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Nature is the source of all true knowledge.
She has her own logic, her own laws,
she has no effect without cause

nor invention without necessity.

Leonardo da Vinci



Preface

This Master thesis is the result, in principlenof curiosity for going into the Nanoworld
to know, discover and research, how DNA nanoteauyls setting the bases for an
upcoming revolution in the biomedical scene and ynather scientific fields. | believe
this is just the beginning of one of the more prEing scientific disciplines in human

sciences.

In the following pages | present the results of mgster thesis internship, performed at
the department of Nanobiotechnology under the sigien of Dr. Giampaolo Zuccheri.
This thesis concludes my two years of the Mastesaénce Advanced Spectroscopy in
Chemistry as part of the Erasmus Mundus program.

This research is presented in five main parts iteides from the design, synthesis,
characterization and functional evaluation of tvedf-assembled multifunctional DNA

nanobiosensors. Each structure was devised intemgit to perform a specific area of
DNA self-assembly that we find promising for theuie development of functional

DNA sensor nanotechnology.






Abstract

DNA is a fascinating biomolecule that is well knovior its genetic role in living
systems. The emerging area of DNA nanotechnologyiges an alternative view that
exploits unparallel self-assembly ability of DNA hacules for material use of DNA. The
pioneering work by Professor Seeman has showedtlieaself-assembly of synthetic
oligonucleotides can be used in order to make rieuciares of arbitrary shape and
complexity; such nanostructures can also be endowgld interesting functional
properties. After nearly three decades of reseaffbrts, the meaning of DNA
nanotechnology has evolved from toylike beautifahoscale structures to really useful
building blocks for a variety of applications. Img thesis, | report the design, synthesis
and characterization of multifunctional fluoresoenic nanobiosensors by DNA self-
assembling . Each structure was designed and ingpled to be introduced in live cells
in order to give information on their functioning rieal-time.

Although many reports exist on the results of DsE-assembling systems, still
few of them focus on thia vitro study about the function of such DNA nanostructune
live cells. Due to this, there are still a limitedowledge about the functionality in real
time of such designs. To address an aspect ofighie, we designed, synthesized and
characterized two main DNA nanostructures with &ns®r functionality. In the design
effort, we have used computational tools to desiggraphic model of two new DNA
motifs and to obtain the specific sequences tthallssDNA molecules in our models, to
provide their functionality.

By thermal self-assembly techniques we have sstdés synthesized the
structure and corroborate their formation by PAGEhnique. In addition with this last
technique, we have established the conditions taracierize their structural
conformation change when they perform their sensgponse. The sensing behavior was
also accomplished by fluorescence spectroscopynigaeds; FRET evaluation and
fluorescence microscopy imaging. Providing the emake about their adequate sensing
performance outside and inside the cells detecte€al-time.

As a preliminary evaluation we have tried to shtve evidence about the
localized functionality of our structures in difégrt cancer cell lines with the ability to
work as a therapy target sensor. However, stiletéeb understanding in the biomedical

correlation process between DNA nanostructuredigadgystems is required.
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Summary

Introduction

The seminal work of Nadrian Seeman has showedtligaself-assembly of synthetic
oligonucleotides can be used in order to make rieuciares of arbitrary shape and
complexity. As oligonucleotides can be chemicallgridatized in many ways, such
nanostructures can also be endowed with intereimgtional properties. This field will
certainly lead to a wealth of future applicationsensing and other fields.

The goal of the research performed during this tht&s internship is to make
multifunctional nanobiosensors by DNA self-assemblihese are intended to be

introduced in live cells in order to give infornation their functioning in real-time.

Strategy of implementation

We chose to design and realize DNA self-assembieskbsors as modifications of the
original DNA tetrahedron design proposed by Andiiawberfield and coworkers. These
are simple and efficiently assembled nanostructilvaiscan be obtained with as few as 4
different oligonucleotides. The tetrahedrons canmale functional in many ways by
performing the assembly of chemically-derivatizédanucleotides.

We postulated the design of ‘open’ DNA tetrahedhnal can close to a compact
tetrahedron (triangular pyramid) upon a chemicahdlrig event. This large
conformational transition can be coupled with angfein the fluorescence properties
(FRET) of fluorophores decorating some of the congmb oligonucleotides, and thus it
can be detected externally.

We propose the design of at least two classesgabf sanostructures:

- A pH-sensitive nanostructure, where the confornmaidclosing’ transition is

driven by trhe formation of an intramolecular CTHhtriple helix. Sed~igure 1.

- A nucleic-acids sensitive nanostructure, where toaformational ‘closing’
transition is driven by the contemporary bindingaofarget nucleic acid to two

ssDNA tails of the structure. See Figure 2.
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Figure 1: structural model and functioning scheme for thesgHsitive nanostructure (left: high pH
state, right, low pH state). FRET between fluoragisadecorating the structure vertices is more

efficient if the closed conformation.

Figure 2: structural model and functioning scheme for thele@ig-acids sensitive nanostructure
(left: unbound open state, right, bound closecest&RET between fluorophores decorating the

structure vertices is more efficient if the closemformation.

Results

We designed and made DNA nanostructures and shtvesdare function. Then, we

treated live cells with them and demonstrated wuptakive human cancer cells.

Design of nanostructures

We successfully designed DNA nanostructures byhtpkidvantage of available software
tools and achieved two different nanostructuresdad 4 oligonucleotides each:
- A pH sensitive tetrahedral nanostructure (Begure 1) that contains a double-

stranded target and a single-stranded triplex-fogmaligonucleotide section that
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will assemble in a triple-helix upon reduction d@ketsolution pH. The triplex
sequence was obtained previously in the lab andlajis a transition point
between pH 6 and 7 at 37°C in physiological condsi so it is apt for measuring
changes in the intracellular pH in mammalian cells.

- A nucleic-acids sensitive tetrahedral nanostruc{seeFigure 2) that contains
two single stranded tails that are complementatytonear portions of the BAX
transcript RNA. This is the RNA product of a germattis involved in cell
apoptosis and thus it can be triggered by apopiodiscing signals.

Two fluorophores are localized at two vertices led hanostructure where their mutual
distance will change the most upon conformatiomahdition (seerigures 1 and 2
fluorophores are represented as spheres). We used<the donor dye and Bodipy650
or Cy5 as the acceptor dye.

Characterization of nanostructures

We characterized the assembly of the nanostruchy&AGE, so that we can follow the
assembly step-wise and test the thermodynamic lisgalof the structures in

physiological conditions.

Assembly characterization

As an example of successful assembBigure 3 below shows the stepwise assembly of
two variations of the BAX nucleic-acid sensing nstnocture. PAGE shows that
assembly proceeds with high yield. Functional tetthions migrate as single bands and
are stable in physiological conditions. Occasionale gels show small stoichiometry

impairments, but the tetrahedron is always thegpal product.
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Figure 3. Annealing of oligonucleotide dimers (lanes 1-6)nars (lanes 9-11) and full tetrahedrons

for two variations (lanes 12 and 13) of the nucleitids sensor DNA tetrahedron.

Functional characterization

The functional characterization of the dynamic hbraof nanostructures is achieved by
PAGE, by changing the conditions (running pH foe ffH biosensor and titration with

target oligonucleotide for nucleic-acids biosenson) by spectrofluorimetry.

Nucleic acids biosensor

We demonstrated that the nucleic-acids sensitivattedron is functional. PAGE shows
that tetrahedron bind the target and it then mégrads a single band (verifying
recognition and association) and that the nanasireicband gets shifted to higher
mobility than the unbound state (as it is more cachjn shape) as expectédgure 4A.
Tetrahedrons are decorated with donor and accdptmrophores that can do
energy transfer (FRET) on closing of the structypen recognition. Upon titration with
target nucleic acids of appropriate sequence afiidisuat length, the structure undergoes
a conformational transition towards a compact, edfostructure where FRET is more
efficient. Fluorescence spectroscopy shows a sogmif quenching of the donor dye, and
correspondent increase in the acceptor sensitimesk®on of fluorescencé&igure 4B.
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Figure 4. A) PAGE showing the shift in mobility of the tetrahedrband (TT) upon binding with
specific DNA targets of appropriate sequence andtle(20-nt —Trg10-3-10 - or 30-nt - Trgl15-
3-15 - recognition sequence, in these conditioBBprter recognition sequences are not stably
bound (Trg8-3-8)B) Spectrofluorimetric characterization of the confiational transition upon
target binding (in the direction of arrows) as evided by both the quenching of donor

fluorophore emission and the sensitized emissich@fcceptor fluorophore (inset).

pH-biosensor

By exploiting the same strategy for functional ewherization, we performed PAGE and
spectrofluorimetry also in order to characterizee tdynamic behavior of the
conformational transition of the pH sensitive nanagure.

In order to better characterize the behavior, Ws® grepared control pH-
insensitive nanostructures: an open DNA tetrahednah cannot close, and a compact
tetrahedron that stays close irrespective of thatiso pH. All the 3 specimen (negative
‘open’ control, positive ‘closed’ control and bioser tetrahedron) are run in PAGE in
different pH buffers. At pH 5, the pH-sensitiverédtedron runs as fast as the positive
control, ‘closed’ nanostructure. At pH 8, the pHhsieg tetrahedron runs as fast as the
negative-control, ‘open’ tetrahedrdrigure 5A.

The pH-driven conformational transition can alsoe bchecked via
spectrofluorimetry, using the same strategy deedribbove. pH-independent donor
(Cy3) and acceptor fluorophores (Bodipy650 or CgBy brought in proximity by the
closing of the tetrahedron at low pH, leading tanhalofluorescence quenching and
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correlated acceptor sensitized emission. The feganece behavior of the control positive
and negative nanostructures are not changed withti@o pH. Figure 5B. Our
measurements show that the behavior of nanostaesciarreversible and robust, as they

can undergo repetitive transitions by cycling the p

Cell uptake

Confirming previous evidence reported by our labmwsaand others, we confirmed that
this class of nanostructures can spontaneouslyptaken by live cells even without the
aid of transfecting agents. We tested differentl deles, including HelLa and
glioblastoma cells. We have demonstrated uptake chgracterizing the cellular
fluorescence by epifluorescence microscopy. Nancsires are also present as a diffuse
signal in the cytoplasm, but they are manly eviéeinas a localized signal in lysosomes
and possibly mitrochondria.

6 6.5 7 75 8
pH

Figure 5. A) PAGE showing the mobility of the pH-sensitive tédron band at acidic pH as a
comparison with pH-insensitive control nanostrueturGel is run at 37°C in physiological
conditions.B) Plot of the fluorescence signal due to the emissib the donor (Cy3) dye
decorating the nanostructure during cycling ofgbkition pH. Fluorescence of the pH-sensitive
tetrahedral nanostructure gets quenched when thetuste is closed by triple helix formation
and the donor fluorophore is near the acceptor. sMesnents are performed at 37°C in

physiological conditions.
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pH-biosensor

We characterized the state of the pH-sensitivahetiron inside live cultured cells. By
characterizing the localization of the FRET sigimalthe fluorescence microscope, in
comparison with the direct excitation signal of ttenor and acceptor dye, we evidenced
that the higher FRET comes from point-like orgaggllecognizable as lysosomes. As it
is known that these should have their contentevatgH &5) and thus we conclude that

the nanostructure is successfully reporting oraseHlular pH variations, séggure 6.

Nucleic acids biosensor

We also proved that our nucleic-acids sensitiveosaincture gets internalized by live
gliobastoma cells. These also get localized incgfteplasm, but manly in lysosomes and
possibly mitrochondria.

We made and used nanostructures that were designeéarget an RNA transcript

involved in the apoptotic pathway. We did a numbieattempts but so far we have not
been able to show the emergence of the target RidA iaduction of apoptosis in the

glioblastoma cells.

Figure 6. Fluorescence image of a human cultured glioblastoesih after uptake of the pH-
sensitive DNA nanostructurélere is the display of the overlay of the fluoresmesignal of the
donor dye represented in red with the signal frtwe ERET channel, represented in green.
Localization of the green signal (or perfect oventd signals that shows as yellow) reports on

the localization of high-FRET states in point-lieyanelles identifiable as lysosomes.
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Conclusions

We have successfully designed and realized furatidynamic DNA nanostructures that
can respond to the change in pH or to the presehspecific nucleic acids by changing
their conformation in an externally measurable i@shWe have also shown that these
nanostructures can be internalized by live humdls iteculture and could report on their

internal state.

Outlook

Additional experiments and possibly more statiffffcarelevant citofluorimetry
experiments will be needed to quantitatively assélss functionality of the
nanostructures as intracellular biosensors, edped@ the case of the nucleic acid
biosensor.

An important factor in the deployment of such bius®m will be the intracellular
localization upon uptake. Current evidence seershtow that this could depend on the
cell line, on the cell state and possibly also lom tiype and number of fluorophores that
are used to detect the presence and signaling atdatee internalized nanostructures.

Further studies are needed in order to have arlostidrol on cellular localization.
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Elements of Nanoscience and DNA Nanotechnology

1. Introduction to the Nanoworld

1.1 Nanoscience and Nanotechnology Definitions

Nowadays the terms nanotechnology, nanoparticles,nanomaterials are familiar to a
broad audience of readers since the term “nano’tdasducionazied the way of thinking
about the object size. Nanobiotechnology is a mhisltiplinary field that covers a vast
and diverse array of technologies coming from eegjiimg, physics, chemistry, and
biology. It is the combination of these fields thais led to the birth of a new generation
of materials and methods of making them. The sadpa&pplications is enormous and
every day are discovered new areas of our daigslivhere they can find use.

