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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.
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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).

13



\'ot'vcal
& ] 20m b) vaster reversal,

" 3tumns :]
XY,
—J
10.67 bases = 1 turn pua | ZJ
3.6 nmin length § Va1 =

c 9
a[ndl]) | e

V- 3 - ( = P [ ]

Y pu— 15[ = ra =gl | B = =
16 bases ~ 1.5 turns I' Y ] ( E = = ]
b'clwccn Crossovers 1:[ P ] ] ( 3 =
along a helix I : 7] ( = = = ]

Raster progression, 4.5 turns S;.n

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 aHeftded 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 globattefbded / righhanded 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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right-handed twist of the bundle. By the formation of a gradiesttveen deletion and
insertion Dietz and Shih reached different deggecurvaturg(Figure 1.9c)

In addition of bended bundles or twisted lattices Dietz and colleagues created circular
objects; using hierarchical assembly of small partsomplete gear e developed as well

as a toothed gear, six parts spiral, and a spherical wireframe. The spiral is essentially a
continuum gradient with increasing radius of curvature of circle sections asse2@jled
(Figure1.108). In 2011 Yan and amorkerscompleted the architectural possibilities of the

curved 3D DNA origami creating a real spherisaitface21].

Figure 1.10 a) Curved and twisted narabjects as gears, toothed gears, triangles, siffiglse taken fron{20Q]); b) 2D
nanoforms with accompanying AFM images, and 3D straestof hemispherephere ellipsoid and narrowed nanoflask
visualized at TEMfigure taken froni21]).

Concentric rings of DNAwere used to generatm-plane curvature while, outf-plane
curvaturewas introduced by adjusting the particular position and pattern of crossovers
between adjacent DNA double helices, whose conformation often deviates from the natural
B-form twist density and increasing thbase pairs number. Adjusting the piling of these
concentric rings incredible structures were developed such as spherical shells, ellipsoidal

shells and narrowed nanofla@kgure 1.10h)

1.2.4 Wireframe structures and polyhedra

The 2D and 3D DNA origami struats are most commonly designed through the
alignment of parallel helice§he introduction of new motifs @&NA multiarm junctions
allows the folding of wireframe architecturegpanding the achievable configurations.

Han et al. created wireframe DNA origastructure with a gridiropattern[22]. The latter
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wasmade by 4 armginction producing a square franféonnecting more units together,

they successfully produced a series of 2D ladtic@hrough the generation of
tension/bending on the structurdeécribed in theprevious paragraph), thegreated
curvatures to fold S structure and wireframe spliErgure 1.11a) The evolution of the
method,wasdone by Zhan@nd colleagesby controling the length ofa T-loop inseréd

into the staple strands which surroarte vertices to tune the angles amplitude and to
create intricate structures such a flowmedtbird image(Figure 1.11b)In this design each

edge contains two helices, so the scaffold strand should pass through the edges twice to

connect all arms of the final objd&3].

Figure 1.11 a) (figure taken fron{22]) andb): wireframe DNA stuctures made of 4 multiarm junctions. Scale bar 50
nm (figure taken fronj23]).

The nanostructures producegre characterized by a rigid control over the angles degree,
obtainedthroughthe hierarchical assembly of DNA origami tripods specifically arranged

to form polyhedral architecturg¢Bigure 1.12).

Selected previous polyhedra Polyhedra self-assembled from stiff, tunable DNA tripods
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Figure 1.12 Design of wireframe polyhedrad) hierarchical assembly &NA origami tripods (polyhedral from 20 to 60
MD) through stickyends cohesion, the different set of staples shaped tripods with different Higgles taken from
[24]); b) tetrahedrorshape DNA origami with flexible joints at the tiees and TEM visualizatioffigure taken from

[23]).

20



linuma et al, proposed an efficient method to assemble differently angled tripod monomers
to obtain structures ranging from tetrahedron (composed by 4 monomers) to hexagonal
prism (composed by 12 monomers).

The method is based on assdion sites consisting of sticky ends extensions protruding
from the rigid bundles to form 3D polyhedron, whose Hatien angles are tuned by
supporting struts and strengthened by vertical helices. They were able to produce poly
structures with a maximumolecular weight of 60 MDE24].

A different approach to desigwireframe 3D polyhedronwas used by Smithand
coworkersfor the synthesis of a tetrahedral DNA origami structiiigure 1.18). The

latter is composedyb6 six-helix-bundlesconnected at each of tifieur hinged vertices to

the twoneighboring bundles by adebase singlestranded sectioaf the circular scaffold
extending between their terminThe tetrahedronbenefits of great flexibility,can be
produced with high yield otorrectly assemblyanoparticlerepresenhg one classof
structures which hds a broad relevance in appliednoscience as potential container
systemg25].

A new method to desigarbitrarypolyhedronand wireframe structures based on the use

of a new DNA origami desigassisted softarecalled DEADALUS.Top-down geometric
specificationof the targetshapeis followed by fully automatic seg@mce design and 3D

atomiclevel structure predictiofFigure 1.13)

Target Fully automatic DNA-based
geometry sequence design nanoparticle

Figure 1.13 Process of thalesign, synthesis and AFM, crEM characterization of DNA origanplatonic solidusing
DEADALUS (scale bar 20 nnfigure taken froni26]).

Mar k B adupdendosstrated a versatile synthesis strateggetbassemble complex
naroparticleswhich arestable in differenbuffersandin physiological conditionsyffering
the opportunity for their potential use in numerausitro or clinical applicatiors [26].
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1.3 DNA origami Functionalization and Application

Theextraordinary propertiesf nucleic acidgslike the programmabilitythe bp-affinity and

the mechanial flexibility, allow the precise design and synthesisnulti-shapedobjects
with nanometer resolutiorOligonucleotides aralso easy to modifypy the addition of
chemical groups, as thiol, amine, fluorophores and chemotherapeutic mol&hsle.
annealig of few modified oligonucleotides in a DNA origami structure allows to precisely
address molecuseor more complex polymserto a focused binding sitélhanks to this,
DNA origami has found a variety of applicatgymangingfrom the engineeringof devices

to research ofundamental mechanisin nanoscience.

1.3.1 DNA origami for drug delivery

Because of its biocompatibility, minimal cytotoxicity, programmability for targeted and
controlled release, DNA origami is considered one of the most promising techriotogy
drug delivery. Anyway, the DNA has to overcome the barrier of being digested by cellular
nuclease, enzyme designatédr the protection from host attacks through DNA
fragmentation. It isndispensable thddNA origami remais intact in cellular enviroment
before completing their delivery missiom this way, Yaids groupobservediha DNA
origami structures survivdbr at least 12h in a cell lysaf@7]. Moreover, the stality is
maintaired in tissue culturind28], serum[29], in the presence of chaotropic age3g]

and organic solves{31]. The aforementioned properties stimutatesearchers to develop
nanorobot for the transport of focused drugs that cdaildcancer cells. Ding and
coworkers loadd different shape of DNA origami with @doxorubicin chemotherapy
molecule[32]. The latter intercalates DNdouble helix inhibiting the cell proliferation.

The load capacity is consistently high because of the numerous double helices present in
the structures. This system has been able to kill specifically both the adenocarcinoma cells
and tumor cell Dox-resigant, demonstrating good antitumor efficacy also in a mouse
model of the tumor. DNA origami is associable with other therapeutic methods as
photothermal and photodynamic therapy. Diamgl colleagues associatg a triangular
shape DNA architecture with a gold naodrand delivezd the hybrid structure to MGIF

tumor cells[33]. By infrared irradiations, thegeneratd an heating of the gtal particle,

able to kill tumor cells. The latter respondsttie near infrared photothermal therapy and
also improves the imaging qualities of tumor tissue. To demonstrate the use of DNA

origami also for phimdynamic therapy Zhuangnd colleaguedoaded the photosensitive
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agent BMEPCthrough intercalatiordeliveting the complex into the cell34]. BMEPC
produce free radical and singlet oxygen upon light irradiation to kill cancer cells and
simultaneously destr@ghe DNA origami structure through photocleavéiggurel.14a)

The DNA origami before being a go@arrier for drugs, is a good hauler for nucleotides.
In nature there are some specifiequences able to stimulate inmgystem response.
CpG islands are present with high frequency in bacterial geneitie respect to
ma mmal i an & s and cowrkers functoodalized a DNA origami tube with 62
cytosinephosphategguanine sequence to study immunoresponce on spleerf3#llShe
mammalian sysim is able to recognize timeas foreign bodies and triggdre immune
response. Thanks to this, CpG can be usathaminestimulatory response to improve the
mammalian resistance from viral or bacterial attacks. CpG sequences directly injected in
the orgaism are immediately degraded from nucleases, whildiikenith DNA origami

not only protet them from digestion buenablesthe cellular membrane crossing,
stimulating an important immunorespor{seyure 1.14h)
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Figure 1.14 DNA origami for drug deliverya) DNA origami triangle and nanotube can be used to load chemapibe
molecule, photosensitizéor photodynamic and gold nanorods for photothermal thefizgyre taken fron{32,34,33));

b) DNA origami tubed loaded by CpG island stimulate immspane (figure taken from[35]); c) nanorobot with
aptamers controlleceleasecontaining antibody against leukocyffigure taken fron{36]); d) lipid bilayers coating of

DNA origami octahedron to increase celtaigen and to reduce the immunerespdfigare taken fron{37]).
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To improve the target deliverspecificity Douglasand colleaguebuilt an aptamepgated
nanorobot(Figure 1.14c)Aptamers are specific DNA sequences which have high affinity
for various molecular targets proteins, virus and cel[86]. The DNA origami robot
contaired antibody fragments which fight leukocytells (HLA)-A/B/C. In the absence of
the proper molecular target, the rolveds inactive, but if it encounters the right key, it
opered and expose the antibodies. The antibodies can attack the receptors on the cell
surface blocking the proliferation ttie tumor. Bare DNA origami is scarcely uptaken by
cells, because it presentsns® difficulty in the translocatiomacross the cell membrane.
Mikkida and coworkerpresenteda method to incorporate DNA origami inside a viral
capsid, increasingthe internalization efficiency of more than 10 timeq38]. Shih and
colleaguescoatd thesurface of DNA structures using PEGylated lipid bilaysreancing

the pharmakokinetibioavailability by a factor of 1, 7reducing by 2 ordsrof magnitude

the immune activatio(Figure 1.14d]37].

1.3.2 Nucleic acid detection

Molecularbiology offers the possibility to analyze DNA or RNA fragnts substantially
throughthe (RT-) PCR amplification of the targets. The use of DNA origami as a chip for

a punctualdetection of the oligonucleotides arouses the interest to the analysis at single
molecule level through microscopy.

Single nucleotide polymorphisms (SNP) déne most common type of genetic variation
among peopleThey have been found in the DNA betweeangs andhey can act as
biological markers, helpingo locate genes that are associated with disedseeover,

when SNPs occur within a gene or in a regulatory region near a gene, they may play a
more direct role in dismas®edmwamdd egrtouwnpg, tu
method to recognize SNPs based on a strand displacement reaction and AFM origami
patterng39]. One single strand hybrididea ssSDNA protruding from a double strand helix

end thanks to partial or full complementarity. Inglly the hybridization mvolved single
strands parts,Iso called toehold and contindievith branch migration to displace the
shorter helix forming the initial double strand. The branch migration prosessongly
affected by the length of the toehold as well as the perfect complementarity between
strands The presence of a mismatcbutd dramatically reduce the hybridization process
acting as a kinetic trap. A rectangular shape DNA origami chip, containing fourediffer
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alphabetical patterns of strands overhung from the sunfgagdesigned and synthetized
(Figure 1.15a).

