c) AFM image of an \F" origami in which the hole is
visible (100nm scale bar) and (f and g) two pro le lines with the dimensims of the
hole in two directions: (f) is referred to (d); (g) is referred to (e). Note that the

length of the hole is 19.8 nm and the width is 15.7 nm with a hole depth arond at

1.5 nm (the blue and red markers in f and g), that compare well with the dimension
calculated from the in silico model.
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3.4 The actuation

A major task of this project was to confer to the origami the ability to
switch in response to the recognition of a probe linked by hybdization to
the internal disk of the origami by target molecule in solution. To link the
probe to the internal disk of the origami, two staples strands on the wings
in opposite positions were substituted with other two oligonucleotides with
protruding sticky-ends on the upper face of the object. Thismodi cation
was need to link by hybridization the probe in the annealing phase of the
objects' construction. In the following paragraphs | preset the results on
the production of long single stranded and double stranded ucleic acids
and the demonstration of their capability of switching.

3.4.1 Production of long DNA strands

Long double stranded DNAs were in a rst time obtained after a an-
nealing step, enzimatic digestion and then puri cation by column. Due to
the low reproducibility of the procedure, the number of intermediates and
the time consuming steps, this oligonucleotides were orded and purchased
chemically synthesized.
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3.5 Imaging the actuation

The actuation of the origami v.1 was imaged using several tdmiques:
standard gel electrophoresis, Transmission Electron Miascopy and Atomic
Force microscopy.

3.5.1 Gel electrophoresis and TEM

Addition of the target ssDNA molecule the DNA-origami sample was
expected to produce a conformation variation in the internd disk spatial
disposition (Figure 3.2Base sequence schematics for the give/target and
target/competitor actuation system. lllustration of the r eversible system
concept. a and b) The target (harpin) reacts with a probe (red that com-
plements only on its terminal parts with the target, leaving a mismatch
of 34 nucleotides in the middle of the molecules. This not comlemented
site remains available for a third DNA molecule involved in the reversible
switching process, the competitor (pink). ¢) The 84 nts competitor is per-
fectly complementary to the target and, fueled by the free errgy of base pair
formation and starting from the 34 nucleotides mismatch, triggers the detach
between target and probe. This hybridization event target/competitor turns
0 again the system due to the relaxation of the probe. gure.caption.21).
This variation was at rst investigated with standard gel el ectrophoresis,
giving no result. As demonstrated by Figure 3.17Migration pro le of open
DNA-origami. The closed (lane 1) and the presumedly openedlmjects (lane
2) present the same migration pro le suggesting two hypothais: the ob-
jects do not open or the screening via gel electrophoresis isot enough
informative. gure.caption.36 the migration prole betwe en the not actu-
ated (lane 1) and the actuated object (lane 2) is the same andhe variation
of conformation is not su cient to produce a variation in mob ility the gel.
To determine wether or not the objects were opened, also in tis phase of
the work, microscopy techniques were required to further inestigate the
dynamics.

Using TEM, a change in conformation of the object after targe ad-
diction was was visible but the size detected was 30 nm (Figw 3.18TEM
images of open structures. Is visible in both images a changef confor-
mation of the internal disk, as of the dimensions of the objet that are
nearly a half of the correspondent closed one. gure.captin.37) possibly due
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Figure 3.17: Migration pro le of open DNA-origami. The closed (lane 1) and the
presumedly opened objects (lane 2) present the same migration pile suggesting
two hypothesis: the objects do not open or the screening via gellectrophoresis is
not enough informative.

to rapid dehydratation of the samples when subjected to highvacuum. The
other variation observed was the apparent formation of someholes in the
centre of the origami structure; some points of attachment b the crown,
presumebly the points of linkage between the two sub-units bthe origami
are detectable. This result was not completely convincing de to the very
small diametre as compared with the closed DNA-origami to olain a more
detailed information the use of AFM resulted necessary.

Figure 3.18: TEM images of open structures. Is visible in both images ahange of
conformation of the internal disk, as of the dimensions of the objet that are nearly
a half of the correspondent closed one.
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3.5.2 AFM imaging of open objects

The e ciency of the actuation was investigated, collecting a number of
AFM images and counting the number of reacted vs. non reactearigami.
Origami actuation may be obtained by adding the target either: after the
origami deposition on mica or in solution before the origamiis dispersed on
the surface. When the single stranded target is added direty in solution,
it has higher probability to hybridize with the complementary target be-
cause in free solution both faces of the origami are exposedhd available to
hybridization to the target molecules. On the contrary if th e origami is pre-
viously adhered to a surface such as mica, the probability fothe object to lie
face-up exposing the probe to the solution is reduced by abduhe 50%. For
this reason, the probability to see DNA origami opened when peviously ad-
sorbed on mica is lower than imaging samples complemented fnee solution.
When the target was added to origami suspended in solution, gercentage
of the structures extimated to be of 86 6%, reacted with the target with
the consequent change of conformation of the DNA-based diskwWhen the
origami was deposited on the substrate and then exposed to thtarget so-
lution, 48 15% of the origami were opened. Therefore the actuation foee
is large enough to overcome the electrostatic and Van der Wi interaction
with the substrate. Figure 3.19E ect of target addition on or igami previ-
ously adhered on mica and observed by AFM imaging. The objecpresents
a particular pattern of the internal disk, showing a drammatically change
of conformation due to the actuation. (a) and (b) Representdive AFM im-
ages of the DNA origami opened, with (c) a zoomed detail of thestructure
used for the pro les analysis. In (f) is shown the pro le for the line in (d):
the two apertures that are distant 34 nm, while in (g) is shownthe pro le
for the line in (e): the length of the \vertical® axe of the aperture is 45
nm, that ts with the in silico design. gure.caption.38 shows images and
pro le analysis performed adding the target to origami directly adhered on
the mica. The actuated origami structure appears as having aistinct and
characteristic pattern in the middle of the internal disk: a two holes and a
stripe of DNA in the middle of the internal disk, coinciding with the axis of
constrain.

As con rmed from the pro le study, the holes edges are 45nm détant in
accord with the internal ring design and the complete width o the aperture
in the middle is 34 nm. Similar structures are viewed when analyzing DNA



CHAPTER 3. RESULTS 61

Figure 3.19: E ect of target addition on origami previously adhered on mica and
observed by AFM imaging. The object presents a particular patten of the internal
disk, showing a drammatically change of conformation due to the aatation. (a)

and (b) Representative AFM images of the DNA origami opened, with(c) a zoomed
detail of the structure used for the pro les analysis. In (f) is shown the pro le for

the line in (d): the two apertures that are distant 34 nm, while in (g) is shown the
pro le for the line in (e): the length of the \vertical" axe of the aper ture is 45 nm,
that ts with the in silico design.

origami in which opening was induced in solution (Figure 3.DRepresentative
AFM images of the sample with target added in solution. In (&) many open
DNA origami, and in (b) an open DNA origami couple. In image (c) is
possible to appreciate better the double helix features. gire.caption.39).
Figure 3.21High resolution AFM images of open DNA origami. Ae
clearly visible the double helix features; in the (b) and (c) images the
same object rotated of 90. In (c) is visible a rotation of the vertical axe
(the green lines). gure.caption.40 shows an opened DNA ogami in which
the DNA double helix feature; in panel ¢ the same image is roteed by
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Figure 3.20: Representative AFM images of the sample with target aded in solu-
tion. In (a) many open DNA origami, and in (b) an open DNA origami couple. In
image (c) is possible to appreciate better the double helix features.

Figure 3.21: High resolution AFM images of open DNA origami. Are clearlyvisible
the double helix features; in the (b) and (c) images the same objeatotated of 90 .
In (c) is visible a rotation of the vertical axe (the green lines).

90 to better show the characteristic honeycomb pattern obtaired from DNA
crossovers. From the pro le shown in Figure 3.22AFM image ofan open
DNA origami and its pro le graph: are clearly detectable the dimension of
the double helix intervals: 1.2 nm the height and 15 nm every gp between
crossovers. gure.caption.41, more information about thedouble helix pat-
tern can be obtained. The red and blue markers in the pro le highlight the
distance between two gaps in the DNA \honeycomb" pattern andevery gap
represents the length of two crossovers. From the standardesign distances,
there is a crossover every 1.5 helical turns (16 bp), whereaa turn is 3.5
nm, we should have a crossover every 5.3 nm. From the pro le enined in
Figure 3.22AFM image of an open DNA origami and its pro le graph: are
clearly detectable the dimension of the double helix interals: 1.2 nm the
height and 15 nm every gap between crossovers. gure.captin4l, is possible
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to evaluate every 15nm a hole and every 7.5 nm a crossover thas quite
di erent from the 5.3 nm of the expected distances from the degn.