From a general perspective, the prefix nano isvedrfrom the Greek word
“vavoc” (nanos) meaning “dwarf”, the quantity of 10-9 ¢ohillionth) of a measuring
unit. Therefore, the nanoscience is defined agdbkearch field where objects and those
phenomena originated by nanoscale objects convargerange size of 1 to 100 nm.
Thus, Nanoscience can be viewed as an highly is@plinary that seeks to integrate
mature nanoscale technology.

Once nanoscience was defined, it can be possildefine “nanotechnology” in
general way as the field of research and fabripatiat is on a scale of 1 to 100 nm. In a
broad sense, nanotechnology involves the “creatioth application of nanomaterials,
devices and technical systems whose functions aterrdined by the presence of

nanostructural fragments” [1].
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In the way to understand the proper term of namoiglogy, it is helpful to delimit the
nanoworld in the context of basic science. Chemisér the study of atoms and
molecules, a real matter of dimensions generalgs lhan one nanometer, while
condensed matter physics deals with solids of ésdigrinfinite arrays of bound atoms
or molecules of dimensions greater than 100 nmigAificant gap exists between these
regimes, which corresponds to the previously definanosize region, in other words
this gap corresponds to particles of 1 to 100 nngbmut 10 to 106 atoms or molecules
per particle [2].

In this nanoscale domain neither quantum chemistryclassical laws of physics
hold. For example, in materials where strong chahbonding is present, delocalization
of valence electrons can be extensive, and theerahgelocalization can vary with the
size of the system. This effect, coupled with dtrted changes depending on size, can
generate different chemical and physical properties

Another way to interpret the nanoscale meaningp gut into visual perspective
the atomic, nano, micro and macro domains and coampih other usual objects in our
world as it is shown ifrigure 1. This illustration helps to compare in metersstze of a
DNA strand, a bacterium and a regular cell.

The existing definitions of nanotechnology alsoeeged from the modern
achievements and inventions in the area of visatiia, manipulation, and analysis of
nanometersized structures as well as the contteltakation of new functional materials
with unique properties and nanosized devices tratigeed technological breakthroughs
in various industrial fields.

Over time and with the advancement in this fielthe definitions of
Nanotechnology have become much more robust tgretie almost all the elements that
describe better its meaning and understanding. Szinsech particular definitions that
can be found in literature are:

From the report of the Royal Society & the Royalademy of Engineering of
2004 [3]. “Nanotechnology is the design, charazégion, production and application of
structures, devices and systems by controllingelaap size at nanometer scale.”

From the National Nanotechnology Initiative [4]. &Notechnology is science,
engineering, and technology conducted at the nat®saevhich is about 1 to 100
nanometers. Nanoscience and nanotechnology asgutig and application of extremely
small things and can be used across all the ottience fields, such as chemistry,
biology, physics, materials science, and engingérin
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The Concept of the Development of Research in trea Adf Nanotechnology in Russia
until 2010 (approved by the government of the Rars§iederation on 18 October 2004)
used the following definition: “Nanotechnology iket combination of methods and
techniques that provide the possibility of contable creation and modification of
objects that include components with the size 8§ lthan 100 nm which have unique

properties and can be integrated with completetioning large-scale systems.”
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It is obvious that all of the definitions are n@rfect and can be subject to criticism, and
the rapid development of various branches of nahoi@ogy will correct and improve
them.

1.1.1 Brief History of Nanotechnology

Even though nanotechnology is considered as avellanew field, it does not mean that
technologists and scientists had not been workmgitively in this area before. The
ancient Romes empirically used gold nanopartictesdlor goblets and other glass
products [5]. (This technology was used to crelgefamous Roman ruby goblets). It is
also appropriate to remember that in 1857, M. Fayaglas working with a red colloid
solution that contained gold nanoparticles witliza f 20 nm.

The primary documented concept of Nanotechnology presented on December
29, 1959, when Richard Feynman presented his fatectisre entitled “There’s Plenty
of Room at the Bottom” at the annual meeting of Ameerican Physical Society at the
California Institute of Technology [6]. In this kalFeynman stated for the first time
several ground-breaking concepts, most of whiclsalleelevant today. Even though his
speech was completely theoretical, he describedthedaws of physics do not limit our
ability to manipulate single atoms and moleculesckBthen, manipulating single atoms
or molecules was not possible because they wer@dasmall for available tools in that
time. Nevertheless, he correctly predicted that tinee for the atomically precise
manipulation of matter would inevitably arrive. Teyd that lecture is considered to be
the first landmark of science at the nanolevel.

Later, the term nanotechnology was first used toy. Norio Taniguchi in 1974 at
a conference in Tokyo with his paper “On the BaSwmncept of 'Nano-Technology”
defining it as “the processing of, separation, otidation, and deformation of materials
by one atom or one molecule” [7].

On the other hand, the progress in nanotechnol@gy/based on inventions made
at the end of the twentieth century. The first béde inventions belongs to Nobel
laureates, physicists Gerd Binnig and Heinrich Rolirom IBM research laboratory,
who, in 1981, designed the tunnel scanning micnosd¢bat made it possible to see single
atoms [8]. The second discovery was made in 198&nwhe atoms were not only
observed, but also manipulated for the first timéhwhe help of a tunnel microscope
enhanced by G. Binnig. The Nobel lecture in 1986d@&scribed both the principle of
operation of the tunnel microscope and the way ahipulating atoms. On the same
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year, Dr. Kim Eric Drexler published a book entitifEngines of Creation: the Coming
Era of Nanotechnology” [10]. This book speculatiwekplored the concepts proposed by
Feynman bringing them to a wide public attentiohe Toncepts used by Drexler about
nanotechnology are often referred as “molecular oteinology”, that is, the
engineering of functional machines at the molecstzle designed and built atom-by-
atom.

Summarizing, the principal scheme of integral paftnanotechnology formed by
the end of the twentieth century is illustratedrigure 2. Remarks on this scheme, can
be stated that engineering (technical) nanoteclgyol@as started being focused toward

solution of the following problems [11].

» Creation of solid materials and surfaces withtoalable molecular structures

*Designing new types of chemical compounds witmticslable properties
(nanoconstructions)

* Creating nanosized self-organizing or self-regting structures

» Fabrication of devices for various purposes (gonents of nanoelectronics,
nanooptics, nanoenergetics, etc.)

* Integration of nanosized devices with electyistams

Atoms
Nanoparticles @ Layers

1. Dispersions 2. Nanostructured 3. Functional and smart 4. Composite
and coatines materials nanostructures materials

5. Nanomedicine

Figure 2. The principal scheme of the basic part of hanoteldyy formed to the end of the twentieth
century and the main research fields.
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In this perspective, the goal in nanotechnology rbaydescribed as the ability to
assemble molecules into useful objects hierardiyiagategrated along several length
scales and then, after use, disassemble objects nmblecules. Nature already

accomplishes this in living systems and in the emment.
1.2 The Creation of Nanoscale Objects

The first 30 years of the nanosciences were desticaiainly to studying and fabricating
materials at the nano scale range. In those studigsh effort was focused on shortening
the dimension of fabricated materials. It was @adtme when the two basic fabrication
approaches were defined: “bottom-up” and “top-dowased on the type of action that is
needed to go from the starting materials to therel@sproduct. A general view and

comparison of these two techniques are showigare 3.
1.2.1 Top-Down

The Top-Down approach represents the type of nanofdion first imagined by

Feynman that search to create nanoscale strududeyvices by using larger, externally-

Bottom-up

Initial material

O—a—— 00— B —83@:-

Initial material

Top-down

Figure 3. Technological approaches to the creation of nateniads: Top-down and bottom-up.
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controlled tools to direct their assembly. Thidi@que is referred to the molding,
carving, and fabricating of small materials and poments by reducing the size of the
initial substance or placement of required atomghmnsurface of some material in a
certain configuration, this is possible by the o$darger objects like mechanical tools
and lasers.

Examples of Top-Down nanofabrication include gfids of lithography (photo-,
electron beam, dip-pen, soft-, nanoimprint-) arahieig tools. In all these techniques, the
generation of nanoscale features relies on theredtg controlled relative movement of
a tool and the substrate. The advantage of theldap technique is that it enables to
control the manufacture of smaller, more complejedtis, as illustrated by micro and

nanoelectronics, for example in the silicon chipri@ation.

1.2.2 Bottom-Up

On the other hand, the bottom-up approach, searfchébe means and tools to build
nanomaterials (devices) by combining smaller corepts from desired elements, such
as single molecules and atoms, that are integiatedspatial structures as a result of a
physicochemical process; generally, those elenartheld together by covalent forces.

Theoretically, it can be exemplified by moleculassemblers, where
nanomachines are programmed to build a structueeatom or molecule at a time; the
strategy is to put the desired elements in a contéere they can freely find each other
and establish those interactions, without or widryvlimited external control. In this
way, the result of the assembly is ultimately deleer on exactly how sub-component
can bind to each other. Since no direct actioraken to drive the components to the
position assigned to them, the arrangement wilsjpp@ntaneously; this process is often
called “self-assembly”.

In the context of nanoscience and nanotechnoladng self-assembling
components are obviously nano-sized objects, famgies molecules or colloidal
particles. Bottom-up approaches based on self-ddgecould in principle be able to
produce the same structures accessible to top-dosthods, with the advantage to be in
a highly parallel fashion and much cheaper. In @aldi with the bottom-up design, the
covalent bonds holding a single molecule togethrer far stronger than the weak

interactions that hold more than one molecule togrein the top-down. Thus, this
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approach enables to control the manufacture of @tmmad molecules and holds far more
practical and applicative future potential.

It is necessary to remark that in any variant lué tonsidered technologies
described above, the forming nanomaterials willaobihew properties that the initial
objects do not possess.

It is clear that the creation of practically siggant structures at the nanometer
scale is one of the fundamental challenges of sei@and technology in this century. This
means that commercial demand for the productiomioiature devices will determine
the need to develop building blocks based on cdnae@ principles that are used in
nature to create nanosized systems or biosystetrthefsame time, the building blocks
must have a size that fills the gap between thengurbmetric sizes reached by the
classical top-down technology and the sizes that lwa achieved using the classical
bottom-up technology.

Analysis of the fundamental backgrounds of physatemistry, biochemistry,
and synthetic chemistry of biological moleculesisidering the requirements for the two
aforementioned approaches to obtain nanoobjectss lem the conclusion that, due to
their geometric size, two groups of compounds heenhost suitable for the creation of

nanosized structures [12]:

1 Biopolymers (such as nucleic acids andgins)

2 Nanopatrticles (nanoclusters) of variougiari

The formation of complex spatial objects, using ltletom-up approach, with regulated
properties (nanostructures, nanobiomaterials, r@rsiuctions) using nucleic acid
molecules and their complexes as constructionkBlds called nucleic acid based
nanodesign or structural nucleic acid nanotechnol®8-15]. At this time, there are two

different strategies of nanodesign:

1. Creation of nanostructures using single-strdang®lynucleotide (DNA)
molecules containing deliberately selected seqggentnucleobases.
2. Creation of nanoconstructions using spatiaiked linear double-stranded

DNA molecules (or their complexes)
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1.3 The Nano-Bio Interface

Biosystems are governed by complicated nanoscaleepses and structures that have
been optimized over millions of years. Biologists/é been operating for many years at
the molecular level, ranging from nanometers (DNW @roteins) to micrometers (cells,
bacteria). A typical protein like hemoglobin hasliameter of about 5 nm, the DNA'’s
double helix is about 2 nm wide, and a mitochondgpans a few hundred nanometers
as compared in Figure 1. Therefore, the study gfsabcellular entity can be considered
“nanobiology.” Moreover, the living cell along witlhs hundreds of nanomachines is
considered, today, to be the ultimate nanoscalécktinn system.

Considering that the groundwork of each and eueioglogical system are
nanosized molecular building blocks and machiné&at ttooperate to produce living
entities and these elements have been integratedhmtechnologists in the combination
of two disciplines (nano and biotechnology) to gib#&th of a new science,
nanobiotechnology. Nanotechnology provides thestanid technology platforms for the
investigation and transformation of biological &€yst, and biology offers suitable
models and bio-assembled components to nanoteaynolthe difference between
“nanobiology” to “nanobiotechnology” resides in thiechnology part of the term.
Objects that are “man-made” correspond to the @ogy section of nanobiotechnology.
Nanobiotechnology will lead to the design of enyirmew classes of micro- and
nanofabricated devices and machines, determinmgh8piration for which will be based
on bio-structured machines, the use of biomolecak$uilding blocks, or the use of

biosystems as the fabrication machinery.

1.4 Nanobiotechnology

The nanoconstruction technology approaches arallmas¢éop-down for the construction
of nonbiological systems and bottom-up for the roolar level as biological systems.
Those constructions are done via a collection demdar tool kits of atomic resolution
that are used to fabricate micro- and macrostractuchitectures. Nanobiotechnology,
can be described in many ways: one is the incotiporaof nanoscale machines into
biological organisms for the ultimate purpose opioving the organism’s quality of life.

To date, there are few methods for synthesizingpdewvices that have the potential to be
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used in an organism without risk of being rejeasdntigens; another way is the use of
biological “tool kits” to construct from nano- toicnostructures. However, the broad
perspective to define “Nanobiotechnology” is prdigahe one that will include both and
will be defined as: the engineering, constructenmg manipulation of entities in the 1- to
100-nm range using biologically based approachegonrthe benefit of biological
systems. The biological approaches can be eithenspired way of imitate biological
structures or the actual use of biological buildbigcks and building tools to assemble
nanostructures.