- g -

fast || fast fast lslow sIowJ[very slow

44 nm

Figure 1.15 Nucleic acid detectiona) of SNP using a DNA origami array patterned withettdr containing ssDNA
protruding from the surface which differ just from 1 base, the presence of SNP in the ssDNA added dramatically
decreases the hybridization inducing the disappearance of the(figttee taken fron{39]); b) hybridizationkinetic in

DNA origami aray where oligonucleotides aspaced 44 nm and 5 nietected through FRE(figure taken fronf4Q]).

Each pattern is made up the same DNA sequént with a single nucleotide in the same
position. The invading DNA strand can match just with the fully complementary sequence
on the alphabetic pattern, inducing the disappearance of the letter under AFM.

To improve the knowledge of the kinetic belavof the DNA hybridization, Walter and
co-workers studied through FRET the rate of ds pair/unpair both in a crowded neighbor
environment and in an empty surroundid@]. Single target strands ap®sitioned in a

DNA origami array separated by 44 nm in the empty chip while 5 nm in the crowded one.
They figurel out that the dissociation rate of a target strand is reduced by an order of
magnitude in the densest oligo array. Two mechaniserspropose to explain the slow
dissociation:the movement andhe hybridization between adjacent sequences on the
origami surface anthe salt bridges attractive electrostatic interaction the oligos with

the DNA origami pegboar(Figure 1.15h)

1.3.3 Biophysical sudy using DNA origami

The forces investigation otine biological sampldas useful for acomplete knowledge of
sophisticated mechanism The most commonly used techniguare atomic force

microscopyor optic/magnetic tweezers. Necessary to analyze théicglaof the cell
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membrane pthe dehybridization of the BINA, they suffer forlimited data throughput

and requirefor a physical connection to the macroscopic woflte design of a nano
spectroscopy can overcome these disadvantages, allowing the doalgsis at single
molecule level. Nickeland colleagueslesigned a force clamp to study the mechanical
forces involved inthe molecular interaction41]. The structure usedFigure 1.16a)
resembles to a potato peeler in which the supporting structure is made with rigid DNA
origami and the blade is represented by a ssDNA spring. The entropic spring behavior of
the ssDNAwas used to exertcontrdled tension in the low piconewton range on a
molecular system, whose conformational transitio@se monitored by singlenolecule
Forster resonance energy transféhey first tested the device witthe conformer
switching of a Holliday junction aa benchmarkto study the TATAbinding proteir
induced bending of a DNA duplex under tension. The obsdmeedingsuppressiorof

above 10 piconewtons provides further evidsmmdenechanosensitivity in gene regulation.

ssDNA ssDNA
reservoir spring

Figure 1.16 Biophysical study with DNA origamia) molecular force spectroscopy using DNA origami nanoclamp
the right side each constafiorce variant, individual origami samples were assemiffignire taken from[41]); b)
measurement of base pair stacking force through rigid DNA origami buffidiee taken fronj42]).

Dietz and coworkers used a DNA origami architectorstudy the forces of base stacking

at single molecule level42]. They substituted a DNA origami structure to an optical
tweezers to precise position blunt end of helices and to measure the weak base stacking
forces (Figure 1.16b) The systenwascomposed by two setof parallel helicesusedto

study the base pair stacking fos@ndby a rigid bundle of DNA origamsupporting the
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blunt end which reducel the backgrond present at low forces rang@®ne flexible
connection mildly joied the two countgarts in order to increase the frequency of
binding/rebinding. The hybridization of the basess studied in different Mg
concentratiog 20 mM, which represents the in vitro environment concentration for the
DNA origami synthesis and 500 mM whiclpresents the cell contents.this way hey
demonstrated that in both conditgiime forces exerted present a sequencerndkge rule:

a stronger stacking-3.42 kcal/mol) occurred with GC/CG and a weaker stackiG@1
kcal/mol) between AT/TA.

1.3.4 DNA origami templated architecture

DNA origami nanotechnology offers the possibility to rearrange wahometesscale
precision nanabject as carbon nanotubes, metal particles rmedal rods. The fine
organization of metal particles in walefined geomieies and distansgermits to exploit

their unigue optical and electricalproperties. Metal nanopeicles can be chemically
modifiedwith DNA sequence which specifically recognizihe strand protruding from the
DNA origami surface. Toensurea robust bnd and to address with higher precision the
object on the DNA origami structure, more than one strand come out from the binding site
onthe surface. Yan and coworkers found a novel method to arrange gold nanoparticle on a
triangular shape DNA origami, denmsimating that they can control the position dhd
number of the nanoparticlestached(Figure 1.17a)43,44]. This pioneering work, opened

the way for the analysis of novel properties. DNA origami, f@neple,wasused to study

the distancalependencef single fluorophore quenchifg5] by gold nanoparticled.ied|

and coworkers, utilized a rigid DNA origami scaffold as a linker to assemble metal NP,
quantum dots and organic dyes interarchical nanocluster with plarsdtellitetype
shapg(Figure 1.17h)Using DNA origami with different length, Waspossible to tune the
inter-particle distance of -200 nm. Moreover anoscale components can be positioned
along the radial DNA sm&rs of the nanostructures, which allows sharid longrange
interactions between nanoparticles and dyes to be studied in sdld@ponTo better
control thegeometry of the NPs arrangeme@ang et alassemblechanoparticlesnto
crystalline and open 3D frameworks by connecting them through designedbBdéAl
polyhedral framegFigure 1.17c) Polyhedral 3D DNA origamiframes, whose vertices
connectd DNA-encodel NPs [47,48], facilitated the establishment of local particle
coordination that results in the formation of 3D ordered DIRA frameworks Fve
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different DNA origami polyhedral frames, including octahedron, cube, elongated square
bipyramid, prism and triangular bipyramid geometriegre built using sixhelix-bundle

edges with lengths (depending oeth f r ame s hape). The designe@NA t o 4 &
frames thus connect NPs at their vertices, establishing the overall lattice topology based on
frame geometryThe different crystal lattice achievadere characterized both with cryo

EM andwith smallangle xray scattering analysis confirming the construction of the 3D
nanoparticle latticeMetallic nanoparticles, have surface plasmonic resonance affecting a

small surounding area. Mie and Prod§a9] predicted thathe metal nanoparticle can

absorb light and a plasmonic coupling can occur if the distance between them is short
enough. In particular, the plasmonic coupling requires the-edgédge distance to be less

than 2.5 times the particle diamefg@].
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Figure 1.17 a) Gold nanoparticle arrangement in a triaraguishape DNA origami platforifiigure taken fron{43]); b)

Rigid DNA origami scaffold as a linker to &msble metal NP, quantum dots and organic dyes into hierarchical
nanocluster with planetatellitetype shapeg(figure taken from[46]); c) sSDNA functionalized ANP linked to the
verticesof DNA origami polyhedral frames: octahedron (al), elongated square bipyramid (b1), cube (c1) and prism (d1)
and Xray scattering structure factor, S(q), extracted from the 2D SAXS pattecd3) and the proposed superlattice
structures(the experimental scattering profile is in blue and the model fitting is in (fiegire taken from[48§]). d)
nanorods arranged in a triangular DNA origami with different tnberorientation inducing a reshift of the absorbance

peak potion respect to the monomeric constr(fijure taken froni51]).
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DNA origami is an ideaplatform to address the assembling of plasmonic nanostructure
with new optical propertieXlein and coworkersfor examplehaveused a DNA origami
scaffold to align a series of 10 nm gold nanopdesc separated by 14 nm for \ok
spectrum subdiffraadtin plasmonic wawguiding [52]. When the metahanostructure
assembly is asymmetric, its plasmonic coupling can interact with the incident light
according to the chirality of the assembled plasmonic structuréy a nup sepoged @
DNA origamitemplded plasmonic nanasicture by arranging gold nanorod dimers in
different interrod anglegFigure 1.17d)UV/vis spectrashowed that angular orientatios
between the rods of 180°, 60fducel a red-shift of the absorbance peak positiarth
respect to the monomeric constru@t on the other hand causes 5.5 nm {dh#t [51].

The simulated model welhatcheswith experimental resultsChiral plasmonic structures
were obtained also through tharrangementof gold nanoparticles or rods in helical
superstructuresLiedl and cavorkers have helically organized 9 binding sites fahe
nanoparticle attachment in a -Bélix bundle. The optical response can be tume
handedness, color and intendiBg] in acordance with the theoretical modd&he same
effect was obtained by folding a rectangular shape DNA origami with a diagonal 10 nm

gold ranoparticlesarranged in a tubutavay[54)].
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Figure 1.18 a) DNA origami metamoledle: the strand displacement indutles angle change of the AuNR,ngeating

b) the switchable variation of the CD signal attributable to either adefighthanded statéfigures a and b taken from

[59]). ¢) Nanoantenna DNA origami with 2 AuNPs spaced several nm enhanced the fluorescence intensity in a plasmonic
hotspot(figure taken fron{56]). d) DNA origami decorated with a AUNP dimers to enhance Raman sigptithization

of the size and Aug shell composition increases Raman enhancementByfihre taken fron{57)).
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Strand displacement reactionakesthe plasmonic structure reconfigurable and dynamic.
Liu and ceworkers have created reconfigurable 3D plasmonic metamolecule using a
dynamic DNA nanostructure, consisting of two connected DNA bundle, to organize two
gold nanorodAuNR) (Figure 1.18a).

Fueledby specific stands, the device movement califiee relative angle chandeetween

the AuNR, generating the switchable variation of the CD signal attributable to either a left
or righthanded state (Figure 1.1®)].

Plasmonic structures can create a strong local field tHanees the brightness of the
dyeds fluorescent emission when the dye 1is
The nanoantenna concept, indeed, enhances the excitation field in a very small Iocal area
to direct singlemolecule emissionb8] and to increase quantum yield for the detection of
quantum Jeld-dye [59]. Tinnefeld and colleagues constredta nanoantenna by
positioning two gold nanoparticles with a distance of several nanometers on a DNA
origami to enhance the dye fluorescence intensity in a plasmonic hfagpoA 220 nm

long and 15 nnwide pillar-shape DNA origami is attached to a surface through biotin
streptavidin interaction. Two AuNRNnd a fluorescent dywereimmoabilized in a defined
positionsimposed by the capturing strands. When dlge was positioned in a gapf 23

nm between a dimer of 100 nm A, the fluorescencerasenhanced of 11ibld (Figure
1.18c) Theydemonstrate that this system can be usked the singlemolecule analysito

detect the binding or the unbinding evenfsa short strands, as well as the dynamic
conformational changes of the DNA Holliday junction dyed with FRET reporters.
Improvements on this DNAased nanoantenralowedto reach 5000old fluorescence
enhancement, achieving a singh®lecule deteatin limit of 25em. A SurfaceEnhanced
Raman Spectroscopy signal can be amplified using the same systefs.@alg) indeed,

usal a triangular shape DNA origami as a platform for the positioning of AUNPs dimers
with a gap distance of 25 nm. Thanks to this approaep teveadd several molecukeby
SERS[60]. Optimizing the size and the composition of-Ag-core shell nanoparticles,

theyreacleda Raman enhancement of“d(Figure 1.18d)57].