Figure 3.22: AFM image of an open DNA origami and its pro le graph: are clearly
detectable the dimension of the double helix intervals: 1.2 nm the heighand 15
nm every gap between crossovers.

3.5.3 FRET assays

A fast and qualitative method to monitor the conformation ch anges of
the DNA origami associated with wings motion that follows target addi-
tion, based on the insertion of a Ferster resonance energyransfer (FRET)
couple in the structure, was introduced in order to monitor the working
capability of the system. The DNA origami was provided with a staple
strand on the external edge of the internal disk labeled witha uorophore
(6'-FAM), and with an oligonucleotide on the internal edge of the external
ring labeled with a quencher (BHQ-1), substituting two oligonucleotides of
the origami v.1. In the absence of the target, a low intensity signal was
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Figure 3.23: A 3D image obtained with SPIP tool of one single DNA origanhopened
in the middle.

expected, since uorophore and quencher were located withi the Ferster
radius (approximately 1nm). Conversely, when the wings wee constrained
following the addition of a probe hybridizing target, the consequent sep-
aration resulted in a distance between 6'-FAM and BHQ-1llarger than 16
nm, with an expected signi cant increase of uorescent sigral intensity. As
shown in Figure 3.24FRET detection of the origami opening. Ruorescence
measurements of the closed disk before (column a) and aftec§lumn b) the
addition of partially complementary target molecules. (c) emission values
after the addition to the closed origami of a non complementay target used
as a negative control. The low emission signal of columns a anc are com-
parable, demonstrating the speci city of the actuation gu re.caption.43, the
hypothesis was con rmed by recording of a low signal intengy of the green
emitted light revealing a low signal intensity in the non actuatued conforma-
tion and (Figure 3.24FRET detection of the origami opening. Fluorescence
measurements of the closed disk before (column a) and afterc§lumn b)
the addition of partially complementary target molecules. (c) emission val-
ues after the addition to the closed origami of a non complen@ary target
used as a negative control. The low emission signal of colunsna and c are
comparable, demonstrating the speci city of the actuation gure.caption.43
bar a) of a higher intensity signal after the target addition in solution (Fig-
ure 3.24FRET detection of the origami opening. Fluorescene measurements
of the closed disk before (column a) and after (column b) the ddition of
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Figure 3.24: FRET detection of the origami opening. Fluorescence masurements
of the closed disk before (column a) and after (column b) the additio of partially
complementary target molecules. (c) emission values after the adtion to the
closed origami of a non complementary target used as a negative cwol. The low

emission signal of columns a and c are comparable, demonstrating ehspeci city
of the actuation

partially complementary target molecules. (c) emission véues after the addi-
tion to the closed origami of a non complementary target usedis a negative
control. The low emission signal of columns a and c are compable, demon-
strating the speci city of the actuation gure.caption.43 bar b). No variation
in uorescence intensity was recorded for the controls: whe a non-target
DNA was added to the origami suspension (bar c¢ in Figure 3.24RET de-
tection of the origami opening. Fluorescence measurementsf the closed
disk before (column a) and after (column b) the addition of patially com-
plementary target molecules. (c) emission values after theddition to the
closed origami of a hon complementary target used as a negaé control.
The low emission signal of columns a and ¢ are comparable, demstrating

the speci city of the actuation gure.caption.43) the emit ted uorescence
was comparable with that of the initial state.
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3.6 Revertability of the system

In this phase of the design, the opening system was slightly odi ed
to become reversible so that the origami's nanovalve can bepened and
closed more than once. To obtain this variation, a new targetmolecule was
designed inserting a new degree of a nity between the two stands. The
target was designed to be not complementary for the 100% of # length of
its molecule, leaving in the middle an uncomplemented doma of 34 nu-
cleotides. The new target, in analogy with the previously reorted, has the
complementary 3' and the 5' termini rich in C-G, creating the described
C-G clamp of the hairpin structure. Further another 84 nucleotides single
strand named \competitor" was designed, totally complemenary to the tar-
get. Hybridization between target and competitor is expecktd to start from
the uncomplemented 34 nucleotides; the high a nity between sequences, au-
tonomously triggers the complete hybridization of the 84 nwleotides of the
two species. With this mechanism, in absence of the competir the target
binds the probe changing the conformation of the origami, onthe contrary
when the competitor is added, it displaces the target from the probe and
the conformation of the origami is comparable again to the irtial state.

The e ciency of displacement and annealing in the case of mimatched
strands was preliminarlyevaluated by gel electrophoresisin Figure 3.25Pre-
liminary gel electrophoresis of target/probe/competitor complementation.
in lanes 1-8: molecular maker VIII, lane 2-3 ssDNAs, respedately the target
(120nt) and the competitor (84nt). In lane 4 the band represaits the anneal-
ing product of target and probe and in lane 7 annealing betwee target and
competitor. In lane 5 and 6 two samples of the results of the adition of the
competitor molecule in solution; the competitor displacesthe target from
the probe originating a main band comparable with lane 7. gure.caption.44
in lane 2 as negative control is reported the the target in thesingle stranded
conformation; its hybridization with the probe permits to o btain a double
stranded specie represented by a sharp higher band (lane 4)n lane 3 is
represented the migration pro le of the competitor, coherently migrating
more than the probe due to the lower molecular weight. The addion of the
competitor molecule to a solution containing only the targe (lane 7) reveals
a double stranded annealing product. In lanes 5 and 6 the addton of the
competitor to a solution containing the partial double stranded specie probe-
target mismatch, displaces the probe from the target. Is posible to see in
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Figure 3.25: Preliminary gel electrophoresis of target/probe/conpetitor comple-
mentation. in lanes 1-8: molecular maker VIII, lane 2-3 ssDNAs, resectively the
target (120nt) and the competitor (84nt). In lane 4 the band represents the an-
nealing product of target and probe and in lane 7 annealing betweenarget and
competitor. In lane 5 and 6 two samples of the results of the additionof the com-
petitor molecule in solution; the competitor displaces the target fran the probe
originating a main band comparable with lane 7.

fact a higher band representing a double stranded DNA produtand a sin-
gle stranded molecule comparable with the one of the targetMoreover the
migration pro le of the double strands probe-target and target-competitor
after the displacement are clearly uncomparable, suggestg that strand dis-
placement performs well.

The same experiments were performed allowing the annealingf the above
mentioned combination in the origami solution and evaluating the e ects
of hybridization and displacement using uorescence respases. Bar b in
Figure 3.26FRET detection of the origami reversible openig. FRET mea-
surements of the closed disk before (column a) and after (comn b) the
addition of partially complementary target molecules. a) with the origami
in the closed state uorophore and quencher are within a Fester radius
distance and there is no emission. b) with the origami in the pen state, the
ourophore and the quencher are moved far away and green lighis emitted.
In column (c) are represented the emission values of a non cqgtementary
target used as a negative control. d) uorescence values aft the addition



CHAPTER 3. RESULTS 68

of the competitor and (e) after the addition of a competitor non comple-
mentary to the target. The low emission signal of columns a, cand e are
comparable, demonstrating the reversibility of the system gure.caption.45
shows the increase in uorescence intensity recorded aftaihe addition of a
target partially complementary to the origami probe. Moreover, following
further addition of a competitor to the suspension of reactel origami, the
uorescence intensity returned, within the experimental error, to the initial
value (column d), proving that the origami con guration was reverted. Par-
allel assays carried out with a competitor that was non-compementary to
the target produced no changes in uorescence.

Figure 3.26: FRET detection of the origami reversible opening. FRET measure-
ments of the closed disk before (column a) and after (column b) theaddition of
partially complementary target molecules. a) with the origami in the closed state
uorophore and quencher are within a Ferster radius distance ard there is no emis-
sion. b) with the origami in the open state, the ourophore and the quencher
are moved far away and green light is emitted. In column (c) are repesented the
emission values of a non complementary target used as a negativerdml. d) uo-
rescence values after the addition of the competitor and (e) aftethe addition of a
competitor non complementary to the target. The low emission signdof columns
a, ¢ and e are comparable, demonstrating the reversibility of the sstem.