Nanotechnology and nanobiotechnology could beesdfitiated by the technique
used for the construction of nanostructures anddaewices. In nanotechnology, the
dominant approach is top-down, whereas in nanothoi@ogy is bottom-up. The
bottom-up approach to nanofabrication has the aombtb learn how to use biological
strategies for its ends. Unfortunately, we are entty unable to design from scratch
complex information-containing polymers with themeaefficiency displayed by nature,
not to mention synthesizing them. So one slightffecent approach is to use not only
the basic strategy, but also the actual molecwlesd in biological systems, or specific
portions of them.

An interesting example of the bottom-up approazithie pioneering work of
Seeman and coworkers by the use of the structuoglepties of DNA to produce target
materials with predictable three-dimensional (3D§-[L9]. He uses DNA motifs with
specific, structurally well defined, cohesive ietions involving hydrogen bonding or
covalent interactions (“sticky ends”) to produceg&t materials with predictable 2D and
3D structures. The elements for the constructiothese structures will be described in
more detail in the next sections. These effortsehgenerated a large number of
individual species, including polyhedral catenangsch as a cube and a truncated
octahedron, a variety of single-stranded knots, Bmomean rings. The combination of
these constructions with other chemical componentexpected to contribute to the
development of nanoelectronics, nanorobotics, amérts materials. Therefore, the
organizational capabilities of structural DNA nagaiinology are just beginning to be
explored, and the field is ultimately expected ¢cable to organize a variety of species in
the material world.

Actually, nanobiotechnology already has an impatthealthcare. Research on
biosystems at the nanoscale has created one afdbedynamic science and technology
domains at the confluence of physical scienceseoutdr engineering, biology,
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Figure 4. Relationship of Biotechnology and Nanotechnoltgilanomedicine and related technologies.

biotechnology, and medicine [20]. The confluence nahoscience and biology are
contributed to unified new particular fields of @uthat are even now more frequently to
find in the literature such as: Nanomedicine, Naowiedicine, Nanobiopharmaceutical,
Nanobiosystem science and engineering, Nanotheraplge relationship of
nanotechnology to biotechnology and related tedwies is depicted graphically in
Figure 4.

1.4.1 Towards Molecular Nanobiotechnology

It is clear that Nanotechnology provides invesimatools and technology platforms for
biomedicine. Examples include current work in thebcellular environment,
investigating and transforming nanobiosystems €s@ample, the nervous system) rather
than individual nanocomponents, and developing neanobiosensor platforms.
Investigative methods of nanotechnology have bemplemented in uncovering
fundamental biological processes, including seteasbling, subcellular processes, and
system biology (for example, the biology of the ragystem).

In those days, key improvements have been madmaasurements at the

molecular and subcellular levels and in understamdhe cell as a highly organized
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molecular mechanism based on its abilities of mif@tion utilization, self-organization,
self-repair, and self-replication [21]. Single malée measurements are providing an
improvement on the dynamic and mechanistic progei molecular biomachines, both
in vivo and in vitro, allowing direct investigatiaf molecular motors, enzyme reactions,
protein dynamics, DNA transcription, and cell sigmg Chemical composition has been
measured within a cell in vivo.

Another aspect is the transition from understagmdamd control of a single
nanostructure to nanosystems. Scientists are hiegiria recognize the interactions of
subcellular components and the molecular originsdigkases, influencing areas of
medical diagnostics, treatments, and human tisgypéagements. Also, spatial and
temporal interactions of cells including intracé&iuforces have been measured for the
development of particular techniques. For examalemic force microscopy has been
used to measure intermolecular binding strength dir of molecules in a physiological
solution, providing quantitative evidence of thalohesive function [22]. In this
perspective, flows and forces around cells haven lpeantitatively determined, and
mechanics of biomolecules are better understoad.dtcepted that cell architecture and
macro behavior are determined by small-scale ialietlar interactions.

Some other trends include the ability to detectecudar phenomena and build
sensors and systems of sensors that have highedegfeaccuracy and cover large
domains. For example, fluorescent semiconductoopanticles or quantum dots can be
used in imaging as markers for biological procedsssause they photobleach much
more slowly than dye molecules and their emissi@velengths can be finely tuned.
Also, key challenges are the encapsulation of namigfes with biocompatible layers
and avoiding nonspecific adsorption. Thus, nanoseeinvestigative tools help us
understand self-organization, supramolecular cheyniand assembly dynamics, and
self-assembly of nanoscopic, mesoscopic, and ewsrascopic components of living
systems [23, 24]

Thereby, emerging areas include developing réalistolecular modeling for
“soft” matter, obtaining nonensemble-averaged imfation at the nanoscale domain,
understanding energy supply and conversion to c@llsotons and lasers), and
regeneration mechanisms. Because the first levetgdnization of all living systems is
at the nanoscale, it is expected that nanotechyolaly have a strong consequences in

almost all aspects of bio-domains.
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2 DNA Nanotechnology

2.1 Brief History of DNA Nanotechnology

The beginning of DNA nanotechnology started in 1988en James Watson and Francis
Crick proposed a double-helical model of the DNAe@cale to describe the arrangement
of the complementary base sequences (A-T and G-thei DNA polymer backbone.
Nadrian Seeman and coworkers proposed innovateasidf exploiting the unique DNA
molecular recognition properties for nanoconstarcin the early 1980s [15, 16]. In their
initial work, they constructed artificial nucleicid architectures using synthetic DNA
branched junction motifs containing three and fauns, which has been considered as
the foundation work of DNA nanotechnology [14, 25]

The area of DNA nanotechnology grew quickly in 1890s, partially because of
the industrial availability of chemically synthestz DNA molecules with arbitrary
sequences. Actually, it is possible to order almalstcomponents needed for DNA
nanotechnology, including modified DNA bases. Om dther hand, catalyst for the rapid
development of DNA nanotechnology came from themton and commercialization of
particular characterization tools, such as atoroicd microscopy (AFM). AFM, as a
member of scanning probe microscopy (SPM), canilsepdobe almost any samples
deposited at flat surfaces and perform measuremants visualizations in three
dimensions of a given sample. AFM, together withrenecently developed techniques
such as cyro-EM and high resolution fluorescentrasicopy, provides a powerful set of
toolbox for in-depth characterization of self-asbéad DNA nanostructures. With these
technological advances, numerous sophisticated DB®ostructures rapidly appeared,
greatly accelerate the growth of this area.

In 1994, Adleman reported a DNA-based “wet-labluson for solving a
computational problem[27], which can be consideasdne of the first applications of
DNA nanostructures in biological computing. Theraswan area full of nice structures
without any applications. However, nearly a decagle, researchers started to rationally
control variation of DNA nanostructures with ext@rtriggers, which extended the area
of DNA nanotechnology from structure to functiomeOof the most attractive directions

is to convert static DNA nanostructures to dynartfits means the creation of functional
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DNA “nanomachines” or DNA “nanodevices.” An elegamixample of DNA
nanomachines is “DNA tweezers” reported by Turledalfand Simmel in 2000 [28].

Also, the progress of DNA nanotechnology was hésekffrom the rapid
development of another emerging area, functionalenu acids (FNAs) (aptamers and
DNAzymes). Aptamers are artificially in vitro seled single-stranded DNA or RNA
with antibody-like high affinity and specificity . Ribozymes or DNA zymes are
artificial selected nucleic acid with specific ensy catalytic activities. The introduction
of FNA into DNA nanostructure developed versatilgplecations of DNA
nanotechnology, leading to the construction ofctiamal DNA nanostructures for
biosensing, nanoplasmonics, and nanorobotics.

One of the milestone works in DNA nanotechnologswlone by Rothermund in
2006 by the introduction of the DNA “origami” tedqne [30]. This great strategy was
inspired by the ancient Asia paper-cutting art amg In brief, DNA origami involves
raster-filling a designed shape using a long skstfl@ended scaffold oligonucleotide and
hundreds of short helper strands. After temperatumeealing, the scaffold is kept in
place by these staple strands. “Scaffolded DNA amnij has several important
advantages as compared to previously used simfftassembled “tile” strategies. The
particular strategy construction techniques wildescribed in the next sections.

2.2 Fundamental DNA Properties

Before describing the properties of DNA nanostriesguit is necessary to examine the
fundamental properties of these molecules thatrekte the possibility of their
application in nanotechnology.

Chromosomes, as part of the cell nucleus of aihdi systems, include DNA
molecules; the genetic code is encrypted in thaicgires. Watson and Crick proposed a
double-helical model to described the DNA molec(fggure 5). In the model they
encountered that a DNA molecule is a linear polynmrsisting of two sugar-phosphate
chains that contain nucleotides—nitrogen basesiiadgA), guanine (G), cytosine (C),
and thymine (T) bound to sugar residues. Two opeasigar-phosphate chains twist
upon each other and form a linear double spiraulfte helix). Each chain contains
complementary base pairs, such as A-T (with twadgen bonds between them) and G-
C (with three hydrogen bonds between thelany.(5b). The complementarity concept
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Figure 5 —(a) Scheme of a double-stranded DNA molecule ctingi®f two hydrogen bonded opposite
polynucleotide chains that run in opposite diratdi@nd are twisted around each other. Hydrogensbond
hold complementary base pairs together - adeniree gy with thymine (red) and guanine (black) with
cytosine (orange), a size of a helical turn (3.4 amd the diameter of the helical structure (2 ram®
marked; (b) An untwisted view of the two chains hwitomplementary base pairs that form specific
Watson-Crick hydrogen bonds; (c) Structure of aiporof a single strand of DNA. It is a polymerileain,
consisting of a sugar-phosphate backbone with batseshed to the sugar residues. In a single chiaén,
structure places no restrictions on the sequenediich the bases can occur.

involves the formation of hydrogen bonds betweesnd T, as well as between G and C,
and a precise steric conformity between the susfagk nitrogen base pairs, and,
consequently, the oligonucleotide chains that idelthese nitrogen bases. In addition to
the hydrogen bonds, the double-stranded DNA stradt maintained by hydrophobic
interactions between the bases. The hydrophobigeaf the bases means that a single-
stranded structure, in which the bases are exptsethe aqueous environment, is
unstable. Pairing of the bases allow them to beoweuh from interaction with the
surrounding water.

In contrast to the hydrogen bonding, hydrophobteractions are relatively non-
specific, this means, nucleic acid strands wilbtémstick together even in the absence of
specific base pairing, although the specific inteoms make the association stronger.
Negatively charged groups of phosphoric acid ressdarovide the electrostatic repulsion
between chains in a DNA molecule and give the miéethe properties of an acid
soluble in standard water—salt solutioRgy( 50).

The simplicity of the Watson—Crick model has pded a great influence on
other areas of science, from law to medicine. Tssovery has answered the question
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of how genetic information is stored and how itnterpreted and processed in a DNA
molecule. Some important facts in the dimensiorgeanf a DNA double helix as a
nanometric object can be summarized from tig.(58). The diameter of a molecule is
about 2 nm, and the distance between pairs istth84Every helical turn consists from
10 to 10.5 base pairs per turn, so the total diome turn is about 3.5 nm.

The spatial structure of a double-stranded DNAaowle depends on the base
sequence: The changes in the relative orientafiomean planes of the base pair is due to
the differences in spatial organization causedHhgy fresence of different pairs in the
chain. The mutual orientation of base pairs and thgentation to the axis of a linear
DNA molecule are expressed in such terms as bage single, base pair helical twist

angle, and inclination angle of base paltg(re 6).

Axis of
the helix

Tilt angle of

C, base pairs,

Rise (Dz) Slide (Dy) Shift (Dx)
b |
- |
Twist (Q) Roll (p) Tilt (1)

Figure 6. The parameters that determine the orientationdividual nitrogen bases (A) and base
pairs (B) in respect to the axis of a linear DNAlewole
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These anglesHg. 6) determine both the local bending of a DNA chaid d@he total
curvature of a DNA molecule. The shape taken byndividual DNA molecule can be
analyzed in terms of superposition of thermal fhations of the structure and the inner
low-energy structure typical of the sequence of lenltases [31]. Hydrophobic
interactions between consecutive bases on the saaral contribute to this winding of
the helix, as the bases are brought closer togethabling a more effective exclusion of
water from interaction with the hydrophobic badassolution, a DNA molecule exists in
a canonical B form, as a rule, although, dependmthe base sequence and properties of
the solvent, there may be a wide range of DNA stna¢ forms such as the A and Z
form.

The structural characteristic of DNA can be stddiist, by considering, the
specific properties of nitrogen base sequenceMNA chain. One of this sequences is
the called paliandromic sequence or paliandromeatpvhere paliandrome can be
understood as a word, phrase or sentence thattleadame from the left to the right and
from the right to the left. For a DNA molecule, glterm means that both DNA chains
contain sequences connected by a twofold symmEiguie 7). In order to superimpose
one repeat on the other, it must be rotated 188ira the horizontal axis and then again
about the vertical axis. A mirror repeat of nitrageases has a symmetric sequence on
each strand. Superimposing one repeat on the m#haires only a single 180° rotation
about the vertical axis.

Palindromic sequences of DNA can come from altereatructures where bases
form pairs in one chain. When only one DNA chaimiduded in the process, a hairpin
structure is formedHig. 78). However, when both of the DNA chains take parthe
process, the structure is called a crucifoFig( 7b).

