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Abstract

DNA origami nanotechnologgngineerdDNA as thebuilding blocksof newly conceived
selfassembledmaterialsand devicesDue to its high degree of customization atsl
precisespatial addressability, DNA origami provslan unmatchegblatformfor nanoscale
structures and devicelesign

Gold nanoparticles (AuNP) have been largely investightsduse ofheir peculiar optical
properties and in particular theéocalizedsurfaceplasmonresonanc¢LSPR) thatmodifies
significantly the electromagnetic environment in a thin shell around them, and pravides
tool with unrivalled potentiaio tunethe local optical properties

The combination of DNA origami frameworks and AultiRo DNA basedplasmonic
nanostructures offera concrete approacfor optical properties engineering. It has been
successfully applied to design biosensor and to enhancenRaratiering or fluorescence
emission. Moeover it has beerexploited todesign molecular rulein which the inter
particle gapis controlled with nanometrigrecision through the transduction of the
conformational changes into univocally detectable apsgnals

In this thesis | present my Phidork which aims atthe design ofan environment
indepemlent AUNP decorateDNA origami. A tetrahedral DNA shapstructure has been
selected for its three dimensiomabustness and thus a DNA origami prototyps leen
assembledcharacterized with SEM, TEM and AFM to verify the proper foldaighe
structure. The origamhas beerequipped with an actuator probe which recognizes a
specific target oligonucleotidaducing a structural reconfiguration of the tetdion. To
detect the conformational change triggered by the hybridization evamigtionalizedthe
origamiwith two gold nanoparticleplaced in two opposite facets at a known distance of
10 nm: the change of the interparticle gap is effectively traregtiin a LSPR shiftThis
working principle has been verified with optical extinction measurements tlaad
interparticle distance reduction has beenfirmed bySEM imaging andSAXS analysis
performed in the SAXS beamline of Elettra Synchratrtémus conirming that the
operation of the device and its transduction mechanism are the same no matter of the
external conditions,ding them dry, liquid or solid.

In the first partof this thesid will introduce you to DNA origami technology and AuNPs
decorationusing a rectangular shape nanostructure used for the working conditions
optimization. The peculiar and robust shape of the DNA origami rectangle can be exploited

as a platform to evaluate AUNPNA origami linkage and purification.



Successively, | will wdd you throughthe core ofmy PhD projecthow the synthesis, the
purification, and the AuNP decoration of the tetrahedral DNA orighae been
optimized, all the characterization performed on the structure and the results obtained with
the different analgis.

Finally, 1 will present a collateral activity performed in collaboration with the University of
Melbourne, in which we encapsulate DNA origami in a Metal Organic Framework (MOF).
The protection offered by the crystal growth around biomolecule, incise DNA
origami, would enhance the hdife of the DNA origami structureaddressing a topic,

DNA-origami conservation, not yet considered in literature



1 Introduction

1.1 DNA Nanotechnology origin and applications
1.1.1 The molecule of life

The deoxyribonuclei acidor DNA is the polymerresponsibleof the genetic information
storage The moleculas composed bfundamentablockscallednucleotides characterized
by three specific units: a suga,phosphate grougnd a baseThe pentose sugan the
form of (3D-2-deoxyriboseis connectd through carbon 5Njo tri-phosphate grou@and
throughcarbon1Njp the baseThebases are nitrogerontaining ringmoleculesclassified

as the dewiatives of two parent compoungsyrimidine and purineWhile pyrimidines are
composed byan aromatic heterocyclic compoudd are uracil (U), cytosine (C) and
thymine (T) purines consisbf a pyrimidine ring fused to an imidazole rimopd are
adenine (A) and guanine (G). Phosplestierbondbetween nucleotides induces the loss of
two of the three phosphate groups, providimg ¢nergy content necessary for the reaction
which formsthe linearfilamentof DNA.