To have more data, AFM imaging was performed and the opened or
closed origami were checked. The comparison of the imagesated a great
similarity with the one taken for DNA origami v.1, as visible in Figure ??
made us believe that also a non completely complementary taet in the
middle of the sequence can activate the origami nhanovalve asell as a per-
fectly complementary structure.
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Figure 3.27: (a),(b) Two representative AFM images of the sample wih the second
type of target added directly on the mica, in which we can see DNA origmi close
and open. (c) A zoomed AFM image of two open structures. (e) andf) Two

pro les referred to the lines shown in (d). Note the height of the structure: 2 nm,

and the length of the aperture in line 2: 38 nm, that is similar to the previous
DNA origami imaged.
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3.7 Actuation with linear targets

As preliminary work before improve the functionality of the origami
with viral RNAs extracted from plants, were performed some &periments
with the correspondent single stranded oligonucleotide teget molecule. The
nucleotides sequence was obtained by removing the GC clampom the
previously described targets and the sequence was orderedhéh chemically
synthesized. In a rst design, the probe linked on the DNA origami was
complementary to a conserved portion of the RNA sequence ohe Tobacco
Mosaic Virus. The e ects of the addition of the linear target are reported in
the hystogram of Figure 3.28Validation of the origami versbn 1 with single
stranded DNAs. In bar a, the closed DNA-origami in bar d the opened
object and in bar e the negative control with a non target seqence; the
data obtained are coherent with the data reported for the previous results.
In column b is reported the uorescence values of an object opned with
a linear ss target DNA and in column c the negative control (nox comple-
mentary linear target); the uorescence values are not comprable with the
one obtained with the clamp target. gure.caption.47. The same experiment
was performed also with the hairpin-shaped targets, to havea comparison
between the uorescence values obtained.

As visible in bars b and d the uorescence intensity emitted fom the
origami after the addition of a clamp target (bar b) or the correspondent
linear target molecule (bar d) are not comparable; in the rst case the results
are comparable with the ones obtained in the previously repded experi-
ments where coherently the environmental signal actuate tle DNA-based
object. In the case of the single stranded DNAs the uorescece emitted is
higher than all the negative controls (bars a, ¢, €) con rming the hypotesis
that the object opens the wings also without the G{C clamp in the molecule
of interest. Among this the signal is too low to be compared wih the un-
ambiguously increase of uorescence of bar b so to enhanceighpreliminar
result and to ensure the comparison between the actuation péormed by sin-
gle stranded and hairpined targets, a structural modi cation of the origami's
v.1 was carried out. In Figure 3.29Folding path of the DNA-origami used
for single stranded DNAs or RNAs detection. gure.caption.48 is reported a
scheme of the modi ed origami v.1. In fact on the left of the internal disk,
the edge was rmly connected with the external ring closing ame of the two
wings; on the other hand the axis of constrains (representedh green) was
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Figure 3.28: Validation of the origami version 1 with single stranded DMNAs. In bar
a, the closed DNA-origami in bar d the opened object and in bar e thenegative
control with a non target sequence; the data obtained are cohe&nt with the data
reported for the previous results. In column b is reported the uorescence values of
an object opened with a linear ss target DNA and in column c the negate control
(non complementary linear target); the uorescence values are at comparable with
the one obtained with the clamp target.

sligthly moved on the left permitting a huge opening of the right wing to-

wards the left one. This modi cation was apported with the aim of increase
the distance between the uorophore and the quencher afterihear target

complementation with the probe.

The same experiments of before were performed with the origai v.2 and
results of the actuation are reported in Figure 3.30Validaion of the origami
version 2 with single stranded DNAs. In bar a, the closed DNAerigami,
in bar b the object opened with a clamp target and in bar ¢ the neative
control with a non target sequence; the data obtained are comarable with
the results reported for the origami version 1. In column d ae reported
the uorescence values of an object opened with a linear ss tget DNA
and in column e the negative control (non complementary linar target);
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Figure 3.29: Folding path of the DNA-origami used for single strandel DNAs or
RNAs detection.

the uorescence values are now comparable with the one obtaed with the
clamp target. gure.caption.49

As visible now the uorescence signal evaluated for the origmi after the
addition of the clamp TMV target (bar b) or the correspondent linear target
oligonucleotide (bar d) are comparable and coherent with tle previously
obtained results of actuation with the clamped target. In both conformation
of the targets the uorescence emitted is higher than all thenegative controls
(bars a, ¢, €) conrming that the objects opens the right wing with or
without the GC clamp in the molecule of interest. With this pr omising
results where performed uorescence evaluation also for # RNAs of TMV,
other two plant viruses (IYSV, TSWV) and the Flavescence Doree (FD)
phytoplasma.
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Figure 3.30: Validation of the origami version 2 with single stranded DNAs. In
bar a, the closed DNA-origami, in bar b the object opened with a clamptarget
and in bar c the negative control with a non target sequence; the dta obtained
are comparable with the results reported for the origami version 1 In column d
are reported the uorescence values of an object opened with a lear ss target
DNA and in column e the negative control (non complementary linear target);
the uorescence values are now comparable with the one obtained ith the clamp
target.
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3.8 Validation with real RNAs samples

The DNA origami v.2 was validated using real RNAs samples extacted
from infected plants. The plant pathogens evaluated were:

1. Tobacco Mosaic Virus

2. Iris Yellow Spot Virus

3. Tomato Spotted Wilt Virus

4. Flavescence Doee phytoplasma

so resuming three tipes of viruses and a phytoplasma. In alllte four cases,
was evaluated the uorescence

1. when the DNA{origami is closed (as negative control)
2. after the addition of the hairpined target

3. after the addition of a non complementary hairpined targe (as nega-
tive control)

4. after the addition of the linear target

5. after the addition of a non complementary linear target (as negative
control)

6. after the addition of the target RNAs
7. after the addition of a non complementary RNAs (as negatie control)

The results of the addition of the targets in solution and thefollowing uores-

cence evaluation are reported in Figure 3.31Validation of he origami open-

ing system with TMV RNAs' samples. Column (a) closed DNA-Origami,

column (b) actauted DNA-Origami opened with a linear target, column

(c) negative control with a non complementarity linear target (d) actauted
DNA-Origami opened with a hairpin target, column (e) negative control

with a non complementarity hairpin target, (f) DNA-origami actuated with a

TMV's RNA sample (g) negative controls with non complementary RNAs gure.caption.50,
Figure 3.32Validation of the origami opening system with [YSV RNAs' sam-

ples. Column (a) closed DNA-Origami, column (b) actauted DNA-Origami
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opened with a linear target, column (c) negative control with a non comple-
mentarity linear target (d) actauted DNA-Origami opened wi th a hairpin
target, column (e) negative control with a non complementaiity hairpin tar-
get, (f) DNA-origami actuated with a IYSV's RNA sample (g-h) negative
controls with non complementary RNAs gure.caption.51, Figure 3.33Vali-
dation of the origami opening system with TSWV RNAs' samples Column
(a) closed DNA-Origami, column (b) actauted DNA-Origami op ened with a
linear target, column (c) negative control with a hon complementarity lin-
ear target (d) actauted DNA-Origami opened with a hairpin target, column
(e) negative control with a non complementarity hairpin tar get, (f) DNA-
origami actuated with a TMW\5 RNA sample (g-h) negative con trols with
non complementary RNAs gure.caption.52 and Figure 3.34Vdidation of the
origami opening system with Flavescence Doee phytoplas@a RNAs' sam-
ples. Column (a) closed DNA-Origami, column (b) actauted DNA-Origami
opened with a clamp target, column (c) negative control with a non comple-
mentarity clamp target (d) and a non complementary linear target, column
(e) DNA{origami actuated with linear target, (f) negative ¢ ontrols with non
complementary RNAs (g)DNA-origami actuated with a F3s RNA sample
gure.caption.53.