1.3.5 Moveable DNA origami structures

DNA origami structure can be also reconfigurable: the accurate design of the components
constitutingthe whole project allows variowstructuralrearrangemestand conformational

changs. Thisfundamentapropety can be explogdwith a double purpas: the creation
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of a nanorobotvhich switches aftethe appropriatestimuli, andthe plan of adynamic
device which is able to detect specific targ€ise pioneering work in this fieldas been
the designof a 3D box made up by the assembling of 6 DNA origami scgiai¢h a
dynamic lid[61]. It hada fJardk &y 0 goycaentrodthe closing and opening of the
lid based on the hybridization of ssDNvasitional both on the edges of the lid aonl the
main structur€Figure 1.19a)At the initial point the boxvasclosed because the ssDNA of
the lid duplexes withthe sticky-end extensions to provide a toehold for the strand
displacementsThe ke, represenid by a ssDNA separaté the hybridized strands and
opered the lid. The box can be lo&d andit specificallyreleasd its cargo after a proper
stimulation. Mariniand coworkers[62] denopnstrated theauonomous and reversible
motion of a DNA origami hatch whictontaired an internal moveabldisk (Figure 1.19h)
The internal flexibility of the disk is caused by unpaired regjitime hybridization with an
hairpin ssSDNA complementary to a DNA probausd the wings aperturéddding alinear
competitor stranavith more affinityfor the probethan the target, the wing clasand the

initial configurationwas reestablished. The systewas initially deteced throgh FRET

and AFM imaging.
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Figure 1.19 a) DNA origami box with lockandkey system to control the opening of the(lidure taken fron{61]). b)
Reconfguration of a DNA origami hatch through strand hybridization, detection is performed with fBEE taken

from [62]). c) DNA origami hatch with onenoveable wingdecoratedvith two 20 nm AuNP positioned between the

hatch aperture. The addition of a specific target hybridizing the actuator strand induce the hatch aperture, increasing
distance between NPs determining a khét in the peak positionf the absorbance. The system is reversifidgire

taken from[63]).

AFM analysisshowed the hole upon the addition of the hairpin molecule; the mechanism

wasimplemented by Piantanida whigsed a similar structusgith only one wing decorated
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with two gold nanoparticles, positioned between the hatch aperture (Figure [B4]9c)

The motion induced by the addition of different strandegé#icompetitor)was detected
through LSPR analysis:ldue shift is visible for all the targetgith respect to the contro

The plasmonic metamolecuytannedby Liu and coworkers and described in the previous
paragraphis an example of how switable DNA origami structurescan be used to
reconfigure plasmonic propertie€astro and colleagues implemented the mechanical
principle of macroscopic engine to plan nanomachineries capable of complex 3D motion.
These DNA origami robots are made tiapeeconsttuents: a hinge, a slider, and a crank
slider [65]. A ssDNA wasused asa connection cable toeontrol the slider by varying its
length, determining different stiffness and range of mot{ergure 1.20a)

. DNA-functionalized

¥ gold nanoparticle + Nanoactuator

C) Stiff arm

Flexible joint

Adjustable strut $ Cargo molecule

......................

Driver Mirror

Figure 1.20 DNA origami nanorobota) ssDNA controls the slider by varying its length, determining different stiffness
and range of motionsTEM images confirm the expected behavior (scale bar 100(figuyre taken from[65]). b)
Dynamic nanorobamade up by heterotrimeric constituents differently assembled, by the change%' ebNtentration,
switching between three state: disassembled, assembled with open arms and assembled with clfspdetaien
from [66]). c) A DNA origami robot consistig of four arms in a rhombus shape that can cburligiances between

interactingmoleculegfigure taken froni67]).

The design with shorter connections resembled a linear spring with a stiffness of 0.42
pN/m, while the dagn with longer strands exhileitl a nonlinear force/extension trend

with a stiffness of 0.0pN/m at a shorter extension and 0.21 pN/m at a longer extension.
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Dietz and coworkersplanned a reconfigurable dynamic nanorobot made up by
heterotrimeric constituents which can be differently assembled by the changes‘of Mg
concentration[66], switching between three states: disassembled, assembled with open
arms and assembled with closed arms (Figure 1.20b).

Ke and colleagueslesigneda nanoactuat which consised of four rigid arms of DNA

origami connected in a rhombus shgpeure 1.20c) DNA origami nanoactuator use
mechani cal l inkages to copy distance <chang
propagated t o t he Todcthaterthe sudaceftwo(difierehteechanismso r 6 )
wereused. A locking ssDNA hybridizethe strandgrotruding from two of the four arms,
regulatingthe distance between the connecting sded the angles of rhombus. The

addition ofan hairpin targetinducel a long range conformational change to the device.

This systemwas checked toinduce the formation and the separation of a split green
fluorescence proteidemonstratingunable fluorescerttehaviorsvia longrange allosteric

regulation The second mechanisnmdeed,consideed the use of a compressed spring to
maintain the system closddcking it in two different positioa The lockingcan be due to

molecular interactions, RNARNA hybridization or Gguadruplex formatiof67].

1.3.6 Other DNA origami application

Different research fields found DNA nanotechnology favorable. Thanks to its fine
programmability at nanoscale level and to its versatilitywits usel for variegated
applications.

Lithography is a technique used to transfer a pattern from one object to another. The DNA
origami exploitation can effectively improve the resolution of the technique itself.

Liués groupemployed a DNA origami shage betransferredn an inorganic pattern in
onestep proces§68]. The pesence of DNA origami structures can modulate the vapor
phase of Si@at molecular level. In the HEtching of the Sig the water acts as a catalyst

of the reaction. DNA ngami can adsorb a huge amount gbHmolecules, reaching 100%

if the humidity s relatively high, inhibitingthe diffusion of HF in Si@ surface and

consequentially increasing the etching of the surface.
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Figure 1.21 a) DNA origami used as a mask for lithographically pattern transferred to Silicon oxide stmitacgular
shape on a Sif)concave pattern transferred, convex pattern transféfigenle taken fron{68]). b) DNA origami for the
growth of non DNA material (scale bar 200 nfiyure taken fron{69]). Enzyme cascade study using glucose oxidase
(Gox)/horseradish peroxidase (HRP):positioring the enzymes on DNA origami arrdfjgure taken from[70]) d)
introducing the enzymes in two modular DNA origami tuffigsire taken fron{71]).

By regulating the huidity conditiors, the time and the speed of the reaction, DNA
structures can be transferred in silicon wafer, enhancing or reducing the etching process
and so the suten-nanometer depth of pattern® control the orientation and the position

of the DNA aigami structures on the surface, an electron beam lithography and dry
oxidative proceswiasdeveloped. In particular, DNA origarbinding sitesverecreated on

a SiQ surface through lithography. DNA structures atetthe binding site with the
properorientation and position forming a nanodered patternThe possibility to control

the 2D and 3D shape of DNA origamavg the opportunity to use it for the programmable
synthesis of inorganic material. By designing a set of DNA origami, LiedlIcavorkers
induce a shapeontrolled metallizatioi69]. The negatively charge backbone phosphate is
bound by 1.4 nm gold cluster positively charged as a seed forréfnghgof the gold
cluster. The nanoparticles contimu® metalize the DNA origami reproducing accurately
the shape. To improve the size ahd tesolution in the shapegi®a and colleaguesseal a

DNA origami as a mold which contaath a gold nanopartie acting as a sedd2]. The

seed in the boekke mold would grow until it fills completely #gnbox. Using this method it

waspossible to create different 3Detalshape as sphere, cube aishape structure.

34



The pasibility to precise posdn nancobjects enableso usethe DNA origami as a
platform for the study of enzyme cascades. All the metabolic pres@ssde the cell are
maintaired by a set of enzymes involved in the sapa¢hway Enzymes, target molecsle
and intermediates are usually locatlzen the sene compartmentalizedrea in order to
facilitate the efficiency of the working mechanism. Yand coworkersuseda DNA
origami chip to link glucose oxidase (Gox)/horseradish peroxidase (HRIF.) Gox
oxidizes the glucose to gluconic acid and produces hydrogen peroxiie Hhe latter is
the substte for the HRP which transfoemABTS? to ABTS. Positioning the two
enzymes at variable distances, they obgkthe disancedependence of the mechsm:
the HRP activity decreadef it is up to 20 nm far from Gox, but increasing tthistance
between tiem,did nothighlight a strictly relation due to their separation. The phenomena
wasexplained through a 2D restméct diffusion when the enzymes are in close proximity,
while for long distancebetween the pairs, the Brownian diffusion dominates the scene.
An evolution of this workwas performed by Linkoand colleaguethrough thedesignof
two tubelike DNA origami containing separately Gox and HIRPL]. The conection of
the two tubes, indudghe formation of a DNA origami nanoreactor in which thdugiion

is considerably reduced.

1.4 Aim of the thesis

The biological environments are complex frameworks in whicbnmdcal and physical
stimuli synergistically operate in order to modify, digest and definitively remove externals
body. The careful analysis of the constitutive material, the structural design and its
resistance against modification and degradation indbgethe operational environment
are, indeed, fundamental parametéoss the design of a successfdevice which is
expected to operate within an biological organism.

DNA origami technologywas proposed for numerous biological and medical applications
because of its peculiar properties. Among them, the compatibility with biological
environments, the programmability at nanoscale level and the precise aidtessh
nanecompound as drugnolecules, metal particles or antibodies are noteworthy. Drug
ddivery devices actuated by specific moleculacagnition or contrast mediuare two
examples of how DNA architectures can contribute to the technological development in
medicine and pharmacologic field, aiming to more focused treatments and reduced side
effects Cytotoxicity).
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The shape of the device assumes a strategic role and should be finely designed considering
not only the final objective, but also the conditions imposed by surrounding environments:
different shapes can in fact produce differenpoeses in the organism. A tetrahedral
DNA structure benefits from a great nominal robustness and its successful internalization
in living cellswasdemonstrated in several studies. These nanostructures are characterized
by high mechanical rigidity andtability against nuclease degradation; moreotrey

seem tobe compatiblewith most cell uptake mechanismfgr3]. By exploiting these
properties Hemmi and coworkers used a DNA tetrahedron nanostructures to carry
cytosinephosphategguanosine (CpG) oligonucleotides into nwgarage like RAW?264.7
cells[74]. By modifying the termination of each of the four DNA sequences composing
the tetahedron with CpG islands, thesgimulated tle Toll-like receptor 9 (TLR9) and
induced immune responses. The secretion levels of certain cytokMESIT -6 larid IL-

12) stimulatedby these CpGetrahedral nanostructures were dramatically higher than
those by singlestrand CpG oligonucleotidessen with the help of transfecting agenn

anot her wor k, A nedteertranspord efficagyrobsmall interfieence RNA
sequences in tetrahedral DNA cage. siRNA sequence are usually composed by few
ribonucleotides able to hybridize a specijiene silencing it. They are efficaciously used

for gene therapy but once in the cell, they are quickly degraded by nuclease. The loading of
siRNA sequence inside a tetrahedral cage with the help of folate, improved the efficacy of
RNAI and increased the dmd circulation time with respect to that isblated SIRNA
(t1/24a24.2 mi[f. vs t 1/ 246 min)

DNA origami technology enhances structural stiffness and functmati@n. The
tetrahedral DNA origami can be differently designed in accordance with the final purpose.
Varying the helix number anttheir disposition, the vertex design, the dimensjand the
typology of the desiredpolyhedron (wireframe or full structureit is possible to plan
architectures with different mechanical properties.