From previous descriptions allows one to make setatements: DNA nitrogen
bases have peculiar properties. First, their dpatracture provides the possibility of
forming complementary pairs; second, the efficieatognition is only typical of
complementary base pairs; and, finally, a stalslecgire formed of complementary base

pairs does not depend much on exterior conditions.
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Figure 7. Nitrogen base sequences in DNA strand (repehtd) determine the possible existence of
various local structural forms. (a) Formation dfaarpin; (b) formation of a cruciform DNA structure

An important consequence of the previous base piepeis that the formation of
complementary Watson—Crick base pairs requiresnéacti base pair structure. Any
displacement of electron or steric structure okbaairs may reduce their ability to form
Watson-Crick pairs, and, consequently, differeratigp forms of DNA molecules with
significantly different properties correspond téfelient base structures.

From previous descriptions allows one to make setatements: DNA nitrogen
bases have peculiar properties. First, their dpatracture provides the possibility of

forming complementary pairs; second, the efficieatognition is only typical of
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complementary base pairs; and, finally, a stalllecgire formed of complementary base
pairs does not depend much on exterior conditidmsimportant consequence of the
previous base properties is that the formationoofiglementary Watson—Crick base pairs
requires an intact base pair structure. Any disgtaent of electron or steric structure of
base pairs may reduce their ability to form Watgomek pairs, and, consequently,
different spatial forms of DNA molecules with sifoantly different properties

correspond to different base structures.

2.3 DNA Nuleobases Interactions

2.3.1 Sticky Ends

Double-stranded DNA molecules may have single-dzdnfragments at their ends
(extensions or “sticky ends”) that can form compdemary pairs with other unknown

single-stranded DNA fragments (Figure 8 (A)). Thesmimportant characteristic of the

sticky ends is that they provide the specificitytlod interaction between end nucleotide
sequences of single-stranded DNAs [17]. A particdistinction of such interaction is

TACCCATCAACGLACTACCA GIGCOGCAATC CAC TATGRCA TG
— Y —
I HYDROGEN BONDING
——
AT EGCTAGTT BCA TEA TG TCAC GEOGT LAGGT AT ACCGLALC
B S e e e = e ==

I LIGATION

C ATGGCLAGTT HEATEA TG TCACGROGT TAGET AT ACCGTAC

Figure 8. “Sticky ended” cohesion and ligation.
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that when the sticky ends overlap, specific hydnogends are formed between single-
stranded DNA base pairgigure 8 (B) represents that under proper conditions, the
sticky ends of two DNA molecules recognize and biadeach other specifically by
hydrogen bonding to form a single molecular comp(Exedictable affinity and structure
are two key features to sticky-ended cohesion rtieglte it important for the application
in DNA nanotechnology). The additional treatment tbé preformed structure that
contains two sugar-phosphate chain breaks by prepeymes (ligases) promoting the
formation of a rigid, helical, a double-stranded mNomplex (B-form DNA) with
complementary base paifsig. 8(C)). Since the base sequences in the molecules may be
known, the example proves that in the case of DiNfermolecular interactions can be
predicted and programmed.

In addition, a more complicated process, namdig, formation of a double-
stranded DNA molecule from two single-stranded moles with complementary base
pairs, is knownKigure 9 (A)). Here, each interacting unit (oligomer) is aragrof four
primary nitrogen bases that selectively bind otligyomers in only two possible pairs. In
consequence, a strong and specific double-stracdetplex is formed between two
oligomers. Sometimes a regular structure is obthibet several incorrect complexes
could also be formedF{g. 9 (B). Single mismatches can be relatively stable. The
process of creating a double-stranded molecule ftarm joining single-stranded
complementary DNA chains is called hybridizatio2][3

The DNA hybridization is a thermodynamically regigld and reversible process.
While a double-stranded DNA molecule is separated iwo single-stranded chains at
the increase in temperature, two complementarylesisiganded molecules are joined at
the decrease in temperature. Another conditiontthata considerable meaning for DNA
nanotechnology can be emphasized as: A singleegdarDNA chain construction
corresponds to the structure of flexible-chain padys with most accidental orientation
of neighboring nitrogen bases, while the doublarsted DNA molecule is formed as a
result of hybridization of rigid molecules, withxéd location of nitrogen bases, respect
to the DNA molecule’s axis.

In the process of hybridization, two parametesay @n important role: the affinity
between nitrogen base pairs and the specificitthefinteraction between them. For an
effective self-assembly, the hybridization of sagtranded DNA molecules must be as
high as possible. This means that the formatiorbage pairs must take place at a

maximum efficiency, while the percentage of wrorgd pairs has to be minimal. For
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example, the stability of undesirable hybrids meadby the change in the free energy
at the formation of complementary pairs has to be@mzed, while the stability of the
desirable pairs must be maximal. This means thabgen bases in the initial DNA
chains must be precisely chosen (synthesized) tlem@xperimental conditions for the
hybridization must be selected to provide both &fffitnity and the specificity of the
hybridization. The optimal option is to use deldtety designed oligonucleotides that
contain sequences of nitrogen bases with a speafrecture.

From the previous assessments, it can be conclindedhe possibility of using
DNA molecules as building blocks, in the case @& ktybridization technique of DNA
nanostructure formation, is determined by a numtiemnique properties of these
molecules, such as:

1. Nitrogen bases can form specific (complementpayrs; the complementarity

of bases is the fundament in DNA structural nadmbology.

2. Flexible single-stranded fragments of nuclaic anolecules with a specified

base sequence (the sticky ends) hybridize withptementary fragments and

from rigid double stranded molecules whose lotaicsure corresponds to the B

form. The hybridization is the second fundameriDhA nanotechnology.

3. The predictability of the location of total ate in the structure of a helical

double-stranded molecule relative to its lineaisaas well as the properties of
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rigid linear DNA molecules and the nature of imetecular interactions under
different conditions, is the third fundament in BManotechnology.

4. The synthesis of DNA molecules of differentesizand chemical composition
in reasonable quantities with the use of modeoch®mical methods is the fourth

fundament in DNA nanotechnology.

3 Hybridization Techniques of Creating Nanostrutures

A fundamental drawback during the creation of DN#&nostructures by the bottom-up
approach is that linear DNA molecules cannot foxtereded two- or three-dimensional
(2-D or 3-D) structures with desired requirememntder standard solvent properties [33].
This means that the formation of an extended dpagiaostructure with hydrogen bonds
between neighboring elements requires the introclucf junction points into the initial
DNA structure that would work as the angles indhesated construction.

From this context, representing DNA as a branch&dcture attracts some
interest. As shown in Figure 10, there is the higptital example of the connection of a
four-arm branched DNA molecule (cruciform strucjuséth sticky ends, (the four sticky
ends are labeled as A, B and their complementagnients as A 'and B'). Due to
parallelism in the assembly process of four-arm DiAlecules with sticky ends, the
hybridization of four such molecules result in fatmon of a quadrilateral structure (Fig.
10(B)). The formed structure also possesses seokls (open valences) on the outside.
This means that at the necessary concentratidmediur-arm branched DNA molecules
in the solution (on the left), this motif could Besembled into a 2-D periodic array (on
the right). Under the action of DNA ligase, theitspin sugar-phosphate chains at the
sites of sticky ends joining in this structure dam “linked” (eliminated), and rigid
double-stranded DNA (B form) ribs, connecting fldgi branching points in periodic
array, can be formed. The created structure (omigfi) has a nanometric size. As the
backbone in the square may be from 5 to 20 nm Itmg kind of structure can be called
a DNA nanostructure. As a result of the self-asdgrpbocess, beside the square, an
infinite 2-D lattice can be formed. This suppositis based on the presence of sticky
ends on the external edges of the structure, whigkes possible, the further assembly of
a 2-D structure.

-40 -



Figure 10. Assembly of a four-arm branched motif and stiekyls (A) to form a two-dimensional lattice

(B)

Is it probed that the success of the assembly dispen both the stiffness of the DNA
segments that form the edges of the square andtdbdity of junction points on the
corners [33]. If any of these components is flexjlihe square will not be the desired
product, and the formation of a regular structusehighly unlikely. Even if DNA
molecules are considered to be flexible, they hapersistent length of about 50 nm at
normal solvent properties, which means that localjouble-stranded DNA molecule is
much more rigid. Thereby, short DNA molecules wétHength equal to two to three
helical turns (6—10 nm) can be considered as hgittling blocks.

The objective of the hybridization technique of mNanostructure creation is to
search for and the synthesis of nitrogen base segsdhat provide the formation of the
desirable product and make it possible to avoidah@ation of intermediate products of
the assembly that interact with the final produotother words, one can analyze the
thermodynamic parameters of all of the possiblaiseges and choose a sequence and
hybridization conditions that lead only to the dalkie product. To achieve this
parameter, there were developed some computergmsgibased on the approach called
the “minimization of sequence symmetry”, that makessible to choose the nitrogen
base sequences needed for the creation of nantmbfgame of these programs are
SEQUIN; proposed by Seeman [34]; NANEV from thebarfield group and some other

programs can be found online [35].
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The original method proposed by Seeman for thatione of those structures
consist on placing the single-stranded DNA molexuio water-salt solution. After that,
the solution is heated to 90°C and held at thispemature for 15 minutes, then cool to
65°C (kept for 15 min.), 37°C (kept for 15 ming,room temperature (22°C, kept for 20
min.), and to 4°C (kept for 20 min.). During theaskd cooling, it is considered the
difference in melting temperatures of A-T and G4€ base sequences, thereby it
contributed to the increase in efficiency of hymadion of the corresponding sequences
in single-stranded DNA molecules.

The previous method requires that every elemesntdde unique. In addition, it
IS necessary that any element that include a beed dot have its simple Watson—Crick
complement anywhere in the sequence. This apprasshmes that double helices are
the most favorable structures that DNA molecules ganerate, and that maximizing
double-helix formation will lead to the succesdtuimation of branch points.

Hence, the minimization of the sequence symmetmadividual DNA chains makes it
possible to design a single-stranded DNA moledude will be hybridized in a solution
and form a stable branched structure. The succk$Bioapproach is based on the
concept of the cooperativeness of the DNA doublechi®rmation as a result of
hybridization of zdeliberately synthesized singiessded molecules with specified base
sequences.

The assumption that stable branched structuredeaormed from short DNA
molecules has led to another assumption, accotdimghich branched nucleic acids can
be considered as valence clusters and appliedrigtsral engineering on a nanometric
level. Using the high specificity of sticky endsnimg catalyzed by ligase, branched
structures can be joined in a specified way, fogrglosed structures. In such structures
both edges and angles are nucleic acid doublegseli®asically, various spatial shapes,

from polyhedrons to periodic lattices and less lagstructures may be formed.

3.1 Holliday Junctions

In the way to increase the efficiency of DNA molecinybridization there was an
ongoing search for other DNA structural motifs whigher stiffness. The interest of

researchers was attracted to branched DNA molecidesied as intermediate

-42 -



metabolites in biological processes, namely, thecgire known as the Holliday junction
[37].

The Holliday junction is the most prominent DNAtammediate in genetic
recombination. The principal molecular peculiarif the recombination is the
interaction between two DNA fragments necessaryttier formation of a new genetic
material that may include segments of both of tlwecules. The Holliday structure is
the central element in the molecular mechanisrh®fptrocess.

Figure 11, shows how the Holliday junction is representedirduthe genetic
recombination. At the first stage (A), two homologoDNA molecules with different
markers D-F (D'-F') and d-f (d'-f') line up. Themtg in one strand of both DNA

molecules takes place (B). The cut strands crodgodmhomologous strands to form
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Figure 11.Representation of the Holliday model of DNA crosso
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a Holliday structure (or Holliday junction, C).dbnsists of four strands of DNA that are
paired into four double helical arms and wing acjion point. The Holliday junction
contains two strand nicked and linked together whbe nucleotide sequences of the
adjacent strands are joined to form the junctioimfpdhe two other DNA strands are not
changed and take no direct participation in theomdmnation process. The strands
forming the junction point are called crossoveastls, and the two other strands are
called the helical strands [37]. The branch poygidally is flanked by regions of
homologous nitrogen base sequence symmetry. Thismgyry modifies the branch point
to relocate through an isomerization known as adirgoint migration, which includes
the change of the initial location of the junctipoint (D). The area where the strands of
DNA molecules are joined is called a heterodupégyan.

Apart of the migration of the junction point, ahet process can happen, known
as the crossover isomerization reaction. In th&ctien, the crossover strands and the
helical strands change places. Thus, the crosssiv@nds become the helical strands,
while the helical strands that were initially intéake the place of the crossover strands.
Considering that the Holliday junction is actuadlyfour-arm branched DNA molecule,
cutting of the Holliday junction occurs in verticat horizontal (V and H) direction by
enzymes and the further ligase processing of thairdd fragments lead to the formation
of products with different propertiésg. 11(F)and11(G).

The most important Holliday junction peculiarityspecially interesting for
nanotechnology is the crossover in DNA strands ihaupposed to lead to the increase
in the stiffness of the structure. Neverthelesshas been consider that sequence
symmetry destabilizes the location of the juncii@mt so that it can relocate freely.

It is clear that the formation of sticky ends in BMolecules with a fixed junction point

may lead to the formation of structures that cabridyze, obtaining more complicated

products in comparison to those ones that can tmeeid from linear DNA. Nonetheless,

periodic structures can be obtained from such pisdiBecause the diameter of a DNA
molecule is about 2 nm, the assembly of nanomBiXA structures can be formed.