In the absence of the target, with the wings laying in the sameplane of
the crown, a low uorescence signal was detected, and as de#zed before,
the uorophore and the quencher were located within the Ferster radius of

1nm). Conversely, when a target hbridizes the probe, in all ase the FRET
separation resulted in a signi cant increase of uorescentsignal intensity.
Low uorescence intensity was recorded for the controls wihin statistical
error: when non-target DNAs (both linear and hairpin shaped) were added
to the origami solution the emitted uorescence is comparalbe with the one
of the initial state. The same results were obtained with theaddition of non
complementary real sample of RNAs.
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Figure 3.31: Validation of the origami opening system with TMV RNAs' samples.
Column (a) closed DNA-Origami, column (b) actauted DNA-Origami op ened with
a linear target, column (c) negative control with a non complementaity linear
target (d) actauted DNA-Origami opened with a hairpin target, co lumn (e) negative
control with a non complementarity hairpin target, (f) DNA-origam i actuated with
a TMV's RNA sample (g) negative controls with non complementary RNAs
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Figure 3.32: Validation of the origami opening system with IlYSV RNAs' samples.
Column (a) closed DNA-Origami, column (b) actauted DNA-Origami op ened with
a linear target, column (c) negative control with a non complementaity linear

target (d) actauted DNA-Origami opened with a hairpin target, co lumn (e) negative
control with a non complementarity hairpin target, (f) DNA-origam i actuated with

a IYSV's RNA sample (g-h) negative controls with non complementary RNAs
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Figure 3.33: Validation of the origami opening system with TSWV RNAs' samples.
Column (a) closed DNA-Origami, column (b) actauted DNA-Origami op ened with
a linear target, column (c) negative control with a non complementaity linear

target (d) actauted DNA-Origami opened with a hairpin target, co lumn (e) negative
control with a non complementarity hairpin target, (f) DNA-origam i actuated with

a TMW\s RNA sample (g-h) negative controls with non complementary RNAs
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Figure 3.34: Validation of the origami opening system with Flavescene Doee phy-
toplasma RNAs' samples. Column (a) closed DNA-Origami, column (b) &tauted
DNA-Origami opened with a clamp target, column (c) negative control with a non
complementarity clamp target (d) and a non complementary linear target, column
(e) DNA{origami actuated with linear target, (f) negative contro Is with non com-
plementary RNAs (g)DNA-origami actuated with a FDs RNA sample



Chapter 4

Discussion

Traditionally, the presence of most pathogens such as bact&, fungi and
protozoa is determined directly, usually after the growth in a pure culture.
The method has many limitations; it only works for organisms that can be
grown in vitro, it is a time consuming procedure (in the order of days),
it lacks speci city (most bacteria are identical in shape) if not followed by
often laborious identi cation assays. These limitations ae more signi cant
in the detection of viruses which cannot be grown axenically Several indi-
rect methods have therefore been developed. Laboratory tboiques such as
immunology-based methods rely on immunological based aritiodies interac-
tion for the detection of bacterial cells, spores, virusesad toxins. Although
the immunological-based detection is not as speci c and sesitive as nu-
cleic acid-based detection, it is convenient for the easy saple preparation
and has the advantage of detecting both contaminating orgaisms and their
metabolic products such as toxins. The most common examplesf immuno-
logical techniques include the enzyme-linked immunosorle assay (ELISA),
ow injection immuno-assay, enzyme-linked uorescent asgy (ELFA), im-
munochromatography, immunomagnetic separation, immunoprecipitation
assay and western-blot test. These techniques have limitédns such as the
inability to detect microorganisms in real-time, low senstivity and possible
low a nity of the antibody to pathogen belonging to diversi ed populations
or other analyte being measured with potential interferene@ from contami-
nants. A method less prone to produce false positives than imunological
methods is the Polymerase Chain Reaction (PCR), a techniquehat can
detect theoretically a single copy of a target DNA sequence.In addition
to sensitivity, PCR has distinct advantages over culture ard other standard

80
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methods for the detection of microbial pathogens, i.e. spécity and accu-
racy. Limitations of the PCR technigue includes false negaive results and
the need of enzymes to carry out the ampli cation and the time required to
perform the assay, that causes a delayed response. Convatil molecular
diagnostic techniques are widely used to identify pathoges with high re-
producibility and sensitivity but most of these techniques cannot be utilized
directly in the eld because they require sample pre-proces instrumenta-
tion, and require trained personnel. Additionally, the high costs and short
shelve half-life of some reagents, such as enzymes, limitea detection of
most conventional molecules of interest. Despite their pdormance or their
wide application, current technologies, like ELISA and PCR require exten-
sive sample preparation and have long readout times, which eélays prompt
response. A further major advancement in the detection techology has
been the introduction of biosensing.

Generally, biosensing is based on two main components: bieceptors and
and transducers (Velasco-Garcia, 2009). The principle of etection involves
the speci c recognition of the analyte to the complementary bioreceptor, in
many cases immobilized on the suitable support. The interation results in
a variation of one or more physico-chemical properties, andhe change is
detected and measured by the transducer. The usual aim is to qpduce an
electronic signal which is proportional in intensity to the concentration of
the target(s) molecule(s).

The bioreceptor is a biological molecule such as an antibogyan enzyme, a
nucleic acid, a protein or a more complex biological system.g., cell or tissue
that utilizes a biochemical mechanism for recognition. The rst objective
of the recognition system is to provide the sensor with a highsensitivity
for the analyte to be measured. Recent technical developmés suggest that
faster, sensitive and more economical diagnostic assaysrche developed tak-
ing advantage of the unique electrical, magnetic, luminesent, and catalytic
properties of nanomaterials,. The nanotechnology-basedystems have the
potential to become the core of assays to be performed in medliike blood
and milk, without sample preparation, providing fast results in simple and
user-friendly formats (Kaittanis et al., 2010). With this a im, the use of nan-
otechnology based bioreceptors could provide superior ssibility and reduce
the time of diagnosis. Many nanostructures were used as initvo nanodi-
agnostic tools e.g. liposomes (small vesicles consisting oconcentric lipid
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bilayers surrounding agueous compartments), carbon nanaibes (sheets of
graphite rolled into a closed tube), dendrimers (hyperbrarched uniform 3-
D structures), gold and polystyrene nanoparticles and quatum dots (Qds,
for diagnostic applications of bioimaging and labeling). $gnal transduction
can be achieved in optical (including uorescence and surfee plasmon res-
onance) or electrochemical manner.

This project attempted to create a novel device on which sigal transduction
and target recognition can be performed directly on a singleplatform with-
out the mediation of other biological molecules than the ons to be detected.
In this work, the device is projected to perform the detection without the
action of an operator nor the addition of reagents other thanthe solution
to be tested.

The interest in biosensing methods that perform a recordal# output signal
(electric, electrochemical, uorescent) for detection ishigh, as it is the de-
crease of the costs for equipment amenable to integration iportable instru-
ments: however, approaches that conjugate low costs and Higsensitivity
are, nowadays, still technically challenging. Size redudbn is another major
task in biosensor development, as it is the pre-requisite foportability. In
this context the use of a bottom up approach for the constructon of the
biosensors has been an innovation of fundamental importare

4.1 The bottom-up approach

The use of molecular self-assembly to fabricate objects wit nanometer
precision has been called the bottom-up approach . DNA moladar struc-
tures and intermolecular interactions are useful to the deign and construct
complex 2- and 3- dimensional objects, using chemically syhesized DNA
double-crossover molecules. Intermolecular interactios between structural
sub-units or, more generally other DNAs in solution, are deigned to have
some sticky ends that hybridize in a controlled manner accating to Watson
and Crick base pairing rules, enabling us to create specic priodic pat-
terns at the nanometer scale. Among the other methods basednoDNA
hybridization proprieties the DNA origami technique allows the folding of
long, single-stranded DNA sequences into arbitrary structires by a set of
designed oligonucleotides. The method has revealed a greatrength and
e ciency for programmed self-assembly of molecular nanostuctures and the
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production of precise addressable nanostructures with wig-reaching appli-
cation potential within the eld of nanoscience.

Rothemund (2004) has reported that the viral M13mp18 polynwcleotide
can be folded to obtain arbitrary well formed 2- and 3- dimengonal shapes
mainly used for the precise and controlled addressment of meoparticles and
biomolecules on surfaces. This recent origami technique kafound note-
worthy applications in the study and the control of the shape of DNA-based
object and in preliminary approaches to sensing. Dietz et al (2009) recently
designed, synthesized and characterized a DNA-Origami 3-Dox with a cav-
ity demonstrating that the lid of the structure can be opened after an ex-
ternal signal in the environment and therefore that DNA origami structures
can be designed to have dynamic changes induced by the inteson with
the environment. In spite of the programmability of the box lid, its opening
was only partially controllable and tunable and the change @ the position
of the lid was monitorable qualitatively via uorescence or atomic force mi-
croscopy but to gain satis ng information on the 3-D structu ral variations,
more complex techniques were required e.g. cryogenic trasesion electron
microscopy and X- ray scattering.

Here, | advance the idea of a novel biosensing strategy wherthe molec-
ular detection is performed on the surface of a disk shaped DN origami
and demonstrate its autonomous movement by di erent techniques such as
FRET, TEM, and high resolution AFM in liquid. The changing of confor-
mation of the object occurs after the target recognition andthis nanome-
chanical event can be monitored and evaluated directly withAFM imaging
due to the changing of the structure conformation or by uorescence signal
evaluation.