The aim of this project is the design, the synthesis and the characterization of a
biocompatible sensor which changes its conformation in response to a molecular target
recogniton. The device presents a wireframe tetrahedral DNA origami shape, providing
for a structural stability in different environments and at the same time characterized by a
great flexibility. To monitor the targehduced motion wehave plamed to integratea
plasmon ruler, built through the suitable decoration of the tetrahedron with two-86ldm

nanoparticles. e DNA origamiwill operate as amolecularswitchable nanomachine
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which tunes the interparticle distance, providing a spectral response uniwotaked to
the state of the origanthat transduces a molecular recognition event into an optical shift.
In our lab, we had already planned a plasmon ruler system as described in the paragraph
1.3.5. but it presented sonueitical issues the flapmotion was strongly influenced by
adhesion forces when deposited on a substratebgnthermal fluctuations in liquid
environment. Moreovewhen hybrid structures are forced to pass through the agarose gel
net in an electrophoretic migration, the gel itself danbuce a closure of the system.
The purpose of this work is the design dnelvalidation of a DNAorigami nanostructure
able to:
1 switch its configuration in response to an external stimulus, that in our case will be
a complementary DNA single strgnd
1 transduce a configuration change at the nanoscale to a macroscopic signal that can
be read from remote, tham our case will be the digal shift of the LSPR
absorbance spectrym
1 maintain its functionality also after the mechanicdlgrsh purification mtocols
that may be required by the adopted syrnthesheme, in our case mainly agarose
gel filtration;
1 maintain its functionality independently from the operative medium, that may
have, as in the case we tested, solid, ligordel character.
The wirefame DNA origami tetrahedrois composed byix DNA bundles connected at
the vertices by flexible jointsThe wireframe tetrahedral shape provides the necessary
stability while preserving the required flexibility, overcoming the problems arisen in the
previous structure. The decoration with two gold nanopatrticles allows the transduction of

the conformational change in a LSPR shift.
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2 Materials and methods

2.1 DNA origami design

The design of the DNA origami structure has been implesdetihtrough CaDNANo
software[76] arranged on a squarettlae scheme(Figure 2.1) After the planof the
geometrical shape, parallel helices of scaffold ssaaré designedimposing a central
seam which endés the folding of a circular scaffold strand. The software suggests the
crossover positions in order to avaignificant global twisting. Moreover @utomatically
generats a set of short helper stands (staples) after the input of few basic inforraation
the crossover intadistance (multiple of 1®ases) and the average bases nunibtat-
helix crossover can lrearranged in order to minimitlee overall stress artd increase the
stability of the system. Oligonucleotides length is then &Velut at~32 basesShorter
oligonucleotides are also possible but the hybaiiin stabilityand uniquenesan be
affected on the other han@n excessivelength couldreducethe staplediffusion and

interaction rate in the seffssembly process.

b)
Figure 2.1 Design of DNA origami structure using caDNAno softwakrectangle shape aruj tetrahedron shapeh@&
horizontal blue lines represent scaffold strand helix, colored segments are stapkvdtiahcinnal scaffold strand to
induce its folding through the arrangement of periodic cross&wee line protruding from the extremity of the structure

in b) represent the scaffold junctions between different struts.
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The insertion of scébld strand sequence dd13mpl8 determines the sequence of
compl ement strands, exported in an excel
the colos consistent with the one in the desigine staplesequences are listed in appendix
1).

CanDo [77] is an online sourcewhich simulatesscaffolded or nonscaffolded DNA
origami2D and3D andtheflexibility of single- and multilayer structures to enhance their
design processstarting fromthe input provided bythe caDNAnodesign aboveThrough
CanDo it has been possibte evaluate both the correct folding of the DNA origami
structure and ththermal fuctuations of the syste(frigure 2.2)

27nm< [T "< 55 om

Figure 2.2 CanDo simulation of a tetrahedron shape DNA origami made of énfelix struts; the bar associates
color with the thermal fluctuation of the structure (nm).

The probeor actuator strandnd the catchers strands coming out from the DNA origami
structure for AuNP anchoringhave beenbuilt following the rules of avoiding self
annealingavoidingloops in each sequendeniting the number ostrongGC pairs and
checked using the @ine tools of IDT's Oligo Analyzer® v.3.IExceptiors has beemade

for the targess it includes a 18 bC clamp(Table 2.1)[63].

Actuator 5-BGATCCGACCTTCCTCCCTCCTCCTCTTCC(
TTGGGTCGAACATTGCTCGTCGTCACTGGGT
CCTGCTCATATTGGGTTTACAGCTCACATAG

GTAGACTTTAGCTTCCCGGGCTCGCAG Nj nG = - 544

kcal*mol?
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Target SBEGCCGCGGCGCGCGCGCGCGCTAAAGTCTACCT

ATGTGAGCTGTAAACCCAATATGAGCAGGAC
CCAGTGACGACGAGCAATGTTCGACCCAAGG
GAAGAGGAGGACGCGCCCCCGCCCCGLCGB N

nG = - 278

kcal*mol*

Table 2.1 Sequences of the actuator strand and the target equipped by a stem and loop steustars,ishobtained with
CG pair (underlined sequerg)eon the right side of theo it is shown the most probatdecondary structure of actuator

and target strandmdthe relative Gibbs energies.

2.2 DNA origami synthesis and purification

The DNA origami synthesis is based on quu¢ reaction where the wholset of staples
and the scaffold strand are mixed together in a buffer solution containifig $tiples are
added 5 or 10 time in excess with respect to the scaffold stratttie synthesisuffer is
composed by Tris (40 mM), acetic acid (20 mM), EDTAn(M), and MgC{ (12.5 mM)
forming theTAE 1x + Mg®*. The annealing path consists in a cooling down rabtpined

in a standard thermocycleghe sample isitially heated tadenature DNAdouble strands

the temperatures thenslowly reduceduntil room empeaturewith stegs of - 0.1 °C. The
cooling processlurationis a critical point, and it has been largely examined by Shih and
colleagueg78] in correlation with the bivalent cations concentration. It has been observed
that multilayeed DNA origamistructuresneed longer annealing ramp probably because
they traverse more kinetic traps, owing to the larger density of crossdVersivalent
cations reduce the hybridization time neutralizing and consequentially stabilizing the final
structure. Efficient MG concentrations range from 10 to 16 mM and the cooling process
can lastup to 173 h.

The purificationof the freshly prepareddNA origami from excess of staples remaeve
useless material which can interfere withliwelded sampleThe purification can be
reached in different way, ithis work we exploredhe Amicon filtrationand the direct
extraction ® DNA origami from agarose gel.

In the first method we remove extra oligo usiAmicon Ultra 0.5 ml 100 kDédflters
(Millipore, Massabusetts), adjusting the protocol supplied by the constructor. Briefly,
TAE 2x/ Mg?* solution was added in the same amount of sample volume; capped Amicon

Ultra were centrifuged four timeefilling each time with 456 of buffer solutionfor 1.5

minutesat 14000x g. Concentrated samplbave beereluted spinning the inverted filters
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in a clean vial at 200& g for 3 minutes.The second purification methaallows the
selection of thewell-folded and single structurérom dimers, aggregates and free
oligonucleotides.The sample is previously separated through agarose gel electrophoresi
and then the band of interestcut,crushed and filter in a Freeze and Squeeze tube for 10
min at 10000x g. At this point the gel matrix is confined inside the filter,il@ithe DNA

origami structure are extracted in fewof buffer.

2.3 Agarose Gel Electrophoresis

Agarose gel electrophoresis is a method used in molecular biology to separate DNA
fragments or protein based on their size and cheéBgee mcleic acid molecas or
structures are negatively chargedan beseparated by applying an electric fiafd the
agarosematrix. DNA origami analysis is performeasing two references: tHadderas
molecular weight standards for agarose gel electrophosewisthe scaffod strand
M13mpl8 which runs fastetthan the folded DNA origami (Figure 2,3ane 2) The
estimated time varies according tlee temperature andhe typology of the sample: in
particular comfex 3D DNA architectures requite runabout2 h at low wltage 60 V) in

order to avoid theverheating and the consequently degradation of the sample.
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DNA origami

Figure 2.3 Example of agarose gel image exposed at UV light,-pasessed with Image J software showing the
migration of: ladder, scaffold strand M13mp18, DNA origdin@shly synthetizedusing old and new buffer. The old
bufferinduced both a dimerization of DNA origami structure and both general aggregation (sthte)contrary, with

the new buffethis effect iseduced.
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The gel is prepared mixing agarose powder (derived from algae agar agar) and TAE buffer
in the right proportion for obtaining 1% mass/volume, boiling it icrowave oven until it
dissolvesand addingl 1T Ge | Re dwhichsnteralates insgl DNA double helix

and emits fluorescence if excited by UV light. The visualization of the bands produced by
the electrophoretic separation is obtained through an UV transilluminator, recorded with a
camera, and analyzed through post processing softvgah@age J or similaiHgure2.3).

2.4 DNA functionalization of Gold Nanoparticles

The functionalization of the gold nanoparticles surfmoeeases thpossibleapplicatiors

in order to exploit their peculiar optical properti&mall single strand oligonuad&ades
chemically modified with one thiojroup at ®Np r aehds canNjully cover the gold
sphericalsurfacethrough the formation ofAu-SH bind. The 20 nm goldolloids (AuNP)
are supplied in water wittirace amounts of citrate which stabilizégk negative surface
charge[79] (extinction cefficient: 9.406 E M™* cm?, OD: 1 at 520 nm, particle/mL: 7.0
E™) Ted Pella, IncFirst a coating with BSPP (Bis@ulfonatophenyl) phenylphosphine
dihydrate dipotassium sahlps beerarried on following published procedul@&§-82].