One of the possible variants of formation of aiqumc structure using the
Holliday junction motif is shown ifrigure 12 The Holliday junction is shown iRig.
12(A), where the dyad axis is labeled by a small Bag. 12(B) shows a view with the
dyad axis vertical. The twisted of both helical dons provide the possibility to form a
two-layer structure where each of the layers isnft from the corresponding domains.

Although such a structure remains flexible, a nragiel construction can be created by
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One-dimensional
self-assembly

Two-dimensional
self-assembly

Figure 12. Formation of a periodic structure from branchettjions

joining the four Holliday junctionsKig. 12(C,D) into a rhombus or a parallelogram
[38].

Structures with increased stiffness can be forfimaa synthetic DNA molecules
and used as building blocks for hybridization torionanostructures. However, studies
have shown that the inelasticity of structures tike Holliday structure is insufficient to
form nanostructures with high practical yield.

It is known that during meiosis, an intermediatbl/AD structure with double
crossover is formed. This DNA double-crossover mualle contains two crossover links
between helical domains. The double-crossed (DXleoubes consist of two double-
stranded helices that exchange individual chairnsvancrossover points. These kinds of
molecules are different in the mutual orientatiéth@ helical domains, the continuity of
the sugar-phosphate chains, as well as the nunfilieists of the double helix between
the junction points, some of those structures losva inFigure 13.

Besides the double-crossover, other rigid strestusuch as DNA molecules with
triple crossover points, have been theoreticallpudated and synthesizeBigure 14). A
triple crossover (TX) molecule contains three domaieach of them crossing the

neighboring domain twice [39]Figure 14(A) represents the reciprocal exchange
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between hairpins. Here, a red hairpin and bluepimiwith zero node between them are
presented. Their helix axes are horizontal, anddife axis between them is vertical.
After reciprocal exchange, the two hairpins havenbeonverted into a single duplex
molecule.

From Figure 14(B), it is shown the variety of branched species tat be
formed. A single reciprocal exchange between dobhiellices can produce a Holliday
junction (HJ) or a four-arm junction. To the right,DX molecule that is formed as the
result of a double exchange is shown. Next to tra, is a triple crossover (TX)
molecule that results from two successive douldgrecal exchanges. The HJ, DX, and
TX molecules all contain exchanges between strahdgposite polarity. Later, there is
a paranemic crossover (PX) molecule, where two ohblices exchange strands at
every possible point where the helices are comgctNext to the right of the PX
molecule is a JX2 molecule where the two crossotygikal of the PX molecule are
absent. The exchanges in the PX and JX2 moletakkesplace between the strands with

the same polarity.
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Figure 13 Types of DNA double-crossover strands
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Figure 14. A) The reciprocal exchange process between twé Bair pins, and B) examples of rigid
DNA motifs important in DNA nanoconstruction.

The DNA molecules containing two or more crossqants are called DNA tiles in the
literature. DNA tiles can carry single-strandedyfreents that hybridize to sticky ends of
other DNA tiles and form complementary structurésshould be considered that the
continuity of sugar-phosphate chains in the helidamains of DX molecules is
important for the process.

DNA tails can be used as building blocks for tlybridization technique of DNA
nanostructure formation. Such tiles can be uselyhyidize them with other tiles and
form a flat 2-D nanostructuréFigure 15, here A represents a two-component array and
B a four-component array). Extra helical domainghsas DX tiles (tiles B+ and D+) can
be introduced into the structure and used as tepbge markers (shown as black points)
visible in the atomic force microscope (AFMpigure 15(A) shows a structure based in
two types of tiles (A and B+). Two helical DX moides are schematically shown as
rectangles with different structures on the endi®sE structures represent the sticky ends
used for hybridization of DX tiles. To assemble DI¥s into planar 2-D superstructures,
the total length of arms (including sticky ends} h@ correspond to a certain number of
half-turns between the crossover points of adjatéed. Black points in the created
structure form stripesrigure 15(B) represents a structure consisting of four types of

tiles.
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Therefore, it is possible to design and producéepad using DNA components; these
patterns contain predictable features, based orstibky-ended cohesion of individual
motifs. In addition to forming arrays from DX molées, it is also possible to produce
periodic arrays from TX molecules. A variety of DN#arallelograms have also been
used to produce arrays [40,41], these motifs bphogluced by combining four HJ like
branched junctions. Hence, the structures with scvesr DNA molecules are an
attractive background for the formation of flatemtied 2-D nanostructures.

The methodology of the self-assembly of various PBA nanostructures includes at
the beginning the theoretic calculation and chehsgathesis of single-stranded DNA
molecules with specified nucleotide sequences #nat joined into tiles for further
hybridization. In general, the variety of tiles ahtanched structures combined with
simpler elements, such as sticky ends, helices|ap$, makes it possible to construct a

large number of rigid building blocks for DNA natgture production.

Figure 15. Representation of two variations of flat struegibased on DX molecules; A) two types of tiles
(A and B); B) four types of tiles (A, B, C and'D

-48 -



From the previously described DNA fundamentals helpful to summarize some of the
key properties that make DNA ideally for nanoscatnstruction: (1) DNA can be
chemically synthesized cheaply using automatedhsyict methods that are easy to
manipulate to high performance and combinatorighr@gches; (2) DNA possesses
chemical robustness that provides stability on #rehitectures, allowing their
functionality under a variety of environmental andllular conditions; (3) double-
stranded DNA has uniform and periodic double héledure irrespective of its primary
sequence; (4) it is possible to predict thermdlibty of different sequences of DNA,; (5)
thereby one may program interaction hierarchies Mtatson—Crick base pairing of
DNA nucleotides and reach site-specific molecul@soaiations within a given
architecture; (6) various biochemical and molecbliatogical methods are available to
cut out or link B-DNA duplexes sequence specifigalthis allows controlled
construction of various DNA sequences and strustufg) DNA units are modular in
nature; and (8) specific sequences of single-se@mNA can link together to a range of
molecules with high specificity and affinities. ¢onsequence, we can use multiple DNA
units to construct various complex nanostructuah btructurally and functionally [42].
With all those properties, structural DNA nanotealogy can be used to create
architectures like (a) Rigid and static DNA arcbitees, e.g., 1D wires, tubes, 2D sheets,
tiles and crystals, 3D polyhedra, DNA crystals, dogdes and (b) dynamic DNA devices,

e.g., nanomachines, robots, walkers, and sensg49§

3.2. 3D DNA Polyhedra

The ability to create well-defined, molecularly aelssable structures with the capacity to
be interfaced with other functional molecules isighly attractive characteristic for any
scaffold with relevance to its applications in kaootechnology. Thus, a primary
advance in this field was the realization of DNa&sbd structures that could
accommodate useful cargo like drug molecules orafieutic proteins within their
cavity. As described before, the first DNA based@@iyhedron was realized by Seeman
and coworkers who formed a noncovalent complexgusir strands of DNA that was
shown to possess the molecular connectivity oflsecalthough with very low synthetic
yield [46]. Also, a DNA tetrahedron was created/émny high performance using a simple
strategy that used four DNA oligonucleotides thelf-assembled together in one pot
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assembly. This polyhedron was the first to be togichlly characterized using AFM,
thus providing direct evidence of the formatiorpofyhedral architectures in solution by
DNA [47].

A fundamental progress was the introduction oéwa hybridization technique of
nanostructure self-assembly called single-strand®dA origami, presented by
Rothemund [30]. Inspired from the same name Japapaper folding art, Rothemund
used term “origami” to describe this new stratdgybrief, DNA origami involves filling
the desired shape with a long single strandedddatf¥ith the help of hundreds of short
oligonucleotides, called staple strands, to andher scaffold in placeRigure 16).
Periodic crossovers are widely used along the sHapeigidity, and the distance
between successive crossovers is carefully designedecrease twist. The scaffold
sequence does not require a specific design, bedlessuccess of DNA origami is
ensured by strand displacement reaction, wherengeloregion of complementarity
between the staple and the scaffold stabilizessthple—scaffold interaction over the

scaffold’s secondary structure.

a
STAPLING A SMILEY

With about 250 specific ‘staple’ strands of DNA,
Paul Rothemund folded & 7,000 -base-pair virsl panoms
into & 10-nunometie ‘b with thiee holes”

Viral genomes
| ——

Figure 16. The DNA origami self-assembly technique. (a) The designing principle of origami
nanostruture. (b) Some examples of DNA nanostructures obtained by this technique [30, 48]
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Subsequently DNA origami was exploited to make 2ilylpedra like icosahedron. The
use of origami was further explored to make a addlobox using six copies of the
genomic DNA of M13 bacteriophage [49], while thentrolled opening and delivery of
internally attached molecules was achieved usingNeA origami-based 3D robotic
device[50].
All the aforementioned techniques relied on thdifg of DNA oligonucleotides

in 3D space to create polyhedra which, unlike teanlier counterparts, could be created
in better yields. An alternative approach was dstaqdd in 2007, where using small
molecules as mimics of DNA junctions, the DNA sttarwere covalently attached
together to form DNA—small molecule junctions, whiare stable and prefolded in a
defined confirmation. Using these junctions, vasioDNA polyhedra like cubes,
octahedral, and prisms were created [51]. A sintéahnique was used to create a DNA

dodecahedron using small molecule-based DNA 3-wagtions [52]. Eigure 17)

Tetrahedron
Loop: 5 bases
DNA: 75 nM

Dodecahedron
Loop: 3 bases
DNA: 50 nM

Buckyball
\\, Loop: 3 bases
N\ DNA: 500 nM {

Figure 17. Programmed DNA motifs can be self-assembled wadous 3D DNA solid polyhedra like
tetrahedron, dodecahedron and high order polyHédréuckballs [53,54]
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3.2.1 Funtionality of DNA Polyhedra

Most polyhedra, constructed and characterized, weostulated to have many
applications in areas including drug delivery, badecular organization, bioreactors,
biosensors, etc. All of these applications lietwa key features of DNA polyhedra: that
they could encapsulate molecules like drugs andtimmal biomolecules within their
cavities, and that the DNA could be surface modifirdgth various molecular tags site
specifically using standard chemical conjugatioocpdures.

Some remarkable examples in the use of DNA polyhéat the encapsulation of
molecular cargot. By covalently attaching a protilch as cytochrome C on one arm of
a DNA tetrahedron, it was shown to be site spedificpositioned on the tetrahedron
such as it faced the interior of the polyhedron aoclpied the internal cavity of a DNA
tetrahedron [55].

Another important aspect of DNA polyhedra is tthetir surfaces can be modified
site specifically with various molecules, nanopae, biomolecules, etc. using standard
conjugation procedures. This is of particular imipoce since DNA polyhedra carrying
drugs can be surface modified by various targetmageties, which can carry the host to
specific targets in living organisms. With resptecthis, folic acid (a well-known marker
for cancer cells) conjugated DNA nanotubes werevshto be internalized by cancer
cells [56]. Further, a DNA tetrahedron was desigmatth hairpins outgoing outwards
from the edges of the tetrahedron. These hair@nsact as aptamers that recognize and
bind various molecules in solution or on the swefatcells [57]

In addition, several studies have shown the gbibf different types of
nanostructures, especially nanoparticles and ng@sates, to accumulate inside cells
with or without the help of lipid vectors [58-61]n this context, the progress in
developing new nucleic acid nanostructures coulddrg useful. These can be used in
the future as intracellular biosensors or to deligeugs to the cells, overcoming the
known limit that highly charged oligonucleotidesvbBain accumulating into cells.
Thereby, the availability of diverse intracellularosensors may be crucial for cell
biology studies and for a fuller understanding leg molecular and metabolic pathways
involved in several diseases such as cancer. Meredawvill be possible to characterize
the effect of therapeutics at a single cell ley@pviding information on time and
population variations in cellular response that ldomake the difference between
ineffectiveness, treatment, and toxicity of a driige possibility of choosing amongst an
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increasing variety of intracellular biosensors wille researchers the chance to stand out

on dynamic complex processes.

3.3 Future Directions

It is clear that nucleic acid-based designer aechiires have provided a great potential in
the development of Nanomedicine. The advantagesrauffby DNA of control over
structure and the site specific addressabilityhaf platform that is generalizable to a
variety of molecules are unsurpassed by any otlagiopm. However, there still remain
many challenges before DNA can compete with comiakéyavailable agents for drug
delivery. The key challenges are the ability tor@ase proportionally synthesis of DNA
and RNA per se and encapsulate a wide range ofsddgmonstrate targetability to
different tissues within living organisms without-target delivery and temporal control
over release of the encapsulated cargo at thettaitgs. Taken together, nucleic acid-
based architectures offer an extremely powerful toaevelop targetable drug delivery
systems for future applications in nanomedicineveB@ithe reducing rates of DNA
synthesis and the increase in efficiency and drea (homogeneous) formation of DNA
nanostructures, it is expected that in a near éutinere are a lot of interesting avenues for
this field.
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Strategy of Implementations

The creation of a novel DNA nanostructure usuadlguires the following steps: (1)
Structural modeling: physical and/or graphic modetsused to help the design of a new
DNA nanostructure; (2) Sequence design: in this,stpecific sequences are assigned to
all (single-stranded) ssDNA molecules in the mod@&); Experimental synthesis of the
DNA nanostructure; and (4) Characterization of Ei¢A nanostructure. Following this
requirements, in this chapter, | describe the nulogy used in this thesis for the
design, preparation and characterization of our flworescent DNA nanostructures. In
addition, | present the methodology for the celltune, the nanostructure delivery to
cells, their detection and the preliminary stud@sthe in vivo biofunctionality of our

structures as cellular sensors.