The highly selective recognition mechanism between compheentary DNA
sequences is at the basis of the actuation in this work. The Hyridiza-
tion of the oligonucleotides and the strand displacement pocess were used
in the project as signal activators and de-activators. In fact, because of
their extremely simplicity with which are synthesized, functionalized and
manipulated, not only nucleic acids were used as construocte material in
the DNAbased platform but also as the key of actuation: the taget RNAs
molecules of plant pathogens that in the project maintain their biological
meaning and are the object of analysis.

The project developed in this PhD thesis focuses on a protofye that could
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lead to develop a portable, simple, highly sensitive and clep detector for
diagnostic purposes based on the change of the object confoation after
the detection of an environmental signal: the DNA origami is a platform
divided in two main parts, named the internal disk and the external ring.
The internal disk is constructed to act as a switch, and the reognition of
the target DNAs is the switching impulse. This fact implies that each DNA
origami can detect di erent targets in relation to the probe hybridized on
the surface of the DNA-based platform and di erent probes canbe tested
independently. Second, the system gives easily detectahliow noise signals
that are dependent on a relatively small threshold number ofinteracting
molecules. These characteristics made this system an intesting technology
for the implementation of DNA based logics and hybrid compuing.

The DNA origami was at rst in silico designed and two software packages
were compared and choose. The individuation of the sca old stand to be
used in thein silico evaluation is a critical step due to the need of use a
sequence available at low costs with high reproducibility;however, several
aspects had to be optimized starting from the sca old sequene. The rst
point is that, as the other DNA origami in literature, the ava ilability of
single-stranded sca old strands is limited to M13mp18 or to asmall number
of other sequences derived from the M13 genome and obtained kime con-
suming preliminary phases such as the enzymatic digestionral ligation. If
longer sca old alternatives could be identi ed with high pre cision and repro-
ducibility, object larger than the one presented in this work can be obtained
without the need to anneal di erent subunits. The use of a longer sca old
strand to make available the construction of bigger structues that can have
more complex features and perform more more complex task wibut the
needs of a hybridation step between the sub-units during prduction.
Another important point is the development of automated and more com-
plete software packages for the design process. Computatial tools for
predicting complex 3-D structure of DNA origami designs bebre initiating
expensive oligonucleotide synthesis are currently lackip, especially when
complex objects that incorporate curved and twisted elemets have to be
designed. Sequence details are neglected at present, andets may specify
geometric and mechanical parameters for the double-helitddNA domains;
moreover, software packages do not model interhelical elgostatic repul-
sion and stacking interactions. In an iterative manner of design and analysis
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should lower the barrier to the design of sophisticated DNA aigami shapes.
Among the 3-D origami, an advance toward more complete and ey friendly
software can be appreciable also for 2-D structures with coplex features
on the surface such as the IF origami; the choice of design pameters is one
of the most time-consuming steps and requires a substantiainderstanding
of DNA behaviour and folding. Future advances in DNA-based ranostruc-
tures and their design will require a mature understanding @ the kinetics
and thermodynamics of self-assembly within and between DNAbuilding-
blocks.

The structural information on the shape of designed DNA was gined with
microscopy techniques such as TEM for a rst screening of theannealed
structures and then with liquid phase AFM. AFM imaging direc tly revealed
the formation of isolated DNA origami nanostructures of the expected diam-
eter and height, coherently with the in silico models. No double layers were
evidenced so no interaction forces were revealed between BNorigami sur-
faces. From the images on the contrary, stacking interactios were evident
between external edges; in fact with the rst rough design ofthe disk, many
clusters of objects were clearly visible. A lot of origami naostructures ap-
peared to be connected on their side, conceivably, due to ietactions forces
between the edges. After the modi cation of the st design inserting 4T
tails on the oligonucleotide terminus protruding from the origami, the inter-
actions between disks evidently decreased and just a portioof the origami
appeared to be connected in couples.

In small percentage the disks appeared incomplete, missingften the inter-
nal disk, part of the external ring or both. There broken structures can be
imputated mainly to the performance of the annealing proces; the frequent
absence of the internal disk suggested that in some cases tliak between
the disk and the crown is too weak to maintain a well formed stucture. The
lack of small parts of the structure can also be accounted toip damages
during the imaging. A weakness in the DNA-origami method is he absence
of quantitative tools for the analysis of defects occurrene in complex DNA-
based nanostructures. Test structures should be designea tevaluate folding
errors during the annealing steps to produce wrong geomets and, in addi-
tion, more work is needed to investigate the kinetic aspect®f self-assembly,
such as the concentration of staple strands compared to thecs old.
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4.2 The actuation

One of the major challenges for the use of nanodevices is thehbility
to perform actuation and motion at the nanoscale. These moveents are
usually based on conformational changes, which are trigged by changes
the ionic composition of the medium or by the hybridization event between
complementary single strands of nucleic acids. The conforational changes
are transitions between single stranded DNA and duplex DNA o between
unusual and conventional DNA conformations. The rst example of DNA
nanomechanical device demonstrated was based on the BZ traition of
DNA (Mao et al., 1999); the device consisted of two nucleic ads molecules
connected by a well designed sequence that could be convedtdrom nor-
mal right-handed DNA (known as B-DNA) to a left-handed conformation,
known as Z-DNA (Mao et al., 1999). The problem with this device is that
it is activated by a small ionic molecule, and with all devices sharing the
same stimulus, an ordered collection of those DNA-based metules would
not produce a diversity of responses.

A dierent approach towards nanoscale motion was taken by Nieneyer's
group (Niemeyer et al., 2001). In their device, DNA supercding was in-
duced by the presence of magnesium ion and this principle wastilized to

produce nanoscale movements and variation in the DNA-netwrtk connec-
tivity that could be characterized using AFM.

A di erent operational principle for DNA devices was introdu ced by Yurke
and colleagues (2000); they developed a protocol for a sequee-control de-
vice with tweezers-like motion. A so-called set strand cordining a non-
pairing sticky ends, hybridizes to a DNApaired structural framework and
sets a conformation; another strand that is complementary b the set strand
is then added, binding to both pairing and non-pairing portions, and re-
moves it from the structure, leaving only the framework. The conformation

of the DNA device can be ipped back and forth by adding di erent set
strands followed by their complements. A variety of di erent devices can
be controlled by a diverse group of set strands. A variation 6the tweezers
was termed DNAscissors were tweezer structures are joined/kshort carbon
linkers (Mitchell et al., 2002). A more complex device was costructed by

Seeman and co-workers based on multiple crossover motifs ¥ et al., 2002)
and using branch migration; a DNA structure can be switched ketween a
four-stranded DNA structure that can be partly removed and replaced to



CHAPTER 4. DISCUSSION 87

DNA sections without crossovers.

Resuming, this DNA nanoactuators have been built from DNA mdecules
which switch between two stable conformational states, depnding on con-
trollable parametres such as the presence of complementarstrands or the
ionic composition of the medium.

The DNA origami used in this thesis, worked as actuator in theapplication
as a DNA switch including, into the DNA device, a functional nucleic acid
(the probe) acting as a switchable element between two state It was found
out that the DNA origami conformation can be changed after exposure to an
environmental signal such as a complementary DNA target segence. The
probe was linked to the surface by hybridization to two oligonucleotides
protruding from the origami surface; for operation, a compkementary tar-
get molecule long 120 bases was designed and synthesized.o@uction of
target and probe was initially accomplished by enzymatic maipulation but
for fastness, simplicity and higher reproducibility, sucholigonucleotides were
chemically synthesized in their full length. Atits rst use , the DNA disk was
tested with a target with a GC clamp of 18 nucleotides to ensue a stable
hairpin shape. DNA origami was visualized as a planar, homogneous and
compact disc when closed, while with the addition of such a miecule, the
it shows two evident long openings separated by a DNA bridgeri the mid-
dle when switched. This structural information was obtained only by AFM
imaging; the visualization by TEM resulted ambiguous and nd coherent
with the expected disk shape and dimensions. The operationfdahe origami
actuator was tested both with the origami in solution and with the origami
deposited on a solid mica surface. The statistical analysi®n the actuation
e ciency in the two experimental con gurations provided co mparable data.
Since, in order to successfully hybridize with the target, he origami should
lie on the substrate surface face-up, the two data are condisnt; the small
di erence between the observed (48%) and the expected (one Haof 86%)
means, although within a statistical error, may be explaina with a orien-
tation preference when the origami were deposited on mica,sait has been
reported before for other origami (Rothemund, 2006).