12 mL of colloids solution incubatkovernight with3.2 mg of BSPP. Then the particles
are precipitated adding gradually NaCl until the solution chargggor from ruby red to
blue/gray. After the centrifugation at 10080y for 10 min, the transparent supernatant is
removael, rinsedwith BSPP (6 mM, concentrated ancesuspendedBuffer exchange is
achieved with anotherentrifugation stepdding50% in volume of methanol to inde the
precipitationof the NP and then resuspending the concentrated sample with a solution of
BSPP2.5 mMin approxmately 2 mL of final volume. The concentration of the AuNP in
BSPP 2.5 mM is evaluated through absorbance analysis preformed in appeatneter
diluting 1:20 the highly concentrated solutievith ultrapure wateiinto a quartz cuvette.
The NPs concentratiois determinedthrough the Lambei e e r 0, gakinig @ahe/ max
value of the peak at 520 nm and using the extinction coefficient dadvby the
manufaturer company (Ted Pella, Incyhe ssDNA aredesigred and purchased from
Sigma Aldrich; the average length 22 nt and they are chemidgl modified with a
disulfide bondat one endDepending on the concentration, on the length andhen
specific modifications, l@yonucleotides are purifiethrough HPLC or desalting3efore
facing the NPs gold surfacthe thiol groupof 4 0 ¢ Mligamdcleotideis reducedwith
0.3M 1,4-Dithiothreitol (DTT), 0.3M NaCl andSPB buffer 0.01 M NaHPQy/NaHPQO,,

pH 7.04) All the materialhave beempurchased from Sigma Aldrich unless specifide
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solutionis agedon atube rotator for at least 2 h and after the removal of DTT salt through
NAP 5/10 columndiltration to avoid reducing environmerdctivded oligonucleotides are
mixed withgold nanopatrticle with a typical ratio DNA/NP of 358000.

The following salt ageing process will provifie the necessary ionic strength for DNA
strands stability and wildvoid the aggregation of AuNP through tyedual addition of
NaCland SPBo reach a final concentration @spectively oD.1 Mand 10 mM After the
stabilization of AUNP DNA complex, the centrifuge step in Amitdilter concentratethe
sample removinghe extra oligonucleotides ah have notachered to the surface and
allowing the resuspensimf the sample iITAE 1x + 0.1 M NaCl.The final concentration
estimations performedhroughthe spectrophotometer.

2.5 Gold Nanoparticlesanchoredon DNA origami

The presence of catchstrand comingout from DNA origami structure providefor a
sitespecific anchoring of gold nanoparticlesvered with complementssDNA. The
protocol, optimized by Piantanidand coworker$83], is based othe proportionalmixing

of the solutioncontaining DNA origami structure withthe AuNP solution in a ratio
between binding site presemi DNA architecture and AuNP of 1:ih order to promote
the hybridizationthe sample is maintained at 50 f& 45 minand it slowly cools down
over night. The anchoring success is firstly checketh wgarose gel electrophoresis
(AGE); theresult obtaineadtan be confirmed by thésible pink / ruby redcolor of the gel
band containing DNA origami (detected at UV light).

2.6 Hybrid structures purification through density gradient

centrifugation

The separation of noattached AuNP through AGE ian efficient method but if the
sample is gekxtracted, the recovery yield is less than 100% and the desired structures may
also be dmaged. These limitations led to find other purification protocols capable of
preserving the structural properties with high recovery yield that delivers puritie8086

[84]. Ratezonal centrifugation separation is performed by loading the sample solution in a
narrow single layer on top of a gradient medium inside 2 mL tube. The centrifugal step is
performed selectinthe gradient medium density, thiscosity andhe proper acceleration

to reach the separation in few hours in betogh microcentrifuge. The particles sediment
under the influence of: centrifugal fordajoyant force and drag force (proportional with

the hydrodynamic radius). The density gradieontans 9 layer of density/viscosity
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gradientof iodixanol (density = 1.32 g cfiy dynamic viscosity = 14.3 mPa s for 60 %
iodixanol in water) from 15% to 50% mass concentration of iodixan®AR 1x. The 9
layersareprepared one day in advance in ordertabiize the gradient. The day after the
AuUNP-DNA origami hybrid structuresre gently pipetg on the top of the iodixanol
density gradient andhen centrifugel at 7000 x g for ~ 3 h in awingbucket rotor
centrifuge. Mostof the times we obtaitwo sepaated red bands which represent the
conjugated NP with DNA (upper band) and free AuNP (lower band)ba&geallycollect
with a micropipette the band of interdsit frequently also the other band (free AuNP) to
check the precision in separation of thistpcol Filtering the obtained sample wittAE

2x buffer + 25 mM MgCJ through Amicon centrifuge step, the viscous medium which

affected the SEM images removed

2.7 Functionalized substrate for a controlled adhesion of the

particles

The particlesadhesioron a substrate is strictly correlated with the properties of substrate
and of the samples.The deposition control in terms of number and disposition of the
adhered structures favorites the singdeticle detection and the detailed architectural
analysis.For example the daskeld detection of singl®r dimer AuNP isfeasible onlyif
AuNP are notin close proximity. AUNP dimers DNA origami conjugated, if properly
interspaced in a surface can be exploited as SBRSsubstrate or camduce aRaman

signalenrancemen{60].

Biotin PEG silane
0
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Figure 2.4 Chemical formula of BiotifPEG silane and MethyPEGsilane
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The substrate functionaliian protocol is based on the proper mix of metRiEGsilane
(2000 Da) and biothPEGsilane (3400 Da), both purchased from Sigma Aldrich (Figure
2.4).Hydrophilic polymer chains, poly(ethylene glycol) (PEG), are attacmethesilicon
surfacesby silylation of the silanol groupsvith the trimethoxysilanesof the polymers
(Figure 2.4) We consider these tethered polymer chains to resetaldelassembled
monolayers (SAMspf PEG since the grafting process is entirely spontaneslughe
preparation sfgs are performed in glove box to avoid the increasing reactivity of silanol
groups.The twvo PEGmoleculesare separately dissolved in 97%kihanol + 30 mM HCI,
and theyhave beerfreshly mixed before each incubation with the substiate prepare
two different proportios of mPEGsilane and biotPEGsilane 98:2 and 99.9:0.01,
obtaining a totaconcentration oPEG molecule®f 5 0 0 irg @Vfinal volume of 5 mL
using EtOH-HCI as solventThe incubatiorof the two different solutions with the silicon
wafersis performed at room temperature overnightparalle] a negative control in which
the incubationof the silicon waferns done with a solutionof mMPEGsilane490 € Min
EtOH/HCI has been realizedll consecutivestepsinvolve both sample and control.
Washing step with EtOH/HCI solution have beendone the day after to remove all the
nonattachedmolecules Surface passivatiois obtained afted h 30 of incubation witl2%
BSA. The BSAis thenremoved with three suessive washing steps with TAEK.1IThen
160 nM of streptavidin in TAE X solutionis incubatedor 2 h. Streptavidin is a tetrameric
protein which binds biotin withigh affinity (Ka = 16°M™) and specificity andtiis able to
link more than one biotin simultaneoushfter the streptavidinexcesss removedhrough
another wasihg with TAE 1x buffer. Finally 1.8 nM of 20 nm biotinilateeAuNP is
spotted and incubaten wet chamber for 1 h aritien the sample is wash#dee times
with MilliQ water. Once the samplés dried functionalized silicon waferhave been
imaged through SEMI'he AuNP count and the statistical analysis of each pitasdeen

performed throgh Image J software.

2.8 LSPR analysis direct in agarose gel

UV-Vis characterizatiorhas beerperformed oninverted optical microscope (Axiovert
200, Zeiss) in transmitted light illumination (HAL 100 illuminator, Zeiss) coupling a
microscope with 750 mm longpsctrometer (Shamrock SF50, Andor Technology plc.).

The agarose gelresulting from the electrophoretic procedure with distinguishable bands
have beerplaced onto clean glass coverslip that was mounted on XY sample stage. The
light transmitted through éhsamplenas beertollected by 100x immersion objective (NA
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1. 45, -FIWAR Zeaiss), directed into a spectrometer, split by a diffractive grating of
600 lines/mm, and finally analyzed using -€&oled EMCCD (Newton DU9Z7UVB,
Andor Technology plc.).
A basic equation toalculate the actual extinction spectra is:

A+S+R+T=1(1)
where A is absorption, S is scattering, R is reflection and T is transmission of the light and
A+S= E represents the extinctiddeglectingthe difference in the light reflectidnom the
suface of clean gel and the one with AUNP, E-31Thus, hefinal equation to calculate
the extinction is

E = (lo-1i)/(lo-lbg) (2)
where | is the corresponding intensity of light passed through each bandy &dhé
intensity of light passed througthe clean gel in a position without origarand
nanoparticleslyg is adarkthermal noisef CCD. At least 5 different positions along each
bandhave beerharacterized and finally averagia$].
The resulting spectra shoavpeak in the range of 5285 nm which is attributed to the
LSPR in single gold NPs or dimers. The spectra also demonstrate a different extinction at
low wavelengths complicating an estimation of LSPR position. Since the gel density, gel
hydration and AulR size in each series of experiment are supposed to be constant the
difference in the extinction is caused by a variable gel thickness of the lanes. To determine
the LSPR position we applied two steps procedure. At first stepaitieggrounccorrected
for the gel thickness wasIpited for each spectrurand then subtracted. Second, the
resulted spectra were fitted with two Gaussian functions in the rang®&05700 nm
considering i) LSPR in spherical gold NPs at about 53Q8%j and ii) an additional peak
in the range of 56800 nm(Appendix 3. The last one is caused either by a-sphericity
of gold NPg[86] or possible plasmon coupling effd&7], which cannot be distingshin

our case.

2.9 Scanning Electron Microscope characterization

Scanning electron microscope (SEN) a type of electron microscope that produces
images of a sample by scanning the surface with a focused beam of electrons. The
acceleratealectrong(1-30 kV) interact withthe atoms in the sample, producisgattered
electron with differeh energy and intensity dependimmg the surface topography and
composition. The electron beam is scanned in a raster scan pidtesoattered electrons

are collected an@amplified with the aid of detectors positioned at fixed angles, their
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intensity is associated to the position of the primary beam in the sample, and finally the
image is reconstructed point by poiiithe specimensshould beobserved in high vacuum.

SEM cantheoreticallyachieve regdlution better than 1.6anometerbut not all the samples

can be imaged with that resolution. The chemical nature of the sample, the presence of a
metal coating which can enhance the scattered signal and the voltage appleducantr
dramatically.Biological samples for instancare imaged in a ultreacuumconditions,so
dehydrationand metallization are require@&mall biological samplesuch as vesicles,
proteins ofDNA structuresare usually deposited orlison waferwhich isthe material of
electionfor SEM measurements becausés a flat semiconductomaterial The surface
previouslycleaned with ethanol asopropanol and acetons, then physically activated

with Plasma Oxygen treatmenTo make the surface hydrophil we physically /
chemically modify the surface usiribe suitable protocol. The same activatibas been
obtained using different instruments: Reactive lon Etching and a bench plasma cleaner.
With reactive plasma etchingis possible to control all thparameters of plasma oxygen
treatment. Bench plasma cleaner, instezh control only of the power applied, while
chamber pressure and consequently the BIAS and the oxygen flow remain unknown.
However we got successfully activation with both instrunienOxygen plasma cleaning,

in principle, produces an energy which is very effective in the breaking of most organic
bonds of surface contaminants. A second cleaning action is carried out by the oxygen
species created in the plasmas,(Q@, O, O, ionizedozoneand free electrons These
species react with organic contaminants to fors® HCO, CQ, and exhibiton the surface

OH groups making the surface more hydrophilic

The oxygen plasmabtainedwith Plasma Cleanehas beemperformed aplying a power

of 40 Wand a constant flow ofxygen for 2 min The same protocol performed with RIE,
provide for a precise control of the Bias (maingaistable at 100/) and of the oxygen

flow (fixed at 30sccn). The ox/gen plasma cleaningn principle, can destroy thearbon

layer on the top of the TEM grid. For this reason we developed a less incisive treatment
which is based on a disposition of the grid inside a metallic holder manmgaire grid in

an oblique position. The latter produces a weaker effecteopfismabecauset reduces

the gas molecule entranddoreover, wehavedecreasedboth the power applied from 80

to 20W andthe BIAS from 100 V to 45 V. Athe same time we exteedithe treatment

from 2to 5 min, achieving the same effeattained with silion wafer If the proceduras
effective, the drop should spread immediatatyoss the substratetherwise it maintains

its shape because thie hydrophobic repulsiord >l drop of DNA origami sample with and
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without gold nanoparticles is left adsorb dre tactivated surfacesilicon wafer or TEM
grid) for 7-10 min before being washed twice with ultrapure water. After drying,
samples are imaged withcanning electron microscope Supra Zeiss a402 kV of

acceleration voltage, a working distance betw2&mm and a filament current of 2.3 A.