4  Structural Modelling

The inspiration for the design of our particulaiustures was based on the simplest 3D
polyhedral self-assembled DNA nanostructure, theAQiBtrahedron, first proposed by
Turberfield and co-workers [1,2]. Basically for theonstruction, a series of
oligonucleotides is required that are assemble@ inanometer-scale 3D tetrahedron
whose sides are constituted by double-stranded DiNAddition, those oligonucleotides
can be decorated with fluorophores, making the whalructure fluorescent.
Fluorescencent tetrahedrons have been also deiastdd living cells and even in a full
animal [3,4]. Further, the tetrahedra’s abilty imbee cells has been used to deliver anti-

tumor drugs [4,5]. These structures can also biged for applications such as sensors,
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switches, motors, diagnostic markers and targetedapies inside living cells [6,7].
Recently some researchers have demonstrated they & creating especific DNA
nanomachines, working as a biosensors that careghablocal pH inside a living cells
[8]. In addition, those structures could work aagaiostic markers and targeted therapies
inside a cell. For example, one can imagine desgynianodevices that first detect the
messenger RNA associated with a disease, thenseelraegulatory DNA strand and
subsequently trigger cell death. This proof-of-piie demonstration confirms the great
potential of nanodevices based on DNA and othetermacids for applications in cell
biology and biomedical engineering.

Following the previous idea, we employed the ba&sign of the Tuberfield group to
develop two functional DNA fluorescent nanobiosessa pH dependent one that can
probe the local pH inside a living cells and a DRNA targeted therapy sensor. In this

section | will describe step by step the structaratieling for each nanostructure.

4.1. The pH Dependent Biosensor

4.1.1 Theidea

Recently, Krishnan's group demonstrated the fisstmgle of an autonomous DNA
nanomachine, the I-switch, triggered by protons faimdtioned as a pH sensor based on
the FRET phenomena inside living cells [9,10]. Tiemotif DNA triple helix is a well-
documented structure that can be formed from aetadgplex with a homopurinic:
homopyrimidinic tract and a homopyrimidinic tripléarming oligonucleotide (TFO),
see Figure 1. The formation of this type of triplex is criticalldependent on the
protonation of the imino groups of the TFO cytosinender acidic condition and can
therefore be driven dynamically by controlled pHahes.

Based on the dynamic behavior of this transiti@designed a particular DNA
nanomachine that contains a strand capable of clsviaiétween two conformations by
means of the pH-driven intramolecular formation &mdakdown of a CT-motif DNA
triplex helix. We expect to use this nanostructasean itracellular biosensor with the

ability to map spatial and temporal pH changesvia tells.
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Figure 1. The CT-motif DNA triplex helix formation

4.1.2 The model

For the general design, based on the Turberfigtimhedra, our group previously

developed a stable fluorescent tetrahedron withattikty to being internalized in live

cells with high efficiency (details for the desigynthesis and characterization can be

found [11]). InFigure 2 are shown the 3D model and the oligonucleotide pmmnts

that form this modified tetrahedron. Following tlstucture, we introduce some other

modifications on the arrangements and the nucles@tjuences, like the insertion of the

triplex helix target and TFO, enabling its partamubiosensor functionality.

Figure 2. 3D molecular model and scheme of the oligonudeotomponents for the fluorescent DNA

tetrahedron developed in the group [11]
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For the accomplishment and selection of the apmatgprnew sequences of
oligonucleotides, some steps were followed, ireotd obtain their assembly. First the
size and symmetry of the structure was defined.nThee break point of each
oligonucleotide was defined. For applications welicells, the nanostructures must be
stable at least up to 37 °C in physiologic condsioso it is better to design the
oligonucleotides to form double-stranded sectitras are stable along their entire length
in such conditions. In addition, the presence etffr base sequences has to be included
in the design (such as endonuclease restricti@s,sitacts of especially high thermal
stability, or others). Covering those consideratjone designed a general structure, see
Figure 3.

In this design, we used 4 oligonucleotides omstsa(Str.1, Str.2, REP and Long-
strand); each oligo forms one face of the tetratredind each weaves with all the others.
A common DNA tetrahedron can be made of 20 bp leges, so each oligonucleotide
is slightly longer than 60 nt. Here, the lengtreath edge has to be commonly an integer
number of double-stranded turns, with flexible w&$ to avoid the formation of non-
equilateral pyramids due to the flexibility of vieds, the only location where unpaired
bases are present. To provide thermal stabilitgllointeractions between components,
we placed the termini of each oligonucleotide @nel of the narrow) at the vertices of

the tetrahedron.

REP

Figure 3. Scheme of the arrangement of the oligonucleat@w®ponents for our proposed pH dependent
structure
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Considering the aforementioned parameters, we ibeséor each oligonucleotide a
series of assembling requirements that must bélédlfto be part in the structure and
provide our desired functionality.

1. Oligonucleotide 1 and 2, that we catr.1 andStr.2 respectively: We design a
62-(nucleotides)-nt for each strand divided in &isas of 20-nt each one, in addition
to two unpaired bases that must form the vertitbsse two structures will thermally
assemble with each other by sharing a common e@ge (pink segments ifrig. 3)
which will fold, one over the other, when conforioatof the structure changes. The
Str.1-Str.2 termini of both oligonucleotides canbetinternal, this is a low stability
breaking point, so the resulting annealing is reteld to the complementary ? 3
ending strands (direction of the arrows). The odstucleotides are shared with REP
and TFO strands as showing in figure. Srt.1 an@ @ie the bedrock oligonucleotides
that provides most of the support and stabilitthe structure.

2. Long oligonucleotide, from this structure wélexh just TFO strand. We must
design an oligonucleotide sequence with the gbitit generate the CT-motif
DNA triplex helix formation, this means, at the esfdhe long strand is the nucleotide
sequence that can latch to the rest of the stridtura triplex helix, leading to a
conformational transition. Such TFO tail has cytesi and tymines, so that parallel
triple helix can form exploding C-G.C+, tripletsigure 4).

In our proposed structure, the TFO oligonucleotgda long 60-mer divided in 5
segments (the "long" strand kig. 3). The “B” 20-nt, in red, will form a duplex by
normal Watson-Crick interactions with the corresiiog complementary “b” 20-nt
sequence of the Str.2, also marked in red. In éineesconformation, D-d (green) and
R-r (brown) also form a duplex. The additional ”d$&gment ", represented in blue,
will interact with the D segment (green) effect il variation through the triplex
helix formation. The mechanism is described byfttlewing steps:

a) In a neutral to basic solution (e.g., pH &fd¢r the annealing, the structure is
in open state; this means that only normal WatsockCG-C and A-T, duplex base
pairs are stable; the tail of the long TFO strasdfound in a random-coil
conformation, while the rest of it is bound to $&nd Str.2.

b) In an acidic solution (e.g., pH 5.0), unpai@dosines (C) are protonated as
C+, which can interact with a G-C base-pair throlttfogsteen hydrogen bonding
(H-bonding) to form C+G-C triplets, so generatinglased structurekig.4. Notice
that in the current design, C+G-C triplets are pHs#tive, while TA-T triplets are not
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[open]

(B)5'- (IJII‘CIJ‘ll“(ITII‘CICIJII‘”{‘TCTCCTGTACATCCTCTTTCCTCTC 3
(A)3'-GAGAGAGGAAAGAGGA-5'

JAGID g

O T %
(A)3'-GAGAGAGGAAAGAGGA A

3- ngT(;(;T TT;T(;C;TA
[closed]

Figure 4. Cytosines protonation for the triplex helix formation [12]

pH sensitive. In our structure, we notice the strrad shift when cytosines of the D’
subsegment of TFO, in blue, are protonated and tievability to move freely until
they reach their complementary base sequencesoamihfj the C+G-C (H-bonding).
In our case, the only possible complementary sempenfound at the “D” segment, in
green; thus, the D’ TFO section folds back on thgle, binding parallel to its purine
strand in the D major groove and bringing the tvppasite termini of the adduct in
close proximity, forming the closed statéiqure 5). The remaining "S" strand, in
yellow, will act as a “hinge” to provide the flexiity to close the structure during the
triplex formation.

3. Fluorescent oligonucleotid®EP). We introduce two particular fluorophores to
develop a DNA fluorescent nanostructure. This isedfor several reasons, first to be
able to follow, by the use of fluorescence micrgscotechniques, the correct
introduction of our structure inside live cellss@l we could have an idea about the
particular localization of the structure and a jdassbiosensing response inside the
cells. Second, to allow the characterization asrear, this means, be able to detect
the global transition between the open and theedatate when the pH changes, by
the mean of fluorescence spectroscopy, in partidtiRET. We chose the CY3 and
BODYPY 650/665 (BPY650) organic dyes, which wereadduced at the called “rep”
oligonucleotide in positions 5’ and 3’ respectivdly our model, CY3 is placed at the
end of the “A” 20-nt, while BPY650 is at the endtbé “E” 20-nt Eig. 5). The “rep”
strand has the ability to connect by the vertidetha segments in the structure. While
the two flurophores are fluorescencent moleculescadd visualize them both the

open and the closed structure in regards to thepeactive emissions intensity.
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pH 8.0 pH 5.0

Figure 5. 3D molecular model of our DNA tetrahedron in ginéft transition from open (pH 8.0) to closed
state (pH 5.0) [model done with NanoEngineer (Narpnc.)]

For the selection of these two fluorophores we ©anghe following requirements:

a) About their stabilities; both CY3 and BPY65W&absorptions and emissions
properties that are not sensitive to pH changékldamrange from pH 5 to pH 10. They
are perfectly internalized by cells and remain Istatside.

b) About their position in the "rep" oligonucledi; were placed them in the site
where both dyes, in the closed state, must bepartcular distance apart to allow the
phenomena of FRET; in our case, this position vaéisfeed introducing CY3 at the 5’
ending and BPY650 at the 3 ending. The suitabletadices for biological
macromolecules, called as the Forster distanceyhath energy transfer is 50%
efficient has to be in the range parameters fram2 nm. In our case when CY3
and BPY650 are in the closed state -acid conditjahsy are around 2 nm apart each
other.

c) About their FRET efficiency; from several resdmais proved the suitable use
of CY3/BPY650 as donor/acceptor pair to generadeRRET phenomena (see section
2.4.2 for more details). This selection was basedheir excitation-emission overlap
spectrum propertiesFigure 6). CY3 is excited by irradiation at wavelength &05
nm maximum, while its emission is at 560 nm, thadue is just enough to create an
overlap with the excitation of BPY650 at 640 nm welangth; in this point, the
excited state of CY3 is transferred by non-rad&jiwocess to BPY650, inducing its

excitation and consequently, to emit a photon 8t 68nm which is detected and
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Figure 6. Absorption-Emission and spectral overlap of Cy3/BPY650 fluorophore pairs

measured by the use of a fluorescence spectromiaitice that the FRET phenomena

will happen just when the two fluorophores are elehough to create the energy

transfer, so, when the structure is in the closatks

Until now, we have designed and described thecbalsiments to construct our

functional pH dependent DNA nanostructure, to avowhfusion we called “TFO”.
However for experimental necessities, it is impart® have some control structures in
the way to corroborate, by comparison, its effecagsembly, response and performance.
For this purpose, we design two controls; a pasitivalled post-close (PC) and a

negative one, called non TFO (nTFO). The conforomatand design of them are
described as follow:

1. Positive control (PC). This open structureeigresented ifrigure 7a In this
design we use the same Str.1, Str.2 and REP oldeotides in the same

conformation and positions as in the “TFO” struetddowever the long strand (TFO)

oligonucleotide is modified; instead of using  60ldng term we use 46-nt (now

called PC) where the 14 nucleotides of the 5’enceweemoved from the original
long strand TFO sequence and replaced in the 1#-ending of the PC long strand.
The objective for this replacement is that now ¢h&' 14-nt of PC will form a

duplex, closing the structure, with the complemsnf0-nt of the “d” sequences in
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Str.2. The formation of the duplex between PC Il@tgand and Str.2 happens
following the same conditions as the normal WatSoick base pairing (G-C and A-
T); this means, a normal annealing without effettpbl. As a positive control,
experimentally, we expect that its electrophoretiobility in PAGE gel will be
different than the normal TFO; also, the structuileremain unchangeable to any pH
variation; even, since it is a closed structure tlnorophore pairs are close each

other, that we must notice the FRET effect infad! tases.