Nitrogenous bases hydrogenndhi oposite DNA filaments to form the rungs of the
"twisted ladder" or double helix of DNA followingigid baseparingrules, n particular
adenine is always paired witthymine thhough two hydrogen bonds whileuanine is
always paied with gtosinethrough a stronger connection due to the third hydrogen bond
(Figure 1.1a)

© Hydrogen a) ) b)

© Oxygen \‘\
@ Nitrogen
© Carbon
© Phosphorus

Minor groove

Major groove

Figure 1.1 a) Atomic model of DNA moleculeb) Photograph 51first X-ray diffraction image of DNA taken by a PhD
student of Rosalind Franklin in 1952

Single strandDNA is a reactivemolecule, but the possibility to share hydrogen bonds

between filaments stabilizéise plymer through the formation ofdouble helix structure
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The interaction and the spatial organization of the DNA is further strengthen by the
hydrophobicity of the bases which are arranged within the structure and by the
hydrophilicity of the phosphorisugar backbone which is placed outsidehe 3D
configuration of DNAwas figured out by Rosalind Franklim 1952 through Xray
diffraction analysis(Figure 1.1b) one year lateWWatson and Criclpublisheda paperon
Nature describing themost widespread form of doublehelix [1]. They observed a
periodicity ofabout0.34 nmamongresidue, with a rotation beveen adjacent nucleotides

of ~ 34°, completingone turnaroundits axis every 10.4 10.5 base pairaith an helical
diameterof 2.0 - 2.2 nm. In this repetitive 3D geometry it is possible to recognize minor
groove and major groove, the latter is wider and represents the anchor point for many
DNA-binding proteinsThe heterepolymer is directional because tketasymmetry of the
sugar which has four carbon inside the cyclic structure and the fifth is outside and also
because of the phosphate gropgpsition involved in the link with carbon NjThis
directionality is maintained in the replication of the molecule, in the content and in the
reading of genetic information.

The molecule of DNA is the designed materiak the information storage and
propagationrepresenting the genomesfbliving virus,onecell prokaryotic organismp

to more complexand evolved eukaryotiove organisms as human being.

In the eukaryotic celld)NA is stored insid the nucleus andedpiteit is well protected by

a strongbarrier called nucleus membrarie,can receive external stimiyl rework them
togetherthrough the help of dedicated proteins and chemmygsical input,in order to
formulate the response and depending orrélja@irementhe wholecell expressiorcan be
modified

The doublehelix has a stable ofiguration which allows a calculatedhalf-life of 521
years;the pairing of the helices throu@lasestacking interactionis energetically favored,
promotng a longtermstabilization of the molecule.

The recognition affinity,the programmability and thenechanical propertiesf the DNA
triggered researcheto employit not only as abiological target but als@as an effective

material opening a completely ng@rospective in the nanotechnology field.

1.1.2 DNA Nanotechnology

DNA moleculecan assume differespontaneougeometrieenabled by thextraordinary
bending and rearranging properties: B form, the most common in nature, A form, typical of



dehydrated conditions and Z form promoted by alternating ppynenidine sequence
(especially poly(dGQ) negatve DNA supercoiling or high salt concentration

The versatility of DNA is fundamental for the evolution process because it allows the
geneic information exchange. In 196Robin Holliday described key intermediate in

many types of genetic recombinationngposed by four DNAsingle strand junctios

reassumed in a Xtructurewhere all the duplex pairing are in the classical B fofims

particular configuration allows symmetric arrangement of sequences around the junction
through the sliding of two doubleelix. At t he begi Mad Segnano f 80
demonstraté that immobile nucleic acid junctions could &eificially created by properly

designthe strand sequences to remove symmetry in the assembled mRcaled that

these immobe junctions could in principle be combined into rigid crystalline lattices

a) X
2 Reciprocal
Exchanges
Resolve
Twice
b)
N
Reciprocal
Exchange
Everywhere
——
Resolve
Right Domain

Figure 1.2 a) Formation of: (i) DX from double the reciprocal exchange of two dsDNA, (ii) TX from the 2 reciprocal
exchange beteen DX and a third dsDNA)) Formation of PX by the strands exchange of two double helices at every
possible point where the filaments come into proxirtfiure taken from[3]).