Moreover, the observations indicated that the actuation face was large
enough to overcome the electrostatic and van der Waals intexctions be-
tween the DNA origami actuator and the substrate, as well as he stacking
between the external edges of the internal disk and the intaral edges of
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the ring in which no Ttails or loops were inserted to prevent interaction

forces, demonstrating the applicability of our strategy far integration of

DNA origami actuators with solid state detectors and electronics. The force
exerted depends on the formation of the probe/target hybrid pair that is

constrained by the G-C clamp designed in the target hairpin.

Another problem considered during this thesis was the detamination of the

DNA origami orientation upon origami dispersion on a solid sirface. For
this purpose | modi ed the DNAQOrigami, linking the external edges of the
internal disk to the internal edges of the crown and added an symmetric
IF structure placed on the internal disk of the origami.

This feature was designed to have the letter | higher than theother parts
of the disk and the F designed to be a hole, and with the aim of ofaining

an indication on whether each origami was face-up or face-een. However,
the IF structure did not help to unequivocally understand th e orientation,

due to the too small dimensions of the F features, not suitak# for routine
visualization by AFM. The resolution was mainly limited by t he tip sharp-
ness and by the imaging noise; in the best experimental contibns only few
images showing clearly enough the IF design were taken. Theopography
resolution achievable in AFM was better when the scanning wa high-relief
rather than the low-relief.

To integrate a further degree of exibility in our nanodevice, | presented a
design that makes the conformation change of the DNA origamiactuator

reversible, by using probe/target pairs that were not fully complementary.
This design implied a rst hybridization step between the probe DNA on
the DNA origami and a partly complementary target for forward actua-
tion which brings the two diametrically opposed edges of theinternal disk

close to each other, forming two clearly distinguishable smicircular gaps in
the origami center (the wings). The hybridization event between the probe
and the target left an uncomplemented sequence of 34 nuclddes in the
middle of the newly formed partially double stranded specis. This single
stranded site is the starting point of the reverse actuation performed by
displacement the probe/target hybrid by adding an excess arount of an

additional oligonucleotide named the competitor. The comgetitor is a single
stranded DNA perfectly complementary to the target and 84 nucleotides
long. The perfect complementarity of target and competitor ensured target
displacement from the probe and caused reversal of the origai to its origi-
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nal con guration; the wings, which are no longer subject to the tensile force
generated by the hybridization, relax to the initial conformation so that
the internal disk is on the same plane of the external ring. Beause of the
unsuccessful screening via standard gel electrophoresiseside AFM imag-
ing, a fast and qualitative method based on insertion of a Foster resonance
energy transfer (FRET) couple in the structure was introduced to monitor
the conformation changes of the DNA origami associated wittthe structure
motion following the target addition. The DNA origami was assembled with
a staple strand on the external edge of the internal disk labked with a u-
orophore (6-FAM), and with an oligonucleotide on the internal edge of the
external ring labeled with a quencher molecule (BHQ-1). In he absence of
the target, in the relaxed initial position, a low intensity signal was detected
since uorophore and quencher were located within the Forser radius (?1
nm). A uorescence intensity comparable with the one of the dosed origami
was recorded when a non-target DNA was added to the origami spension.
Conversely, when the edges of the internal disk were constired following
the addition of a probe hybridizing target, the consequent FRET couple sep-
aration resulted enough large to signi cantly increase the uorescent signal
intensity. Moreover, following further addition of the com petitor to the sus-
pension of reacted origami, the uorescence intensity retmed to the initial
value within the experimental error, demonstrating that th e origami con g-
uration was reverted. Parallel assays carried out with a corpetitor that was
non-complementary to the target produced no changes in uoescence.
Nanotechnology is expected to be a key technology for the delopment of
lab on a chip, where miniaturized devices and mechanically mwvable parts
are assembled on a single chip to e ciently perform requiredtasks. Through
the present work an alternative to traditional devices is proposed, due to
the moving nucleic acids-based arti cial structures, congguent to a biologi-
cal signal and operating in wet conditions. The motion is prwided directly
on the surface of the DNA-based origami, without the need of itermedi-
ate operations performed by skilled personnel. In contrastmost arti cial
molecular machines reported so far are less sophisticatechd cannot achieve
complicated motions.
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4.3 Validation with linear targets and real samples

The same experiments on the actuation were performed usingrear tar-
gets, removing the GC clamp of the hairpin molecule of interst. The use
of the DNAorigami v.1 gave no satisfying results; the uoresence values
detected for the linear targets were higher than the negatie controls sug-
gesting that actuation was performed but not e ciently as oc curred for the
hairpin targets. To improve e ciency the design was revisedin silico. The
left wing was blocked on the external ring by substituting sane oligonu-
cleotides and the axis of constrain was slightly moved to thdeft toward the
blocked part. This modi cation was performed with the aim of increasing
the distance between the uorescent and the quencher moledes; actually
with such a modi cation, the uorescence recorded with linear targets and
clamp targets was comparable.

The system was then tested with real samples, such as RNAs fro plant

pathogens. Two kind of pathogens were evaluated : the Flavegnce Doree
phytoplasma and three di erent viruses: TMV, IYSV and TSWV. T he list

includes important plant disease agents, which are include in quarantine

lists in Europe and whose detection in the eld at the beginning of the grow-
ing season is crucial to prevent epidemics. TMV (genus Tobamvirus) is the

model system for plant RNA viruses. Its accumulation as vird particle and

free RNA is very high during the replication cycle in the plant, therefore it

is a good starting point for setting up a new detection method Moreover,

TMV is still a problem in cultivars (like local tomato crops) that do not

carry a speci ¢ resistance gene (Knapp and Lewandowski, 20d0.

TSWV (genus Tospovirus) is representative of a group of virses with a great
economic impact for agriculture worldwide. TSWV is now one d the major

threats to tomato and pepper crops, given the rapid and widepread occur-
rence of resistance-breaking strains (Adam and Kegler,199 Aramburu and

Marti, 2003). 1YSV (genus Tospovirus) has been only recentf shown to be
a concern for onion crops in Italy, and is on the lists of the ptential threats

for our agriculture, and the currently available screening methods are not
well suited for the IYSV strains present in Italy (Gent et al., 2006; Cosmi et
al., 2003). Candidatus Phytoplasma vitis, the phytoplasmaassociated with
Flavescence doree (FD), is a quarantine pathogen of grapaw that causes
severe economic loss. The detection of such as pathogens hithe DNA

origami v.2 revealed that the uorescence intensity recorad with syntethic
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oligonucleotides for those pathogens was comparable withhe recorded from
real RNA sample.

For what concerns the diagnostic approach, the DNA-origamiv.2 can be
e ciently actuated both with clamped and linear targets and was validated
with real samples of plant pathogens RNAs extracted from plats. Although

| applied the biosensor only to detect nucleic acids, but thedetection princi-

ple and the mechanism of the actuation can be applied to othemteractions
occurring between di erent molecules and in di erent environments.
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4.4 Future applications

Plasmon Resonance

Surface plasmon resonance (SPR), a phenomenon involving éhconduct-
ing electron oscillations induced by the interaction of licht with a metallic
Im, as gold or silver on a transparent medium. As incident light interacts
with the metal interface at angles larger than a critical ong the re ected light
displays a characteristic increase, due to resonant energyansfer from the
incoming photons to surface plasmons. The wavelength or aig at which
resonance occurs depends on the refractive index of the awyé and the
changes in local refractive index at or near the metal surfage. Hence SPR
can be used to study the speci city, a nity and kinetics of bi omolecular
interactions and to measure the concentration levels of arigtes in complex
samples. One of the most widely used metals is gold that enaé$ the reso-
nance shift due to refractive index changing thereby increaing the separa-
tion between resonance wavelengths and consequently in@®ing sensitivity.
In this context the DNA-based device described in this work @n be used as
a convenient platform on which noble metal nanoparticles (eg. AuNPs) of
various sizes can be addressed with high precision and sdigity. Placing a
NP on the external edge of the internal disk and another NP on he internal
edge of the external ring, variation in plasmon resonance ¢abe used to mon-
itor the progress of actuation after the recognition betwee& complementary
nucleic acids molecules. SPR in this way is used to monitor leimolecular re-
actions such as DNA hybridization with the set-up presentedin this thesis,
or other molecules changing the probe hybridized on the origmi surface.
Another application of the DNA-Origami platform to SPR is th e possibility
to monitor the shift of the resonance after the actuation with targets non
perfectly complementary to the probe; it is interesting to know how the
double stranded conformation a ects the opening of the DNA-aigami. A
set of targets can be designed and synthesized to have di er¢rmlegrees of
hybridization with the probe. In this way part of the probe is expected to
be coiled and, on the bases of the length of the mismatch wit the two
oligonucleotides, tunability of the wavelength of the exctation light of plas-
monic nanostructure can be achieved.
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Integration in complex devices