2 Negative Control (nTFO), Figure 7b. As thevimas one, we maintain Str.1, Str.2 and
REP oligonucleotides but in this case, as a comsparito the normal long strand TFO
sequence, we completely modify the last D' sulbesg 14-nt at the 3’ ending position, so
they do not represent a triplex-forming oligonutid®. With this modification, the triplex

helix conformation is not formed when the pH changéis means that the structure will
remains always open. As a negative control, exparally, we expect a different

electophoretic mobility between PC and TFO strieguboth in acidic and basic conditions;
also, since thstructure remains open in any pH environmgémyophores are apart from

each other, leading to the lack of the FRET phemame

REP nTFO REP

Figure 7. Scheme of the open structure of, a) positive cbi(BC) and b) negative control
(nTFO)
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4.2 The Nucleic-Acid Sensitive Nanostructure

421 Theidea

The development of our second nanostructore comoes the anticancer therapeutic
agents research context, such as immunotherapynatherapy, and irradiation, that
mediate their effects by induction of apoptosishef cancer cells. It has been proved that
there are three major apoptotic pathways origigafiom three separate subcellular
compartments: they have been identified as thehdesteptor-mediated pathway, the
mitochondrial apoptotic pathway, and the endoplasmeiiculum pathway [13]. In the
mitochondrial apoptotic pathway, there is a patéicéamily of proteins called Bcl-2 that
have been appointed to play an important functmopreserve the integrity of the outer
mitochondrial membrane by binding to mitochondri@re channels. [14] Some
members of the Bcl-2 family, such as Bcl-2 and Hcl-are potent inhibitors of
apoptosis, whereas other family members, such &saBd Bax, promote apoptosis.
During the cellular apoptotic cycle, it was triedt that Bax translocate to mitochondria,
changes conformation and inserts into membranesedponse to proapoptotic stimuli,
Bax or Bak effect the permeabilization of the outgtochondrial membrane, allowing
proteins in the mitochondrial intermembrane spaoeh as cytochrome c, to escape into
the cytosol where they can induce caspase activatid cell death [15].

On the other hand, staurosporine, is a proteiadaninhibitor, that has been
characterized as a strong inducer of apoptosisanyndifferent cell types. One possible
mechanism is generally believed that the mitochi@hdpoptotic pathway plays a critical
role in staurosporine induced apoptosis [16,17In&studies found that Bcl-2 family
overexpression was ineffective in protecting céltam killing by staurosporine. This
means that the Bax expression is induced by theepoe of Staurosporine, allowing the
activation of members of the caspase family leading faster cell death. BAX protein
has been reported to be localized in the mitochandndoplasmic reticulum membrane
and cytoplasm, it is transcripted by the messeRd&k (MRNA) to produce the protein.

From the previous idea, we started with the desiga DNA nanostructure that
could evidence the emergence of RNA in the cellsthworking as a local in situ
biosensor for transcription of BAX. We needed a elad which we could identify the
transcription of BAX by RNA allowing to the detemti of apoptosis in the cell. This
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means, we need a BAX sequence present in our steuttat has to be complementary to
the sequence of the BAX RNA transcript, so to binfithey come in contact with it. We
will use staurosporine to induce the expressioBAX RNA in the cell. A way to detect
the binding of our BAX sequence in the structuréhi BAX sequence in the cell can be
followed by the detection of a signal coming froar structure, for example FRET, done
by the presence of the fluorophore pairs in osigle

4.2.2 The model

The design of our second structure was based ompringous TFO model. Here, we
maintained the same Str.1 and Str.2 oligonuclestittesupply the support and stiffness
of our structure, as was described before. Alskey the REP oligonucleotide with its
respective Cy3/ BPY650 fluorophore pairs, exactlythe same position as the TFO
structure, allowing us the detection inside the leell and its response by the means of
FRET measurement. The only oligonucleotide whick ttabe modified to provide the
functionality as a sensor is the long strand. Té@udtion of the sequence strand and its
conformation was done following the next steps:

The original BAX gene protein sequence was obthiinem the literature, and
then we proceed with the selection of nucleotided will be part of our strand in the
structure. This selection was done computatiortajiyhe use of software like NANEV
and NUPACK (see sections 2.2.1-2 for details) whidre key parameter for this
evaluation was to choose the optimal melting teletpee (Tm), which refers to the
temperature at which the oligonucleotide, in ouarsd, is 50% annealed to its exact
complement in the transcripted BAX. After a ser@scalculus and thermodynamic
optimization parameters we have determined thdtamd of 25 nucleotides divided in
two spaced sequences of 10 nt (10nt + 5 gap + Hietlenough to find the correct
recognition of the BAX transcripted sequence. Hosvewith the aim to experimentally
optimize the recognition and satisfying the Tm iiegments we have designed two types
of segments, one with two tails of 10-nt and othiggh two tails of 15-nt being part of the
ending positions, 3' and 5, in the long strand.efidby, with the already established
oligonucleotiodes, Str.1, Str.2 and REP we intredtihe fourth strand, which we called
BAX. Therefore, we have designed two DNA tetrahedrdahat we identify according to
the BAX length strand, the TT:BAX10 and TT:BAX15sttures, se€igure 8.
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BAX REP

K10615

Figure 8. Scheme of the DNA tetrahedron BAX (TT:BAX) desighere K could be 10 or 15-nt.

The BAX15 oligonucleotidés a long 71-mer divided in 4 segments (the "lostgand in Fig.
8). The “D” and “B” 20 —nt , in green and red respeely, are assembled with the
complementary “d” and “b” strands of the Str.2 &8ttl.1 respectively; while at the 3’ and 5’
endings remain the unpaired 15-nt, in light blue tBe other hand, the BAX10 is a long
sequence of 61-nt divided also in 4 segments, whay@' and “B-b” anneal with the Str.1 and
Str.2 as indicated, remaining two 10-nt unpairethat3’ and 5’ endings.

In our design, we have established that both TIXB& and TT:BAX15 must
detect the cellular transcripetd BAX:RNA in the ce® of apoptosis; when this
identification happens, our structure must changeanformation, bringing the two
ending tails from an open to a closed state; is #hift also the CY3 and BPY650
fluorophores get in proximity leading to the FREMepomena when Cy3 is excited,
Figure 9. Thereby, experimentally we need an additionaesesf targets to simulate the
gene recognition and measure the FRET efficiencg. h&ve said that a strand of 25
nucleotides divided in two spaced sequences of tli$ uitable to find the correct
recognition of the BAX transcript sequence. Howeweith the aim to test the precise
length at which both strands close the structureus® a series of targets of different
hybridization lengths (10 or 15) at different gdps3,5).
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Figure 9. 3D molecular model of a) the DNA tetrahedron BfaXgeting sensor, open state and b)targeted
to the transcripted BAX:RNA, closed state [modealse& with NanoEngineer (Nanorex, Inc.)]

The definition of the appropriates targets was dom@putationally with NANEV and
the Vienna RNA package in order to define a tasgguence possibly devoid of a stable
secondary structure that could interfere with prblmeling. The full list of nucleotide

sequences are givenTable 1

5 The Sequence Design

Once we have designed the position and requiren@néach oligonucleotide at the
corresponding structures, the next step is the aexiuof the sequences of (single-
stranded) ssDNA molecules in our models. To achikigeaim we used some particular
software packages specialized in the design ofeittelcids based nanostructures. Some
of the more commonly used programs as€QUIN [18], sequence symmetry
minimization algorithm; UNIQUIMER[19]; GIDEON [20]; NANEV [21], from the
Turberfield group and the onlinJPACK [22]. For our structures, we used these last two
software packages. A brief description and how weduthem are presented in this

section:
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5.1 NANEV

The interface for NANEV uses subsequences as thdiroy blocks for nanostructures
design. A subsequence in the context of the NANB#Wrface, is understood as the
section of a DNA strand designed either to hybadith a complementary subsequence
or remain unpaired in the final construct. To deseynanostructure, first we have to
input the connectivity rules of the wanted nanadtrce including the number of strands
involved, their component sequences, and any dkestemplementarity rules. The
program outputs strands of DNA, that have subsempgethat are constrained to be
complementary, determining the pattern of hybritora In other words, the program
generates a population of parent strands whoseesegs are randomly assigned that
obey any specified complementary rules [21].

For our two structureso generate the parent strands from the speciie baquences
for each particular desired oligonucleotithy, the use of the NANEV program, we follow
the following general steps:

a) Introduce parameters, names and number ofdstras described in the model

(the pH dependent: Strl, Str2, REP, TFO, PC andOnBAX-RNA: Strl, Str2, REP,

BAX10, BAX15).

b) Introduce the oligonucleotide length (Srtl (G2- Str2 (62-nt); REP (41-nt);

TFO (60-nt); PC (46-nt); nTFO (60-nt); BAX10 (61:rBAX15 (71-nt).

c) Introduce fixed subsequences that will be naématd in the final design (like

the TFO sequence).
Each of these operations was done for every pétistructure described previously. In

the end of our calculations we obtained a seriebase sequences for each desired

oligonucleotoide Tables 1 and 2.

5.2 NUPACK

NUPACK is focused on the analysis and design ofaic@cid secondary structure for
systems involving one or more species of intergcstrands. Some notable features

include:
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a) Analysis: Thermodynamic analysis of dilute $olus of interacting nucleic
acid strands.

b) Design: Sequence design for complexes of nu@eid strands intended to
adopt a target secondary structure at equilibrium.

c) Utilities: Evaluation, display, and annotatioh equilibrium properties of a

complex of nucleic acid strands.

For our purposes, after the full sequences obtaayedANEV for each oligonucleotide,
we used the analysis mode of the on-line softwdd®AICK to corroborate their suitable
thermodynamic assembly and stability in a secongémycture at equilibrium. For the

calculation we followed the next steps:

a) Establish the components and conditions ofttetion of interest: RNA or DNA
(pick DNA), temperature or range of temperaturesiielts (37°C), number of strand
species (4), for each of our designed structuraaximum complex size (all ordered
complexes with up to this number of strands wilitguded in the analysis)-only one
for each structure-, strand sequences (those eiotainy NANEV), strand
concentrations (for calculations with maximum coexpdize greater than one).

Once we fit all the parameters from the previoualysis we use the design mode to

corroborate the formation of the secondary strecttough the next steps:

b) Specify design requirements DNA nucleotoidesiperature (37°C), number of
independent sequence designs (1), target secomstlargture — it comes from the
evaluation given by the analysis mode-. Target ris@&ry structures that are multi-

stranded must be connected.
All those calculations determined a success quaivit hybridization at optimized

melting temperatures. It means from these resuéiscarroborate the full list of our

sequences nucleotides for the construction of wuctsires Tables 1 and 2.
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Table 1.Series of oligonucleotide base sequences for kanbstructures

Strand Oligonucleotide sequences for the pH sensor nanostructures
Str.1 a(20) b(20) C( 20)
TATCGTTGTACTTACGAGRTATTGATTTAGCGGGGT@GEBTCGCTAATGAGGCCAGCG
) d(14) e(20) o( 20)
2
Str TTGCGGTCTTTTCTTTCTACTGTACGGACAGCACCTBGGCTGGCCTCATTAGCGATC
A(20) E(20)
REP
CY3- GGCTCGTAAGTACAACGARBCCAGGTGCTGTCCGTACABRPY650
D(14) R(6) B(20) S(5) D(14 )
TFO AAGAAAGAAAAGEEGCAACCGACCCCGCTAAATCASFAAATCTTTCTTTTICTT
(6) B(20) S(5) D'(14)
PC CCGCAACCGACCCCGCTAAATCAATAAAAGAAAGAAAAGAA
D(14) r(6) B(20) SB) K 14)
nTFO AAGAAAGAAAAGEEGCAACCGACCCCGCTAAATCAATRATGAAAGAGAGAATA
Oligonucleotide sequences for the nucleic-acid sensor nanostructures
a(20) b(20) CcR 0)
Str.1
TATCGTTGTACTTACGAGRTATTGATTTAGCGGGGT@GEABTCGCTAATGAGGCCAGCG
6)  d(14) e(20) o( 20)
2
Str TTGCGGTCTTTTCTTTCTACTGTACGGACAGCACCTBGGCTGGCCTCATTAGCGATC
A(20) E(20)
REP
CY3- GGCTCGTAAGTACAACGARBCCAGGTGCTGTCCGTACABRPY650
K(10)  D(20) B(20) K'(10)
1
BAX10 CAGTTCGTCEAGAAAGAAAAGAACCGBEBAGACCCCGCTAAATCAGPAGCGCTTG
K(15) D(20) B(20) K (15)
BAX15

CTGTCCAGTTCGTBEGAAAGAAAAGAACCGBELEGACCCCGCTAAATCAGSPA GCGCTTGAGA(C

LA

[Colors and letters correspond to the same order dssigng=ig. 3, 7a -b, 8In brackets are the
number of base pairs for each sub-strand]
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Table 2. Oligonucleotide base sequences for targets, andtchnds

Target Target nucleotide sequences
15-1-15 TGICTCAAGCGCATCAGGACGAACTGGACAG
15-3-15 TGTCTCAAGCGCAT CAAAGGACGAACTGGACAG
15-5-15 TGTCTCAAGCGCATCAAAAAGGACGAACT GGACAG
10-1-10 CAAGCGCATCAGGACGAACTG
10-3-10 CAAGCGCATCAAAGGACGAACTG
10-5-10 CAAGCGCATCAAAAAGGACGAACTG
8-1-8 AGCGCATCAGGACGAAC
8-3-8 AGCGCATCAAAGGACGAAC
8-5-8 AGCGCATCAAAAAGGACGAAC
Half Trg 15a TGTCTCAAGCGCATC
Half Trg 15b GGACGAACTGGACAG
Clip.0-nt CTTACGAGCCCTGTACGGAC
Clip.2-nt CTTACGAGCCAACTGTACGGAC
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Methods for Synthesis and Characterizations

6  Experimental Synthesis

6.1 Annealing DNA Strands to Self-Assemble DNAamostructures

As was described in the previous chapter, the foamaof hydrogen bonded DNA

complex is a self-assembly process. This happemniire DNA strands are mixed at
stoichiometric molar ratio in a near-neutral buft@mtaining divalent cations (usually
Mg2+), heated to denature and then gradually cotlemlow the ssDNA molecules to
find their correct partners and adopt the mostgyréavorable conformation.