By using these stable branched DNA motifs, a range WADiles such as double
crossover (DX) triple crossover (TX)4] and paranemic (PX)3] were desigad and
fabricated: double crosger contains two helical domanconnected twice, triple
crossover molecule is generated by two reciprocal exchanges between a helix of the DX
molecule and another double helixigure 12a)[5], and paranemiare described by the
strands exchange of two double helices at every possible point where the filaments come
into proximity (Figure 1.2B. The resolution of these structures can be effected either by

joining the filaments of the same polarity either by joining strafd#ferent polarity.

10



The rigidity of the DNA tiles allows tbuild up more complex and largarostructure like

cubic architecture coposed by eight-&rm junctiong 6] a truncated octahedroffrigure
1.3a,b)[7] and Borromean DNA ringE3].

Figure 1.3 a) DNA cube shows that it contains six different cyclic strands. Each nucleotide is represented by a single
colored dot for the backbone and a single white dot representing thefigase taken from[6]). b) A truncated
octahedron contains six squares and eight hexagons. This is a view down the fourfold axis of one of the squares. Each
edge ofthe truncated octahedron contains two double helical turns of @iyére taken from{7]). c) Formation of a
two-dimensional lattice from an immobile junction with sticky effitgure taken froni9]).

The ability to produce different kind of structures ranging from 1D to 3D, stimulates both
the arrangements of different objedtggetherand the develapent of DNA dynamic
devices fundamentallydsed on the molecularansition triggered by variougtimuli. The
building up of composed structures starting from an elemental Maskperformed
through the formation of periodic patter(fagure 1.3c)fabricatedexploiting the sticky
endcohesiorandthe rigidity of DX which is conslered higher than dsDNA arndblliday
junction(Figure 1.3c)9].

Figure 1.4 a) Design of DX molecular structure and arrangement in Iattices consisting of four logic uniffigure
taken from[10]; b) Schematic of walker locomotion. Colored spheres represent dyes (HEX, green; Cy5, purple; FAM,
red; Texas Red, blue) and quenchers (BHQ1, orange; IBRQ, black) for detecting walker movemeaguehéadly

addition/ removal of target strands produces the progressive attachment to the branches alon(fithee&iken from

(11]).
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Winfree and colleagues, for example, tiled a plane alternating DX module and a second
DX module that projects out of the plane of thelix axis (Figure 1.4a)10]. DNA
dynamic nanemachine have attracted large interest both because they are responsive to
chemical or biochemical stimuli, and because they can be fueled with metal ions, enzymes,
protons or complementary strands. One popular exampthe iDNA walker, powered by

DNA strands hybridization (Figure 1.4b). In 2004 Pierce and coworkers developed a
bipedal DNA motor which was able to walk in a predescribed pathbstspep through

the addiction and the removal of specific targets and morgtdtirthrough multiplex
fluorescence quenchirj@1]. Recently Idiliet d, designecefficient pH nanoswitchelsased

on intramoleculatriplex of DNA structures containingpH-sensitive parallel Hoogsteen
interactions,and demonstratedhe possibility to tune the pH of about 5 pH units by
changing the relative content of TAT/CGC triplgtg].

Thanks to its versatilityin the last decadeBNA nanotechnologyattractedan increased
interest from multiple scientific fieldseaching an high knovhow level and even more

awareness of the potentialities it offers.

1.2 DNA origami technology
1.2.1 The initial design

Tile-based DNA nanostructures is a promising method for building lattices, crystal or 3D
structures, but there are some dragWsa first it needs the design and the check of the
sequence ataeh assembling steps and second the production of high order nanostructure
with a precise control over the shape and szgery challenging To overcome these
technical limitations, a newel-assemble strategy has been developed in 2§0Baul
Rothemund and it is named DNA origami technology. The term origami refers to the old
Japanese art of paper folding into a complex shape but instgagefs it uses only DNA
[13].