The construction of machines and actuators is one of the goalof nan-
otechnology. Self-assembly of nucleic acids allows the irmiduction of het-
eroelements such as nanoparticles (as described in the pieus paragraph)
and other biological molecules (e.g. proteins) increasinghe DNA-origami
functional potential, especially when precise control of he placement and
orientation are required. Due to the synthetic characteridic of the oligonu-
cleotides, the sequences can be conveniently synthesizeddafunctionalized
with attachment groups (e.g. biotins, ammines, thiols) on the basis of op-
erator needs. In example, for the integration of proteins, tigonucleotides
were coupled in a unique position before puri cation of the @njugate (Chen
et al., 2011). Referring to the same principle, thiolated oigonucleotides can
be synthesized and integrated in DNA-Origami platforms to address in con-
trolled manner gold nanopatrticles (Ding et al., 2010) or in the same way to
link the nucleic acids nanostructures to gold surfaces withbonds stronger
than the simple electrostatic interaction.

Functionalization of part of the origami's oligonucleotides in a pre-determined
position enables the integration of DNA-based nanostructues on inorganic
surfaces. Many lithographically patterned deposition of aganic compounds,
including DNA nanostructures (Sarveswaran, et al. 2006) dmonstrated that
highly selective adsorption is possible, but the moleculesvere smaller than
the lithographic features. DNA origami structures such as te triangles of
Rothemund (2006) are just large enough (127 nm) to overcomdtbgraphic
limits and a general method for the placement and orientation of individ-
ual DNA origami on lithographically patterned surfaces was developed in
recent years (Kershner et al., 2009). In another strategy (@rdon et al.,
2009) top-down fabrication and bottom-up self-assembly wee combined to
achieve deterministic position control of DNA origami structures over mil-
limeter length scales on a wafer. Using these methods, it wademonstrated
that the delivery of a single DNA-origami structure onto lit ographically pat-
terned surfaces can be controlled.

Additional work and studies have to be carried out for preci® addressment
of complex DNA-origami nanostructures on surfaces, in example and allow
the individuation of a de ned number of molecules in a pattem on a surface
coupled to DNA origami actuators.
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In the context of the nanovalve prototype reported in this thesis, many
origami disks can be addressed on a inorganic surface to foran array to
allow multiple analysis experiments on di erent targets using speci c DNA-
based probes. Another important task that can be achieved inthis context
is the precise orientation of the disk: addressing its down wface with pro-
truding thiolated oligonucleotides potentially interact ing with a patterned
gold surface should be an important advance to orient the uppr face to the
solution containing the target mixture.

Integration of functional nucleic acids

As previously described, the DNA-Origami surface can be adassed in
many ways, and the probe on the upper face of the internal diskcan be
substituted with other functional nucleic acids. For example, the probe can
be substituted with an aptamer molecule or a DNAzyme, singlestranded
nucleic acids able to recognize speci ¢ substances preseimt the environ-
ment; the recognition event could permit the change of confomational
change of the aptamer or of the DNAzyme allowing the indirectvariation
of the origami structure. In this way, beside nucleic acids,other biological
molecules can be investigated such as, in example proteins wxins, increas-
ing the potential of the speci c actuation on DNA-based objects. Another
ambitious goal in the context of sensing, is that the DNA-ba®d platform
may be conveniently placed on a hynorganic surface to creatarrays of sens-
ing spots on which can be recognized di erent target with di erent probes,
completely independently one from each other in the case of ab-on a chip
integration of the actuation process. In this context, the project here pre-
sented is mainly inserted in the context of the development 6 innovative
analytical techniqgues and methods with potential applications in the bio-
logical and medical elds, with the aim of collecting detailed informations
reaching the single molecule detection.



Chapter 5

Conclusions

A fascinating target for research in nanotechnology is to g the ability
to precisely move molecules and nanosized objects under mise control. Di-
rectional, revertible motion on a well de ned path in dependence of a single
molecule recognition event could open visionary scenariosf development
of nanofactories, i.e. minute assemblies of ordered molel@s that can move
coordinately to e ciently produce new chemicals or perform functions mim-
icking a live organism.
Here | presented an autonomous, revertible nanoactuator irwhich the per-
ception of an environmental signal is associated to the chage of confor-
mation of a DNA-origami. The advancement presented n this tresis is the
transduction of a nucleic acid recognition signal into a sigal consisting of
a macromolecular structure change, that is a step forward tward the con-
struction of biological and synthetic systems able to perfom a controlled
answer only when a given reaction occurs. The development cfuch a de-
vice overcomes the constraint of many detection devices, sh as the need to
combine several single components to be assembled in inteediate setups,
and then implemented.
The development of complex nano-sized objects capable of taation upon
single molecule interaction may represent a progress in th@roject of in-
tegrated, intelligent, rapid and high throughput analysis devices working
with low volume sample/reagent due to the strict and direct molecular con-
tact occurring between the units involved in the reaction. In addition, the
reversibility of the actuation and the e ectiveness of the mechanism pre-
sented with the origami in solution and deposited on a surfae expands the
potential range of applications. This DNA origami with reversible actua-
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tion combines the characteristics of structure stability and high information
density, and can be used as platform for addressing, movingrna modifying
nanomaterials or can be assembled into patterns with requied directionality
to guide matter or energy transfer when integrated with eledrically active

components.

Due to its fabbrication principle, this DNA-origami is well suited for in-
tegration with DNAzymes or DNA aptamers into more complex molecular
machines in which the origami may switch between alternatie position to
address the point where a molecule attached to a functional ucleic acid
has to be brought by the motor. Another option could be the useas a u-
idic nanovalve, with solution se possible separation of a ervoir from the
environmental solution, mediated by the DNA-origami that acts like a mem-
brane. The selective autonomous change of conformation ohe nanovalve
can be applied to selectively open a hanopore, transducinghe signal of the
presence of a molecular target into the opening of a channehat can result
in the release of drugs in controlled manner.

There is much research into targeted drug delivery to the appopriate part

of the organisms with controlled release of the medical sultances over an
extended period of time because this approach ensures thedection of un-
wanted collateral e ects. The implication of the autonomous nanoactuator
principle is that responsive DNA-origami could be programmed to deliver
their toxic cargoes in a speci ¢ fashion, thereby maximizirg e cacy while

minimizing side e ects. Therefore the DNA origami actuator developed
in this work has potential for both in vitro and in vivo applic ations. With

added functionalities, the DNA Origami nanoactuator seemsto be a promis-
ing technology for the future nanomaterial science.
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List of oligonucleotides

All the substitutions are intended referred to the DNA origami v.1.

Yellow: Oligonucleotides on the internal right edge of the eternal ring
Grey: External oligonucleotide of the external edges of theaing
Blue: Oligonucleotides on the left edge of the internal disk
Dark Green: Oligonucleotides on the right edge of the interal disk
Light blue: Oligonucleotides of the internal disk
Red: Oligonucleotides of the ring
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Probe
5'-CGATCCGACCTTCCTCCCTCCTCCTCTTCCCTTGGGTCGAAC
ATTGCTCGTCGTCACTGGGTCCTGCTCATATTGGGTTTACAGCTC
ACATAGGTAGACTTTAGCTTCCCGGGCTCGCAG-3'

Target
5-GGGCGGGGCGGGGGCGCGAAAGTCTACCTATGTGAGCTGTA
AACCCAATATGAGCAGGACCCAGTGACGACGAGCAATGTTCGACCCA
AGGGAAGAGGAGGACGCGC cceeaeeeeacecee-3

Target mismatch
5-GGGCGGGGCGGGGGCGCGAAAGTCTACCTATGTGAGCTGTAAA
TTTGGCCGAGTTCAAGTTACTGACGACAAGTTCCTGTTCGACCCAAGG
GAAGAGGAGGACGCGCcceeaeceecececee-3

Competitor
5-TCCTCCTCTTCCCTTGGGTCGAACAGGAACTTGTCGTCAGTAAC
TTGAACTCGGCCAAATTTACAGCTCACATAGGTAGACTTT-3'