Figure 2.5 Gold nanopatrticle adhered to a silicon substrate functionalized with an organic polymer, imaged at SEM using

an energy of 2 kV and a working distance kw25 mm.

Electrons seriously damages DNA origami structures after few second of expasitioa,
measurements must be acquired rapidBpold nanoparticle, instead, are imaged with
greater precisiofFigure 2.5) so we exploit the numerous picturesandbed to measure the
dimersinter-particle distance (from center to center)orderto estimate the averagmp

length.

2.10 Atomic force microscope characterization

Atomic force microscope (AFMis a scanning probe microscopy (SPM) with a nanometric
resoldion that overcomethe optical diffraction limit.

AFM provides a 3D profile of theurfa@ on a nanoscale, by measurihg interaction

between a sharp probe (<10 nm) ansurfaceat very short distance (20 nm probe

sample separation). THM cantileveri gnt | y 0 t ouc h eecods theesmalur f ac
force between thprobe and the surfat¢kbrough araster scan in a-y plane The motionof

the probe across the suréais ontrolledthrough theeedback loop anthe piezoelectronic
sanners.The feedback loop has the cantilever deflection as input, and its output controls

the distance along the z axis between the pavioethe sampléhe defletion of the probe

is typically measum by an optical lever methoda semiconduci diode laser is bounde

off the back of the cantilevesnd onto a positiorsensitive photodioddetector which
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measures the bending of cantilewauring the tipscanningover the sample. The measured
cantilever deflectionsre used to genate a map of thesurface topographythe signal
achieveds plotted in a pseudocolor image, in which each pixel represents/grositiors

on the sampland the color represents the recorded sigifa AFM resolution isstrictly
dependent on the radius of curvaturehdf tip apex (typical 20 nm) and dr this reason,
compared with electron microscopy, the achievable resolution is much lowey axis
but it is subnanemetrical in z axisAFM can operaten three different mode contact,
intermittent contact and nesontact mode. In coatt mode the tip follows the sarepl
exploiting repulsive forcesyhile in intermittent contact the tip oscillatap and dowrat

its specific resonance frequency exploiting attractive foftlee oscillation amplitude and
frequency are usually maintaineanstant but th interaction of forces acting on the
cantilever when théip comes close to the surfa¢éan der Waals forces, dipetipole
interactions, electrostatic forcespuse the amplitude of the cantilever's oscillation to
change as the tip getdoser to the sampla/hile in norrcontact modethe tip of the
cantilever does 0 t interact wi t h lorighaege foraseniat extendsu r f a ¢
above the surfacactto decrease the resondirgquency of the cantilever

The DNA origamiAFM characteration can be performedyoth in liquid and in air.
Visualization of lological samplébenefitfrom thedevelopment ofhe intermittent contact
mode in liquid for differehreasons. First the tip does rm#formthe soft samplesecond
the biecsample weakl adhers to the surface and the tip contact can modify or display it,
and third the liquid conditions reproduce the physiological conditions of the sample.
Howeverthe oscillationof a cantilevein a liquid presents importadifferences compared
with oscillation in air or ultrahighvacuum

The cantilever motion dragbe surrounding liquid, leading an increase of the effectiv
mass and a corresponding decrease ¢iie resonant frequency. Anthe strong
hydrodynamic irgraction between the cantilevard the liquid produce a very low
quality factor (Q)of 2-10, about two orders of magnitude lower than in\AMe observed
that the DNA origami imaging can be performed liquid as well in air without
modification of the sample proprieties. Moreover theaswgements in air increaskesth
the final resolution of the picture and the stability of the sarthalecan be analyzed better
also after few days from the sample preparation

The electionsubstrate for the DNA origami imaging freshly cleaved mea sulstrate
which is extremely even, flat and negatively charged. The DNA origami partasies

immersed in a saline bufféFAE 1x containing 12.5mM of Mg®* cations, which acas
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bridges between the negatively charged phosphate backbone of the DNA and surface,
thereby increasing the adhesiontloé DNA onto the mica surfad&8]. The addition of 1

mM of NiCl, solution inthe final volume implemens the adhesion between DNA nano
structures and mica substratfter 15 min of incubation the drop can Heed with a

tissue, washed twice withbuffer solution toremove thenot attached particles and rinsed

with 1.5 ml forin liquid measurement@Figure 2.6b)or washed directly wht ultrapure

water and dried with aitnogen stream for few secon@iSgure 2.6a)

Figure 2.6 AFM topography DNA origami rectangular shape deposited on ra)da: air b) in liquid. The images are
performed with JPK AFM using a pyramidal cantilever. The pictures are botpmastssed using Gwyddion software.

The AFM images have been recorded gsanJPK Nanowizard Il, operated in liqiptase
in tappingmodeor in air in contact mode usim@lympus OMCLTR400PSA tips with a

nominalforce constant of 0.08 N/m adresonance frequency of BHz (in air).

2.11Transmission electron microscope characteriation

The transmission electron microscope is a type of electron microscope where the electron
beam & transmitted through a specimen to form an image specimen, with a thickness
ranging from few to hundred nanometers, layarEM grid. The electrans bean{50-200

kV) focused with a condenser systgmasses through the spla. The final image is
reconstructed and magnified through lenses it is finally recorded on aldiorescent
screen or a chargmuple devicd CCD).

Materials withelectron densigs that are sigficantly higher than amorphousarbonare
easilyimaged. Thesenaterialsinclude most metals (e.gsilver, gold, copper, aluminum)
characterized by heavier atomhich scatter moreeledrons and therefore have a smaller

electron mealffree path tharighter atoms

50



In general, amples must therefore be stable under vacuum, and so are traditionally
prepared in the solid statdhe water content of biological sample (cells, matrix, or
proteins etc) requires other strategy for MEvisualizdion. Because biological material
essentially consists of atoms of low atomic number, the contrast and consequently the
signatto-noise ratio (SNR)s generally low in cryéEM. To increase the contrast of the
bio-sampleuranil acetateind formatestainingare commonlysed.

Figure 2.7 TEM picture of two 20 nm gold nanoparticles with a full coverage of SSDNA

TEM imaging has been largely used for the characterization of DNA orgalthi
nanoparticle hybd structuresin particular,copper grig coveredwith a thin carbon layer
havebeen activated with a plasma cleaning treatment for 5 min at 20 W (45Aids)p
of solutionis then deposited on the surface and after 5 mirs removed with a paper
wipers andrinsed twice with ultrapure water. When it is completely driet possible to

image it(Figure 2.7)

2.12 Cry o-electron microscope characterization

TEM measuremernis usefulmethodto examinewith high resolutiorbiological sampls,

but it present$ew negative pointsDuring the drying process of the sample, for example,
the structurs cancollapse and the superficial tension forces deaw near thestructures
close to each other

Cryo-electron microscopy is a methadwhich the sample is frozensteal of dehydrated
and thenimagedat cryogenic temperatures by electron microscdphe possibility to

freezethe samplesllows thekeepingof the physiological condition, avoiding destructive
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treatments. The specimeme prepared in standabdiffered media anda drop of 4¢ lis
applied to an EM gri200-mesh grid EMS, Hatfield,PA). The grid § blottedfor 3 sec
and immediatelyplunged into a cryogemn liquid (ethane); this stepalled vitrification,
prevents therearrangment of water moleculento a crystalline latticg89]. Plunge
freezing of the crydeM grids has been performed using Leica EM GP (Leica, Buffalo
Grove, IL) that inorporates a chamber to control the humid@9%) andthe temperature
(8°C) for blotting andthus theevaporationThe samplas stored in itrogen and remam
alwaysbelow-140°Cto avoid devitrificdion. Hydrated, unstained samplagesensitive to
electon irradiation becausehigher doseslead to progressivealteraions of molecular
structures[90]. Consequentlycryo-EM images have beenrecorded at low electron

exposureslimiting theirsignatto-noiseratio (SNR).

Figure 2.8 Cryo-EM image of DNA origamibundles organized in &iangular shape decorated with 20 -goid

nanopaticles

The DNA origamiarchitecturedecorated with gold nanopartickeve beenmaged with
Zeiss Libra 120 transmission electromncroscope (CarZeiss SMT GmbH, Oberkochen,
Germany) equipped with a L&Byun operating at 120 k\anin-column energy fikr, and

a 4 k x 4 k Gatan UltraScan 4000 CCD can{ergure 2.8)

Numerous techniques can be used in cearin microscopy, one of the most popular is
the electron cryetomograply which consists ira set of electron microgphs (tilt series)
acquired atifferent angular orientations of the samplét series images are then aligned

and computationally merged into a 3D image (tomogram)
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2.13Small angle Xray scattering characterization

Smal-angle Xray scattering (SAXS)is a powerful method for the stiuecal
characterization of both ordered and disordameatromoleculan solution. It provides
nanoparticle size distributions, resavehe size and shape of (monodisperse)
macromolecules, determimepore sizes, characteristic distances of pHyti ordered
materialsunder various experimental conditions varying from extreme (e.g. high pressure
or cryofrozen) to nearly nativeThis is achieved by analyzing the elastic scattering
behavior of X-rays whentravelling through the material amdcording their sattering at

small angles (typically 0.110°). It is done using hard -Xaysoriginated from a source of
synchrotron radiationwith a wavelength of 0.07 0.2 nm If the angles considered are
between 10 90 °, this technique is called Wide AnglerXy Scétering (WAXS).

The setup of a SAXS experiment is conceptually simple: a solution of particles usually
placed in a quartz capillary is illuminated by a collimated monochromatayXeam, the
intensity of the scattered -Mys is recated by an Xray detetor (Figure 2.9. The
scattering pattern of the pure solvent is collected as well and subtracted from the sample
solution scattering leaving only the signal from the particles of inté8@eXS allows the
analysis of different biological systems: mesopsratructures, polymer and proteins,
colloids and nanoparticles but also gels. Thanks to this, we performed SAXS
measurements of the DNA origami structures with AUNP in the original mix solutions,
from agarose gel band and after the gel extraction. We Aisathnoparticle dimers with

an interparticle distance comparable with the one in our DNA origami structure as a

reference system.