Employing hundreds ofsynthetic short singlestrand DNA it is possible to inducehe
folding of a longcircular viral scaffold strand (M13mp18; 7,249 basegjhrough the
arrangements of periodic crosgers.The complexity of the achievable strucwit@eals

the limit in length of the tile assembly anead to the formationof more intricate

architecturesin his famous paper publisheah dNature, Rothemund describes the main
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sters for the design ofDNA origamt the planning of the shape of interest, the folding of
circular scaffold strand, the design of a set of aligdeotidesstrands called staplesghe
minimization ofthe strainandthe domainexpansion of th®NA strand with the scaffold

in order to achieve higher specificity and higher binding energy.

The scaffold strand is allocated to run back and forth as if the whole area of our shape
should be painted without detaching the brush from the papemprésence of dsean”
allowsthe folding of the circular scaffold strand andsitplaced, usually, in the center of

the structure to keep high stability but could be shifted in adcotide shape complexity

The structural design, astroduced by Rothemunds basedon sightly stretched DNA
parametersrather than assuming 10.5 base pairs (bp) per turn (which corresponds to
standard BDNA twist), it uses an integer number of bases between periodic crossovers
(for example, 16 bp for 1.5 turns). @nthe shape is designédcan be completely filled

from top to bottonwith pair of parallel cylindes, idealizing DNA helix, with a diameter of

2 nm and a lengtbf 3.6 nm(10.67nts), which approximately represents one tofithe

helix (Figure 1.%). To hold the cylinder togher, a periodic argaof crossover is added;
crossovers can occur every 1.5 turn but, in general, anpuwdder of halturns helix can

be usedFigure 1.%). The fundamental constraint on a folding path is that the scaffold can
form a crossover only ahose locations where the DNA twist places it at a tangent point
between helices. Thus for the scaffold to raster progressively from one helix to another and
onto a third, the distance between successive scaffold crossovers must be an odd number of
half tums. Conversely, where the raster reverses direction vertically and returns to a
previously visited helix, the distance between scaffold crossovers must be an even number
of half-turns.

The parallel helices organized in a lattice and joined by crossosaratrcloseghacked
probably becase of electrostatic repulsiothe cdculatedinter-helix gap is around 1 nm

for 1.5turn spacingand 1.5 nm for 2.5turn spacingThis model approximates the desired
shape with ananometerxy resolution as shown ifrigure 1.5a. The minimization and
balancing of twist strain between crossovers is complicated by thenteger number of

base pairs per hattirn (5.25 in standard -BNA). To reduce the strajrthe twist of
scaffold crossovers is calculated and their positiamh#nged (typically by a single bp).

To fold the scaffold into a specific conformation, a set of helper streaitésd stapless

added, providinyVatsonrCrick complements with the scaffold through crossovers between

adjacent helice@~igure 1.%8).
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Figure 1.5 Design of DNA origami(figures taken fron{13]). a) shape (red) approximated by parallel double helices
joined by periodic crossovers (blud). A scaffold (black) runs through every helix and forms more crossovers ¢jed).

As first designed, most staples bind two helices and areets.

To give the staples strands larger domain with scaffold, it isitjes® merge pair of
consecutive strands together, in order to increase the stability of the entire stiTivgure.
length of a staple strand should be a multiple of 16 when crossover spacing is 1.5 turn.
Shorter oligonucleotides are affected by less iaykation stability while longer sequence

can modify their diffusion and assembling rate. The optimal length can varies from 20 to
50 nm.Moreoverthe presence of a seam can generate a weaker line in the structiire and
no helper is crossing the seam, tve half of the architecture could be just weakly linked.

To strengthent, an additional pattern of merges and breaks can be used, imposing to an
helper he crossng of the seamOther tips regarding how to avoid accidental stacking of
the structures havbeen supplied by the auth@NA origami shapes with straight edges
have high probability to stick together at the edges since the DNApb&seexposed at

the edge are highly hydrophobic and tend to stack to each other. To prevent this
phenomenon theaples strands placed on the edges of the scaffold could be modified with
4 thymines sequence - loop) that forms a nonnteracting loop.The M13mp18loop
structure(usually not included in the assembling patterah be exploited also to insert
some paits as dots for patterning the structure that are detectable by the height difference
with atomic force microscopy. The latter modification firstly opens the possibility to
decorate the DNA substrate.