To link a probe to the origami substitute

DkD4 with LinkerDx:
5'-GGGAGGAAGGTCGGATCGCTACCATCGGAACAAAGAAATCTGAAT
AATGGAAGGGTTAG- 3

DkS3 with Linker Sx
5-TGGTTTGAAATATACAAATCATGCTGCGAGCCCGGGAAGCT -3

For the FRET visualization substitute
DkD3 with DkKFRET
5'- 6-FAM- TAGAGCCGTCAATTTAAAAGTTTGAGTAACATTA -3

Crl3 with CrFRET
5'- CCTGAGTAATGACAAGAGA { BHQ1 -3
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Seeman junction. The motifs. e.g PX and its topoisomer
JX, can result from reciprocal exchange of parallel double
elices of DNA molecules, forming a crossover at every posi
juxtaposition between them (from Yan, 2002).. . ... .. ..
Hybridization Chain Reaction working principle. Two hairpin
species, H1 and H2, are stable in solution but when a single
stranded molecule called initiator (I) is added in solution,
triggers the hybridization event between the hairpin speces
originating a DNA-based polymer (from Dirks et al., 2004). .
DNA dendrimers. As rapresented in the gure above, many
oligonucleotides complement each other by hybridization érm-
ing an Y-shaped monomer. Due to the complementary of the
monomers' sticky ends, rami cated comlpex structures made
of the same monomer units can be obtained (from Liet al.,
2004). . .. e
Two dimensional DNA-Origami. The DNA origami obtained
by Rothemund in 2006 are stars, smiley faces and rectan-
gles. With precise and localized modi cation of the surface
of the origami, north and south america and other well de-
ned shapes were obtained and visualized with AFM.

Three dimensional DNA-Origami. The DNA origami ob-
tained by Andersen in 2009 is a 3-D cube opening the lid
after a hybridization event. The images were obtained with
cryo-EM (Andersenetal.,, 2009). . ... .. ... .. .....
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how bending enables the design of intricate nonlinear shase
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1.8 Addressment of gold nanoparticles on DNA-origami surfees.
On the left, schematic drawing of the assembly of six AUNPs
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strand hybridization. In panel a SEM image of six-AuNP
linear structures organized by triangular DNA origami and
in panel b zoom-in image of one assembled origami-AuNP
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1.9 Speci c placement of streptavidin molecules on a biotirmodi ed
DNA origami surface. The DNA-based arrays, incubated
with streptavidin, revealed bright spots corresponding to the
protein at the expected position (from Lund et al., 2005).

1.10 Speci c placement of streptavidin molecules on a bioti-modi ed
DNA origami surface. The DNA-based arrays, incubated
with streptavidin, revealed bright spots corresponding to the
protein at the expected position (from Kershneret al., 2009).

1.11 Schematics of the squared lattice DNA origami on the lef
and correspondent TEM images on the right (Keet al., 2009).

1.12 Schematic models and TEM images of 3 by 6 helix bundles.

As visible from the TEM images (scale bars 20 nm), com-
bining site-directed insertions and deletions induces gloally

bent shapes, programmed to di erent degrees of bending (re-
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3.1

Schematic working principle of the FRET mechanism. The
absorption of energy by the donor, results in excitation fran
the ground state SO, to an excited singlet state S1. . . . . ..
3D DNA cube made with origami face and with control-
lable lid. The M13mpl8 was folded to generate six inter-
connected sheets, which were subsequently arranged to form
a 3D box; the edge of the box were than bridged with more
staple strands, resulting in a cuboid structure. The lock{key
system to open and close the lid of the box was obtained by
the attachment of two sets of complementary DNA strands
to the lid and an adjoining face to achieve the closed lid. The
strands on the adjoining face had sticky-end extensions to
provide the displacement of the complementary DNA on the
lid by an externally added key strand, which opens the lid.
This selective lid opening was con rmed by uorescence res-
onance energy transfer between the uorescent dyes attaclie
to both of the faces (Andersenet al., 2009). . . . ... .. ..
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surface. When the tip is brought into proximity of a surface,
forces between the tip and the sample lead to a de ection of
the cantilever, measured using a laser spot re ected from tk
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3.2 Base sequence schematics for the probe/target and tarjeompetitor
actuation system. lllustration of the reversible system cm-
cept. a and b) The target (harpin) reacts with a probe (red)
that complements only on its terminal parts with the tar-
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the molecules. This not complemented site remains availabel
for a third DNA molecule involved in the reversible switch-
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is perfectly complementary to the target and, fueled by the
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nucleotides mismatch, triggers the detach between target iad
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visible, the folding path resulting from caDNAno does not
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100nm in length and the same measure in width. . . . . . .. 42
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molecules. a) with the origami in the closed state uorophoie

and quencher are within a Ferster radius distance and there

is no emission. b) with the origami in the open state, the
ourophore and the quencher are moved far away and green
light is emitted. In column (c) are represented the emission
values of a non complementary target used as a negative con-
trol. d) uorescence values after the addition of the compet-

tor and (e) after the addition of a competitor non comple-
mentary to the target. The low emission signal of columns

a, ¢ and e are comparable, demonstrating the reversibility b

the system. . . .. . . . . ... 63
(a),(b) Two representative AFM images of the sample wih

the second type of target added directly on the mica, in which

we can see DNA origami close and open. (c) A zoomed AFM
image of two open structures. (e) and (f) Two pro les referred

to the lines shown in (d). Note the height of the structure: 2

nm, and the length of the aperture in line 2: 38 nm, that is
similar to the previous DNA origami imaged. . . . ... ... 64
Validation of the origami version 1 with single strandel DNAs.

In bar a, the closed DNA-origami in bar d the opened object

and in bar e the negative control with a non target sequence;

the data obtained are coherent with the data reported for

the previous results. In column b is reported the uorescene
values of an object opened with a linear ss target DNA and

in column c¢ the negative control (non complementary linear
target); the uorescence values are not comparable with the

one obtained with the clamp target. . . . . ... ... .... 65
Folding path of the DNA-origami used for single strandel
DNAs or RNAs detection. . . . . . ... ... .. ... .... 67



LIST OF FIGURES 121

3.30 Validation of the origami version 2 with single strandel DNAs.
In bar a, the closed DNA-origami, in bar b the object opened
with a clamp target and in bar ¢ the negative control with a
non target sequence; the data obtained are comparable with
the results reported for the origami version 1. In column d
are reported the uorescence values of an object opened with
a linear ss target DNA and in column e the negative control
(non complementary linear target); the uorescence values
are now comparable with the one obtained with the clamp
target. . . . .. L 68
3.31 Validation of the origami opening system with TMV RNAs'
samples. Column (a) closed DNA-Origami, column (b) ac-
tauted DNA-Origami opened with a linear target, column (c)
negative control with a non complementarity linear target (d)
actauted DNA-Origami opened with a hairpin target, column
(e) negative control with a non complementarity hairpin tar -
get, (f) DNA-origami actuated with a TMV's RNA sample
(g9) negative controls with non complementary RNAs . . . . . 70
3.32 Validation of the origami opening system with IYSV RNAs'
samples. Column (a) closed DNA-Origami, column (b) ac-
tauted DNA-Origami opened with a linear target, column (c)
negative control with a non complementarity linear target (d)
actauted DNA-Origami opened with a hairpin target, column
(e) negative control with a non complementarity hairpin tar -
get, (f) DNA-origami actuated with a IYSV's RNA sample
(g-h) negative controls with non complementary RNAs . . . . 71
3.33 Validation of the origami opening system with TSWV RNAs'
samples. Column (a) closed DNA-Origami, column (b) ac-
tauted DNA-Origami opened with a linear target, column (c)
negative control with a non complementarity linear target (d)
actauted DNA-Origami opened with a hairpin target, column
(e) negative control with a non complementarity hairpin tar -
get, (f) DNA-origami actuated with a TMW\s RNA sample
(g-h) negative controls with non complementary RNAs . . . . 72



LIST OF FIGURES 122

3.34 Validation of the origami opening system with Flavescace
Doee phytoplasma RNAs' samples. Column (a) closed DNA-
Origami, column (b) actauted DNA-Origami opened with a
clamp target, column (c) negative control with a non comple-
mentarity clamp target (d) and a non complementary linear
target, column (e) DNA{origami actuated with linear target ,

(f) negative controls with non complementary RNAs (g)DNA-
origami actuated with a FDs RNA sample . . . ... .. .. 73