Primary X-ray beam, ko= 217/A

k
’ )
Scattered beam, k, = 2r/A

S=k1'ko

$e

S =41 sinB/A

Figure 2.9 Working principle of SAXS analysis:-say primarybeamcrosseshe solution containing the particles of
interest the xray beam will be partially scattereghd the scattering patteris then collected; subtracting from the
scattering pattern of the solution the one of the pure solvent, it is possible to obtainntiefrsip the particles of

interest.
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The dimershave been obtaineftom the incubation of AuNP functionalized with two
complemerdry sequences: the number of nucleotidd$ nt, 21 nt, 27 nt, 54 nt)
composing the sequersogould influence the interparticldistance.

Small Angle Xray Scattering (SAXS) measuremehive beerperformed at the SAXS
beamlineof Elettra Sincrotrone in Tries{®1,92]. SAXS imagedave beerollected with

a Pilatus 1M detector (Dectris, CH) in aange from 0.058 nihto 5 nm’, at a photon
energy of 8 keV. Samptm-detector distance was 1381 mm. Tigeid sampleshave been

filled into flow through glass capillaries of 1.5 mm diameter (\QMs / Muller GmbH,
Berlin-Pankow, DE) and then have been measured at room tempeifidiareamples in

gel, have beercrushed and filled into a closestll at both sides with mica substrates.
Scattering data obtained have been corrected for the fluctuations of the primary beam
intensity and sample transmission. The background has been subtracted with a
corresponding buffer measurement. Tdwaversioninto 1D SAXS patterris done with

Fit2zD. Dda fitting analysishas beerperformed using IGOR Pro (Wavemetrics) with
custommade functions based on the literature. We used the following models: Schulz
distribution for the size distribution for spherical particles and Sticky Hard Sphere structure
factor (SHS)[93,94].
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3 DNA origami test bench

3.1 Rectangular DNA origami

DNA origami technology allows the dga of complex structures as 3D cubes, wireframe
and polyhedraThe precise positioning of differenangarticlesmakes the DNA origami

a wide-range technology, exploitable for physical, chemica|dgical and also medical
studies

Hybrid DNA-origamiAuNP structurespresent many critical points. For this reason the
possibility to use a testenchis animportantopportunity A stableplatform characterized

by defined mechanical properties, high stability, easy to rezeghanks to its unique
shapecan be considexd a very goodcontrol to define experimental conditions. We have
selected a 120 nmt 60 nm rectangular shapeNB origami both to fix theworking
conditions and to have a comparison with the more complex device planned. The
rectangular shapeNA origami has beere-designed in our labut it has been reported in
several other studylhefounding fathemwas PaulRothemund who firstlgynthetized and
characterized through AFM this shape, defining atsoproblem: the stacking among
structureg13] which often occurs through bridges formation in linear edges which share a
common path of staple strands. Anyway, the rectaeghainsone of the most able DNA
origami structure and can be expéaitas a platform to verify the positioning of gold

nanoparticles.

c)

-~

Figure 3.1 DNA origami rectanglea) sketch of the structure decorating with two gold nantigear b) Autodesk Maya
rendering of the caDNAno desige) caDNAno design in which the three AuNP binding sites and the respective

interparticle distances are presamt

We defined three binding sites for three differently covered gold nanoparieeased by
12.6 nm and 4.3 nm ascahn in figure 3.1c. The finahape of the design performed with
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caDNAnNo software, has been checked with Autodesk Maya (Figure 3.1b) which integrates
the CAD file rendering helical disposition. The synthesis protocos lasé h and the
cooling down ramp consists in a constant temperature decrease from 90 °C to 25 °C.
Agarose gel migration as shown in figure 3.2 produced a smear of the band which usually
does notinfluence the DNA origami quality.

The DNA origami rectangldas beerpurified through Amicon filtration following the
protocol explained in paragraph 2.2. The agarose gel electrophloassizeerperformed

on the sample before and after the filtration sfdpeimagedisplayed in figure3.2 shove

an increase in mhtnessof the DNA origami rectangleandafter the purificatiorwhich
correspondsto an increase in concentratioifo calculatethe concentration we pest
processed the imag®btained with a standard camera. Gdesng the intensity of the
nortfiltered sample equivalent to 1.6 nMvhich is the scaffold stran@oncentrationwe
proportionally calculate the intensity of the bamightnessafter Amicon filtration. The
concentration often reaeb4-5 nM which is 23 times higher than thaitial one

DN
bbé Q)Q'}' Q@’ Q,;\Q)
Ny ¥ Ny

Figure 3.2 Agarose gel electrophoresis of DNA origami rectangular shape before and after the Amicon filtration. The

lowest band represerirgee staple strands which are removed through filtration.

3.2 AFM sample peparation, analysis and preservation

Rectangular shape DNA origami haveenused forstudyingDNA hybridization kinetics
[40] as well aschemical reaction through the specifically displacemenbiofins [95].
Most of these studieare based on étopographical detection of the DNA origami
structure performed thouglFM characterization. RectanguldDNA architecture is

suitable not only for théenvestigationof molecular mechanism but also fibre in depth

56



analysis ofadhesiormechanisnto the subtrate,of the samplestabilityin liquid andin air,

and its preservatioaver the time.

The inmobilization of DNA nanostructures on a surface is a key step for the integration of
DNA-based materidbr electronic applicationg-ritzsche and coworkersustied theeffect
observed when already immobilized and dried origami were again rehydrated under certain
conditions, resulting in a certain ordering of densely packed origami struf@éfet our

case waused the rectangl® optimize gorotocol to stably anchor DNA origami structures

to thesurfacs.

The sampléhas beennitially spotted on a freshly cleaved mica substrate for 5 min and
then ~1 mL ofTAE 2x + 25 mM MgC} has beeraddedbeforeAFM analysis With this
protocal we obtainedhigh resolutionmages, inwhich it is possible to sebe central seam

of the DNA origami. However we observed that aftez i, the struires did notadhere
anymore to th substrate and were dragged from the AFM tip. To avoid this phenomenon
we improved the adhesion addibignM of NiCk, which resulted in a prolonged stability

during the time.

Figure 3.3 a) AFM of DNA origami rectangles in intermittent contact imaged in liquid showing the central seam of the
structure. Evaluation of the DNA origami stabilliy in liquid with a freshly prepared sample (intermittent contagtin

air with one day sample (contact mod#)jn air with 2 monthsold sample (intermittent contact).
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We analyzed the sample throukM topography in liquid on the freshly prepared sample
(intermittent contact), one day after we repeated the same measurement on dried sample
(contact mode), afteo monthswe performedon the same sampldhe measurement in

air (contact mode). The images demonstrated thatriee dnd the drying process did not
affect the structure dhe DNA origami (Figure 3.3). Even if buffer solution is considered
determinant fo the maintenance of théiological molecules in the physiological
conditions, in this case it was not crucial for preserving DNA origami shape.

Moreover weinvestigatedalso the adhesionstrengthof DNA origami on the silicon
surface (after plasma cleagirtreatment)performing AFM topography A comparison
analysishas beendone with SEM The imagesshowedthat DNA structuresstrongly

adhereo silicon thus allowing AFM measurements

Figure 3.4 Rectangulashape DNA origami on silicon imaged wiih AFM performed in air (contact modd)) SEM.

3.3 DNA coverage of gold nanoparticles

The ssDNA coverage of gold nanoparticles has lobmre using an already optimized
protocol described in theparagaph 2.4 [83]. A good covering of gold nanosphere is
correlated with the typology dhe bond and with the reactivity of the molecules arranged
on the surface. The number of molecule involved on the coeestagngly influence its
reactivity. In particular, if the molecule density is high, the ssDNA are highly packed
because of thetacking interaction along the molecular chafseduction inthe number

of molecules, instead¢ould generates a large nbomogeneity on the surface that
prevens the correct stand up position léay most molecules laying dow87]. This effect
produces a large portions of gold surface exposed and available for electrostatic

interactions such as, for example with the ions containgte buffer solution. iSce the

58



gold surface is negatively charged it tends to generate aggregation betwdenugRthe
formation of an electrostatic salt bridge between exposed gold surface poftiens.
success of the functionalization procedurerdfae, is correlated with a sufficienumber

of molecules attached on the surface to alk NP neutralizationn buffered ionic
solutions.

In our functionalization protocol, we used one of the most common way to produce a full
DNA coveiageof the gotl sphere, consisting in the formation of sulgmid bond. 8Ifur

atom in fact, strongly interact with a cell of fourgold atomsof the nanosphere providing

for a strength bondmilar to thecovalent one (Figure.3a) [98].

407 A
——  Au(110)
O Cad 28

Figure 3.5 a) Representation of sulftgold bond: the S atomrsingly interacts with 4Au atoms celfigure taken from
[99]); b) The radius of curature of a spherical surface induces a different arrangement of the molecules which
determines the angle between molecular chains affecting the stacking interactions.

In literature there are many examples of Self Assembly Monolayer (SAM) in \itimh
modified molecules react with gold planar surfaces to create a monolayer with a controlled
degree of orderThe radius of curvaturef a spherical surface induces a different
arrangement of the molecules whidetermines the angleetween molecular chains
affecting the stacking interactian(Figure 3b). The substitution of sodium citrate, used

for gold colloids synthesis, with BSRBis(p-sulfonatophenyl) phenylphosphine dihydrate
dipotassium saltjs fundamental to passivate the gold colloids surface. dlare BSPP

can be easily replaced by thiol reactive groups.

Single strands DNA are modified with thiol reactive group at one extremity. But the
presence of a disulfide bond (oxidation of two thiol groups that bind together) is
thermodynamically favorite ni solution and prevents the premature disulfide bond
formation in solution between the DNA strands. For this reason, the thiol group is
synthesized with a protective chemical "cap” making the extremity not reactive. The
reduction reaction to break disuidbonds can be carried on with several reducing
molecules. Among them, we selected dithiothreitol (DTT) because, as widely reported in

literature [99], it is able to reduce the disulfide bond producing tv&H (thiol)
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terminations. Immediately after DTT gotection, the DNA moleculdsave beemmixed

with a proper rad with gold colloids previously coated wiBiSPP(DNA concentration/

NP concentration = 35640500) The saltageing process in which the NP are kept stirred
and a small salt (NaCl) amounts are added step by step to reach 0.1 M conceitiation
gradually stabilizes the link of DNA strands on the gold surfacEhanks to this slow
process, DNA strands can acquire all the ionic charge needed to strengthen the interaction

with the surface, avoiding aggregation caused by rapid salt amount addition.

0.5 —— AuNP in BSPP
52 DNA covered AuNP

0.4 5243
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Figure 3.6 a) Extinction spectra of (i) 20m gold nanoparticles in BSPP (peak max = 524.3 nm) and (ii) 20 nm gold
nang@articles DNA functionalizationThe latter induces a reshifted plasmonic peak assocehbbith a change of
permittivity. b) Functionalized gold NP are characterized by a ruby red color which becomes violet/gray after the
formation of aggregated complex; the agarose gel migration is avoided if functionalizagghfgatdorming a violet

line insice agarose well.