Each design needs around 200 oligm$old thescaffod strandin the desired shapelhe
assembly consists ione-pot reaction in which the temperature has a fundamentalirole:

the first stephigh temperaturedegreeshelp to dehybridizes secondary structuresdan
aspecific binding then it gradually decreat induce the assembling @l the reagents in

the most stable configuration, the one witigher free energyRothemund in his first
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work, designed and successfully synthetized many 2D DNA ori¢aigiure 1.6) working

also on the optimization of thelding protocol.

Figure 1.6 DNA origami structures of different shape in Rothend's work. Graphical peesentation of the scaffold
strand position (first line), simulation of the final helices arrangegsmésecond line) and AFMniages (third and fourth

lines) (figures taken fronj13]).

Even if DNA origami represents a revolutionary technologyhibwssone tricky points:

first the difficulty keeping trackof thousands of sequences and sededunavoidable

helical naure of DNA. In particular, it iSundamental to determine the crossover positions
which should be as close as possible to the tangent befeaallel helicesB form of
DNA in nature, has a an angular twist each 10.5 bases while if constitaga@dassume a
slightly overtwisted or understwisted configuration. Moreowvershould also considéne
asymmetry of DNA double heljxvhich givesthe charateristic major and minor grooves.

In order to handle all these information, Rothemund used a clunky Matlab prioyrdme
design of DNA origami structunehich presupposed haiggnerated functionsothfor the

drawing of the scaffoldnd for thedesign of crossoveand staples sequences

1.2.2 DNA origami software-assisted design

During the last decadé&e design of DNA origami structuréas been automatéy using

suitablesoftware that calculasghe spacing of the double helix and the place whei® i
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possible to form DX crossovers. Usually, they also provide a graphical overview of the 3D
structural assembly. The most used @BARSEDNA origami, NanoEngineet,
CaDNAnNo[14] and its evolution DEADALUY15]. SARSE has been developed by Ebbe
Andersen and colleagues in Aarhus, it is a free download softwarié presents an user
friendly interface and a 3D generator. The editing #redautomatic folding with staple
strands preant some complexity and problerfis6]. NanoEngineefl is an open source
software to construct DNA folding designg, is not user friendly and quite time
consuming because the crossevesquire to be added manually obg one. Shih and
colleagues developed CaDNAnNo that is an open source design software based on the finite
elements analysis performed by CanDo (Compatded eNgineering for Dna Origami)
previous developed by Mark Bathe from MIT7]. The latter is the most used software to
create DNA origami because its interface is simple and the process of folding is complete
and automatic; there are two differelattices "honeycomb"(Figure 1.79 and"squared"
(Figure 1.7b) depending on thelesired structureThe second version of CaDNANoO is
based on the Auttesk Maya© platform and can create clear 3D graphicalices

representation@-igure 1.7d)

a) b)

Figure 1.7 CaDNAno sdtware interface:a) honeycomb lattice andd) square latticec) design window representing
scaffold strand (light blue lines) and staples strands (colored;lidlesimulation performed by Autodesk Maya of the

DNA helices arrangements in a DNA origamusture (colors are consistent with the ones on caDNANQfiles

DAEDALUS (DNA Origami Sequence Design Algorithm for Uskafined Structures)
namedas he Greek craftsman and artist who des
complex scaffold stretures can build any type of [3 shape,providedit has a closed

surface. With the new technique, the target geometric structure lig fiestcribed in terms

of a wire mesh made up of polyhedra, with a network of nodes and édD&A scaffold

using strands of ustom length and sequence geneated, automatically guidg the

routing of the DNA scaffold strand through the entire origami structoregshing each

vertex in the geometric form once. Complementary staple strands are then assigned and the
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final DNA strudural model or nanoparticle sedssembles, and is then validated using 3D
cryo-EM reconstruction.

1.2.3 From 2D to 3D

A direct extension of 2D DNA origami to 3D solid structures would involve the stacking
of flat shees of helices arranged in a square lattithe multisquare lattice concewthat

each helix has four neighbor in a fourfold symméggure 1.8a) DNA B form considers

a complete rotation along helix ax@ach 10.9p, this implies that one helix can share a
crossover with the same helix eachl®. It follows that crosever to the remaining three
neighbors in the square lattice should be distributed with an average spacing of 21/4=5.25
bp. And this can be tained using noperiodic crossver. A smart way to achieve a
constant crossover periody is to assume that-Borm DNA has an average helicity of
10.67 bp/turnCros®ver may beplaced in interval of 8 bp, sharimgos®ver with one of

the four neighbor each 32 bp. The constant 8 bp -@ess spacing underwinds the DNA
resulting in a twsting torque and causing a global twist deformation of the entire object
[18]. To minimize ths effect Dietzand coworkerbserved that it is important to achieve a
doublehelix densities closer to 10.5 bp/turn or to create an object with toigonal
stiffness which variesnversely with the lengttof the nanoparticleShih and Yan19
analyzed the global twisting of DNA origami cubofdsmedby multiple layers of parallel
helices chaacterized by a different leng{Rrigure 1.8 bkd).

Figure 1.8 Multilattice DNA origami cuboida) in square lattice scheme eddNA helix hasfour neighbors displayed in
fourfold symmetry(figure taken fronj18]); b) helical model of the cuboid (scaffold in gray and staplesrieetkhades of
blue); c) layout and connection of scaffold atid and staples]) the squardattice arrangement of parallel helices is
revealed in crossectional slices {iv) that are parallel to the xglane spaced atI8p intervals and repeating eve3g

bp. Staple crossovers are shown as white lines linking two adjacent helices at each crog§igect®oh,c,d taken from

[19).
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Cuboids composed by shorter helices are subject to a smaller internal torque and greater
torsional stiffness, which means a little noticeable glolasting.

Another way to design 3D DNA origami, ammnotubes an@D wireframe polyhedral
consists in theconstraining of helices im honeycomb latticeesulting in a bundle of
doublehelices[20]. This implementation in the design has ledthe expansion of the
possible shape with designed twist and curvatures. In the honeycomb arbagjixhieas
three nearest neighbofligure 1.9a)Every 7 bp, the strand rotates by 240°, assuming B
form twist density of 10.5 bp/turn. After 14 bp and 21 bp, the rotation achieved is
resgectively 120° (+360°) and 0° (2x 360°). Antiparallel crossver inthe honeycomb
symmetry can be engdered eacll bp.The addessable curvature or twisst the shapeare
programmed through the introductiontbe deletion of single base pair. The deletion of a
bp, will introduce an overwinding of that fragmenwitich will torque and pull iteieighbors
(Figure 1.9b)

Figure 1.9 3D curved and bended DNA origanall in honeycomb lattice d&me each helix has 3 neighbds¥; helices
constrained in a honeycomb lattice: in $eéransparence staple strands crossovers with 3 neighbor helices are spaced by
7 bp rotating the plane each time by 240°; on the right, array cell with default content of 7 bp, which exerts no stress on
its neighbors; above, array cell with content of 5\Which is under strain and therefore exerts aHaftded torque and a

pull on its neighbors; below, array cell with content of 9 bp, which is under strain and therefore exerthandght

torque and a push on its neighbarsfrom the left: 2 helixbundles in whichdeletion or insertion of bp in therray cell

(orange and blue parts) induce a globattefhded / rightanded twisting with cancellation of compensatory global bend
contributions; 2 helibundles left in which in curvature and bending accurately produced through gradient of bp

deletion and insertio(figures taken fronj20]).

This effect is then relieved by compensatory globatHaftd twist of the bundldn the

same way insertion of a base pair can induce a local underwinding balanced out by a global
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