The solution stability is primarily checked controlling the color that should remain ruby

red and transpamné (Figure 36b). The same color should be maintdmlso after agarose

gel electrophoresis migration. If functionalized gold ddkoare stable also inside buffer

solution, they enter in the gel ghacing a clear red colored baad her wi se t hey dc
inside the well produaig a violet/ gray line (Figure.@). The U\ Vis spectra performed

with the gold colloids in BSPP shewa peak maximum at 523 nm, after the
functionalizationwith DNA, the peak position is slightly reshiftedto 527 nm because the
permittivity is changed (Figure.@a).

3.4 Functionalized substrate for nanostructures anchoring

Biotin-functionalization of DNA origami structuresas well asDNA coveredAuNP,
introduce anchopoints to specifically deposit theagicles on a substrate Thus, the
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substratesnodification with organic moleculesvhich areable to bind both the substrate
and the nangarticle of interestin our experiment, wénctionalized a silicon wafer with
two different EEG-silane one modified with methgroup and the other one with biotin
Ovemight incubation in nomxidizing atmosphere was sufficient fially recover all the
silicon piece. Wamixed mehyl-PEGsilane and biotirPEGsilanein different proportios
(ratio 1 =98:2 andratio 2= 99.9:0.01)The height profileof the layerwas determinedh
dried samplehrough AFM topography, repeated absiber the scratch of a small area
calculatethe layer thicknessThe height profile of different scratched angesents an

heightaverageof 1 nm(Figure 3.7, demonstrating that there was an organic layer laying

on the surface

3.5 ]
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Figure 3.7 AFM image of PEGsilane functionalized substrate with the central scratch performed with AFNhé&p;

profile measurement shows a step of ~1 nm.

To understandhe relation betweerthe biotinilatedPEG concentrationin solution and
biotin deposited on the surface we functionalized gold nanopartislewith an
oligonucleotide biotinmodified. Thestreptavidinadditionand the washing stepsive been
performedfor each ratio (methy®EGsilane and biotifPEGsilane) in parallel botlior
the sampleandfor the negdive control represented bysabstratdunctionalized only with
methytPEGsilane After the incubation with biotinilateduNP wecountedthrough SEM
their density(Figure 3.8) The statistical analysis evidences tAaiNP average nubrer in
the negative condl was 20 times less thathe sample containing 0.01% biotinilated
PEG The samfe containing 0.01% dbiotinilatedPEGshows an half number of particles
with respect to the sample containing 2%baftinilated PEG The aspecific binding of

AuNPsobsevedin negative controlemainedconstant in all the experiments.
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Figure 3.8 SEM picture representing biotinilatékuNP incubated on functionalized substrate wih:99.9 : 0.01 of
metil-PEGsilane and iotinilatedPEGsilane;b) 100% metitPegsilane.

3.5 A platform for AUNP arrangement

RectangleDNA origami allowsdifferent rearrangment of AUNP. We organized three
binding sites for gold nanoparticle functionalized with a different DNA sequence (F5, F9
andF1) as shown in figure 3.1&ach binding site is composed by three catchers strands
protruding from the surface interspacedl0 nm (AuNP radiug. Our purposewas to
increag theprecision in positioning, antb strengtherthe bond However only two NP

can be attached to the origami at the same time because of the partial overlapping of two
binding sitegFigure3.1c). The decoration protocol is usually performed mixing DNA

origami andhe AUNP with a ratio of 2 NP#& each binding site. If the initi@oncentration

of the NP is not sufficient to satisfy the ratio, an aliquot of NP solution is centrifuged to
pelletthe NPs and the volume of the supernatant is reduced as many times as necessary.
The resuspended particlasethen added to DNArigamiand incubated at 45 °C/ 50 °C

for 45 min, and cooling down owaght. The long cooling down ramp, should avoid
thermalshockthat can modify the structure. The presenceanjugatedAuNPsandDNA

origamihas beeronfirmed by gel electrophoresis (Figi6).
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Figure 3.9 Agarose gel electrophoresis of DNA origami rectangle decorated with two AuNP, imaged with visible light
and UV lamp, shows the band of the product functionalized and the band of free NP.

The sampls decorated with one or two NPsive beermaged both with SEM and STEM
as shown in figure3.10. The purification of DNA origami rectangle from excess of free
NPs has beerperformed using different protocols gel extraction the ruby red band
corresponding tdNA origamiAUNP is cut and centrifugetth Freeze and Squeeze filter.
The SEM imaging of purified AUN®NA rectangles showed the dirt produced by agarose
gel residues adisplayedin figure 3.10b. Most of the structures were trapped insip
matrix and the concentration was extremely reduced. The further gf@ftecrease in

concentratiorwas the color of the sample which became transpaftntgel &traction

Figure 3.10 a) STEM imagerepresenting DNA origami rectangle decorated with one Aulfreeze and squeeze gel
extraction of the DNA origami rectangle linked with two AuNP.

Thesecritical pointsencouraged us to find another way to purify #heNP-decorated

DNA origami usingacmp |l et ely new met hod e[X0f./Tod t ed
protocol is based ora density gradient separation which employs a viscous liquid
(iodixanol) to purify DNA origami rectangles decorated with 1, 2 and 3 AuNP in discrete
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bands after a 2 h long centrifugatistep In all the experiments we performed, after the
centrifugal step we obtained twank bands both analyzed through SEM imagidg.
successive Amicon filtration witiAE 1x containing MgCJ removed the viscous liquid
improving the quality of SEM imagé&igure 3.11) Through this protocol we successfully
separatednost of the free AuNArom AuNP conjugatedD NA or i g a mi but
succeed in the separation@NA origami with 1 NP from 2 NPsMoreover theprotocol

wasbarelyreproducible so weconcluded thait is not appropriate for further experiments.

Figure 3.11 lodixanol sepeation and purification of AUNP decoratB®lNA origami rectanglesa) iodixanol density
gradient shows an intense red band and a pale band representing free AUNP afiaNXublifgami; b), ¢) andd) SEM
images of pale red band shown in a). Red circles sudrd@NA origami anchored by 2 AuNPs while all the other

particles are DNA origami with 1 NPs attached. Few free NPs are present.

The LSPR analysis on the samples purified wvitieiodixanol method has been performed
usingaspectrophotometer. In the gragown in figure 3.18e have measurdicee AUNP
andDNA origami rectangle decorated with AUNP in both combinationF&E&nd FOF1.
Data are not normalized to highlight the different signal intensitreghe origami the
intensities arestrongly reducedecause othe purification stemfter the decoratiowith
AuNP, wheremost of the structurewerelost The threepeak positionsare overlapped
thus confirmingthat most of the structures obsenmabsses®nly one AuNPas shown in
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figure 3.11. For this @son the optical responeéthe particles linked tthe DNA origami
iIs comparable with the free AuNBsponsand no LSPR reghift is observed.
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Figure 3.12LSPR analysis of free AUNP and DNA origami eeggle with two different combination of AUNP; the peak

position does not evidence relevant-gdiift after the conjugation of AuNP with DNA origami rectangle.
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4 Plasmonicbased etrahedral DNA origami device

4.1 Tetrahedron design

As mention in the thsis aim, | focused my attention to wireframe DNA origami
tetrahedronEach edge isomposef four dsSDNA helix ~90 nm longand isconnectedo

the other two neighboring edges the vertices by flexible jointsThe scaffold strand
coming out from the strutsyosses each vertices twicéhelconnection points between the
strutsarecomposed by 5 bases left at single strare number of bases compositigee

of the six struts slightly diffeto fold completely the scaffold strand. Three of the struts
have bemr designed with a central seam which separates the two half of teitgdif, so

we properlyprolongedthe staples strandsning their pairing to build a cagegoundthe
seamin orderto reinforce thecentralpart In the three pillars left, the scaftl strandstill
forms acentral seam but the external keéixtends alondhe entire length of the pillar

' EE‘JZ
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I ”’
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1 -

-

maintaining the struts mosmolid (Figure 41).

Figure 4.1 Visual modelof the scaffold straniblding path six 4-helix bundles in blue, the flexible connections at the
vertices in redThere are two different types of struts: the two half struts typology and the strut eeithral seamOn

the right side, a focus of theertexconnection

In orderto tunethe mechaical properties of the bundlesge designedhreedifferent set of
staples which induced the formation of weakened points on two of the six struts. The three
ses of staple strands include staple stmadhich: (i) anneal the entire séalld strand of

the bundlg0ss) (ii) anneal the scaffold strand except 4 bases of one of the fourhedix

(ii) anneal the scaffold strand except 4 bases of three helices composing the(2es)dle
(Figure 4.2)
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Figure 4.2 Three set of staples containing: 0 base single strand (0ss), 4 base single strand in 1 haixd(#fs)ses
single strands in 3 helices (3s§he saffold strand is blughe structural staples istnds are redhestaples involved in

the variable part of the struts are gramd the green dotted segments are thasks gaps where the scaffold strand is left
unpaired On the rightthearrows indicate the position and the number of weak points.

The three structureBave beerseparatelydesignedthroughthe help of desigassisted
software caDNAnaas described in section 2.The success in thgroperfolding of the
structure has beerestimatedusing GnDo simulation software. The threuctureshare
thesametetrehedral sape but thewredifferenty colored(Figure 43).

I\
P\

7.6nm< I T M <24.4nm

Figure 4.3 CanDo simulation of tetrahedral DNA origami Oss, 1ss and 3ss. The lwalagepresents the thermal

fluctuation (nm) of the structures.

The Camo simulation provides a qualitative information about deéormation induced
by thermal fluctuations experienced by the DNA origatihe zones in which the

deformationsare higher highlight theegions where the conformational changes are more
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likely to happenTetrahedron 3ss show a contglg differentcolors patternrespect to 0ss

and 1ssO0ss and l1spresentred zone in two vertices while the rest of theucure is
approximately stable; 3ss, insteahibits red parts inan entire strut anth three of the

four vertices, buttte other pillas are more stable than in 0ss.

The purpose of 1ss tetrahedron design and synthesis was to use it for SAXS measurements,
since itsbehaviorshould be too similar to 0$s be detected with other technique.

In order to bind two gold nanopatrticles to the tetrahedron, we extended oligonucleotides
from the original desi gn, creating fcatchel
coming out from three different struts of a tetrahedral fatleé length of the aichers

strands has been accurately defined to positiorNfaen the middle of the facet with a

nominal interparticle distance of 10 nm from surface to surface.

Figure 4.4 4 helixbundle DNA origami tetfaedron Oss and 3ss (4 nucleotides gap), represented with the CanDo
simulation, are decorated with an actuator strand and with two 2@althnanoparticles positioned in the center of two
opposite tetrahedral facets with an planned interparticle distdri@ron (30 nm from center to center).eraddition of

molecular targeinduces a conformational change of the structure reducing the gap between AuNP.

A third tetrahedron faces modi fi ed by the addition of t
represents the pbe of the DNA origami device. One long ssDNA, connects two of the six
struts of the tetrahedron througdiwo catcher strands complementarythe5 Nj aends 3 Nj

of the actuator strand@he complementargequence is 1Bases longThe targehas a stem

and loop configuration, complementary with the actuator stsaggienceThe annealing

68




























































































































