The list of oligonucleotides in Tables 1 and 2 werechased from Eurofin/MWG

(Germany), HPLC purified and dissolved in deonizeater. The annealing was done

following the further general steps.

a) Addition of stoichiometric amounts of DNA stdmninto a PCR tube. Addition of
10x TEM/Mg2+ buffer (50 mMTris, 5 mM EDTA, 20 mM MgCI2, pH 8.0) and
distilled H20 to adjust the final concentrationezch DNA strand, usually ranging
from 100 nM to 500 nM, we used 500 nM in all thees
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b) This mixture is then heated on a PCR thermocy@&€R Sprint, Thermo Electron
Corp., Waltham, MA, U.S.A.). Temperature was raige@5°C for 2 min to melt any
possible structure and ensure that no intrastraedrglary structure is still present
when the assembly begins. Then, temperature wasrdéolwto 20°C over 20 min (for

immediate use or for characterizing the structdith® constructs at 20 or 37 °C).

A more detailed step-by-step guide to assemblingADidnostructures can be found in

[1]

6.2 Non-denaturing PAGE for the Characterizationof Self-Assembled

DNA Nanostructures

Non-denaturing polyacrylamide gel electrophore$i®\GE) is an effective assay to
characterize the assembly of DNA nanostructuresvoitks in response to a voltage
applied across the gel —done by agarose or polgawige- and DNA-based materials
separate according to the relative sizes of thgirddynamic drag and effective charge.
Well-formed DNA nanostructure should migrate as iagle distinct band after
electrophoresis. Non-denaturing PAGE also providissmation regarding the degree of
self-assembly formation (stoichiometry), the statke structural integrity, and the
percentage functionalization of the DNA structufe. addition, gel electrophoresis
benefits from being routine, fast, and cost-effestithe method only requires a few
nanograms of material in order to visualize thedbhan

For our DNA assembled tetrahedrons, the correstoethe stoichiometry and the
yield of self-assembly of the structure and sulcstmes were evaluated by non-
denaturing PAGE performed in a BioRad Protean IdliNGel Boxwith with 8% native
polyacrylamide in TBE 1X buffer (90 mM Tris, 90 mbbric acid, 2 mM EDTA, pH 8)
in most of the cases. However, for particular expents, the running buffer solution
was modified or adjusted according to our requimrgisieeach modification is described
through the results section. All the detailed pduwre to perform a PAGE that we
followed can be found in [1]. The gel was run atstant voltage 180 V (5 V/cm) for 2-3
h depending on the size of the interested DNA cemgd. We also run it at controlled

temperature; ranging from 20 to 37 °C dependingtlms complex and particular
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requirements. Then, the gel was stained with SylodrQnvitrogen) and finally
documented with a digital camera (Gel Doc 1000R8id, Hercules, USA).

7 Characterization of Nanostructures

7.1 Spectroscopic and Optical Microscopy Charaetizations

7.1.1 Fluorescence Spectroscopy

Fluorescence has provided remarkable advances iA Dibtechnology. Fluorescence
methods are now used for DNA sequencing, detediddNA hybridization, restriction

enzyme fragment analysis, and fluorescence inkgrridization (FISH), and to detect
polymerase chain reaction products. This technigugenerally done in solution and

provides a good in vitro reflection of certain kapperties when required.

7.1.1.1 Quenching or FRET Interactions

Many dyes and NP materials can act as fluorescqueachers or FRET acceptors and
the ability of DNA to assemble complex nanostruesuincorporating these materials has
led to elegant “molecular beacon” nanosensors [Z-jorescence resonance energy
transfer (FRET) has become widely used in all &apilbns of fluorescence, including
medical diagnostics, DNA analysis, and optical imgg FRET is an electrodynamic
phenomenon that occurs between a donor dye or cploone that initially absorbs the
energy and the acceptor is the chromophore to whieh energy is subsequently
transferred. The donor molecules typically emisfadrter wavelengths that overlap with
the absorption spectrum of the acceptor. Energystea occurs without conversion to
thermal energy, and without any molecular collisitims is the result of long range
dipole—dipole interactions between the donor armjgior. The theory of energy transfer
is based on the concept of a fluorophore as anlaisgy dipole, which can exchange
energy with another dipole with a similar resonafreguency. The transfer of energy
leads to a reduction in the donor’s fluorescentensity and excited state lifetime, and

an increase in the acceptor’s emission intensity.
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In terms of vibrational energy levels, the donoexsited from the ground state (So) to a
higher vibrational level; within picoseconds, theletule decay to the lowest excited
vibrational levels (S1) and eventually could happbat: a) if there are not FRET
conditions, this molecule goes back to the So statka photon of light is emitted, or b)
if FRET conditions are present, the donor's enerdlie excited state is transferred to the
acceptor molecule, allowing its excitation, in ailhhis molecule returns to the ground
state and emits a photoRigure 1).

Some of the factors that influence the FRET phesranThe donor and acceptor
molecules must be in close proximity to one anotltgpically 10-100 A). The
fluorescence emission spectrum of the donor mustlay the absorption spectrum of the
acceptor Figure 6, part Il). The degree to which they overlap is referrecasothe
spectral overlap integral (J). The donor and aaregpansition dipole orientations must
be approximately parallel.

FRET experiments were performed on a LS-50B flsogace spectrometer
(Perkin Elmer, Boston, USA) in a 3 ml quartz cugetdquipped with a magnetic
microstirrer and heater to keep a constant temyperatdepending of our particular
characterization- We followed several methodologiesording to the purposes of each

structure:
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Figure 10. The FRET phenomena process described in vibrational energy levels
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a) The REP strand with their Cy3/BPY650 fluorophorarpavas characterized,
taking 10 nM of the oligonucleotide in TEM 1X buffsto a quartz cuvet with
magnetic microstirrer at room temperature; dirextitation both donor and
acceptor, slit aperture, rate of acquisition weetetmined. The FRET response
was done by the addition, to the REP strand solyid® nM], of stoichiometric
amounts, at interval times, of the “closing repdr@ip at 0 and 2 nucleotides in

aperture (se&able 2for their oligonuleotide base sequences).

b) TT:BAX characterization. To determine its sensirggponse by the FRET
phenomena, we used 20 pL of the fully assembledstarcture [50 nM] in 180
pL of the TEM 1X (in some cases, we also use othdgfer solutions —
composition is presented in each experiment at rédselts section-). Some
measurements were done at room temperature or °&, 3tcording to our
particular requirements. Titrations were done by #udition of stoichiometric
amounts, at regular times, of the target oligomtales in conditions where: a)
the length target strands with the same gap wdernakted and b) the gap
between each target of the same arrays was amebdgdrmination of the
equivalent point was done, following the intengigak behavior both the CY3

and BPY650 at their maximum emission point.

c) The pH tetrahedron characterization. To deternigsdnsing ability we also used
20 pL of the fully assembled tetrahedron [50 nMJairbuffer solution; for this
case, the buffer is a key parameter for its sengagonse, we used several types
of solution according to our requirements — comjpmss for each experiment are
presented through the result section- Measuremaets done both at room
temperature or at 37°C. Titrations of each nanosire were performed by the
addition of acidic or basic solutions, of known centration, to the solution with
the tetrahedron; recording the intensity of the imaxn emission peak of CY3 at
each pH value. The evaluation was done by the desiga repeatedly cyclic

titration, from basic to acidic and inversely
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7.2 Fluorescence Microscopy

The technique of fluorescence microscopy has becamessential tool in biology and
the biomedical sciences, due to attributes thanhateeadily available in other contrast
modes with traditional optical microscopy. The aggtion of an array of fluorochromes
has made it possible to identify cells and sub-osicopic cellular components with a
high degree of specificity amid non-fluorescing ematl. Moreover, the fluorescence
microscope is capable of revealing the preseneesifigle molecule. Through the use of
multiple fluorescence labeling, different probes samultaneously identify several target
molecules simultaneously. Although the fluorescemieroscope cannot provide spatial
resolution below the diffraction limit of specifispecimen features, the detection of

fluorescing molecules below such limits is readithieved [5].

7.2.1 Imaging Rationale and Image Acquisition

Fluorescent microscopy was used to characterizeltloeescence of cells due to the
internalization of the fluorescently-labeled te#dha over the intrinsic autofluorescence
of live cells. Cellular autofluorescence is normamitted by internal organelles such as
mitochondria or lysosomes due to the presence tdflaarescencing molecules like
NADPH (phosphates) and flavins. However, it repnés@n obstacle for the acquisition
of the fluorescence tetrahedra. Autofluorescence éhavide band emission spectrum,
with some non-negligible emission at long wavelangiven if excited at short
wavelengths, this should be relatively independeinthe emission of an extrinsic
fluorophore. For this reason, we recorded the #soence emission at the peak
wavelength of the oligonucleotide-bound fluorophtwece: when exciting at its correct
adsorption peak and off-peak (at lower wavelengtiijere the excitation of the
fluorophore is minimal. Fluorescence from off-peakcitation should only be due to
autofluorescence, while one portion of the on-p#akrescence should be due to
autofluorescence and the rest to the oligonucledimlnd fluorophore (if internalized).
In this way, we can compare the on-peak and ofkpiaorescence intensities of
individual cells; it could be possible to distinghifluorophore-related fluorescence from

intrinsic autofluorescence. This methodology waplemented previously in our group
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[6]. However we have included a series of new mesant parameters according to our
particular fluorophore dye pairs properties.

For each field of view, five different micrograplgere acquired on a Nikon
Eclipse 80i microscope equipped with a monochramaboled CCD camera and a
mercury lamp, we use the NIS-Elements, version.&IiBaging Software. Micrographs
we acquired with 2X binning in the following fiveefds of view, with the corresponding
filters.

i) Transmitted light. White-light transmission mographs were obtained using a
single exposure time (60ms), in order to delinégteontours, to obtain information on
the morphology of cells, their correct adhesiorine substrate and, consequently, their
health status.

i) Off-peak (Autofluorescence) was acquired atemnission wavelength of 488
nm, exciting at 405 nm, using filter at 488 nm (thardth 20 nm) for excitation, 530 nm
(bandwidth 30 nm) for emission and a 525 nm diahnoirror.

iii) On-peak (Cy3) was also acquired at an emissicavelength of 488 nm,
exciting at 515 nm, using filter at 535 nm (bandwi®6 nm) for excitation, 590 nm
(bandwidth 34 nm) for emission and 525 nm dichroiaor.

iIV) BPY650 fluorescence was acquired using comn@yb filter set, at an
emission wavelength of 647 nm in excitation at 6%, using filter at 645 nm
(bandwidth 30 nm) for excitation, 660 nm (bandwidthnm) for emission and a 650 nm

dichroic mirror (all filters from Omega Optical,dr).

Fluorescence micrographs were obtained using desexposure time of 2 s. Also, to
obtain a good quantitative evaluation of the cdllgbrescence, series of micrographs for

at least 4 fields of view were acquired for eachcapen.

7.2.2 Semiautomatic Analysis of Fluorescence lges

The analysis of our micrographs was based on tlauation of their fluorescence
intensity by turning them into quantifiable datadslimitating the areas, from their pixel
intensities, occupied by each cell.

For practical reasons, we chose to write a custesigned software tool to
perform the semiautomatic analysis, using the MNdatkoftware, measuring the
fluorescence intensity (pixels) of defined areathmimage and be able to compare with
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the other images under the same camera settingsllftme filters (off-peak, on-peak
Cy3, FRET and Cy5). The individual cell fluorescentata can be used to calculate (and
statistically evaluate) each cell’'s average fluceese and the standard deviation of the
fluorescence of each cell’s pixels, allowing to retwéerize the cellular distribution of
fluorescence. The analysis was done through thewlg steps:

a) We delimitated the area of a rectangular sedtbom of 40 by 40 pixels, we
use the same delimitated are for all the measuresmen

b) We have taken three different sections in theréscent area of each cell and
other three sections out of the cells; the backgupwvithin the same fixed area (as
shown inFigure 2)

c) The program automatically does the analysis, dlterage value of each
measurement with their respective standard dewatio

d) Same steps are repeated for the other cellgferent field of view for each
filter.

e) The quantitative fluorescence data was obtanyestmoving the fluorescence

background to each image

We performed a series of statistically evaluatianth the statically integral fluorescence
and the standard deviation of the fluorescence ofageh cell to give an idea about the

cellular distribution of fluorescence.

Figure 2. Selection of the fluorescent emission areascétis shape (40 by 40 pixels) and the background.
[Micrograph of a neuronal cell treated with TT:P@sture].

-86 -



8  Cell culture and nanostructure delivery to ells

There are two main routes how nanostructured bsmssrcan be used in live cells either
by enabling the cells to synthesize modified prigeand nucleic acids that behave as
biosensors, or by inserting in vitro prepared anes live cells. In our case, we used the
latter strategy that can be applied to any nonrexeged cell line.

In our experiments to probe the in vivo internatian and delivery of our
structures, we have used three different typessefdells; live human cells (HeLa cells),
renal human cells (T-769P class) and Human glioatia tne T67 (neuronal). HeLa is a
cell type in an immortal cell line extensively used scientific research; the line is
derived from cervical cancer cells; they are vesjlleable and robust. The T-769P class,
are a type of human kidney carcinoma cell line,ivéer from a primary clear cell
adenocarcinoma; the cells are globular with inddtiborders, have a high nucleus to
cytoplasm ratio and exhibit both microvilli and dessomes. Glioma cells (T67) are part
of the most common tumors of the central nervossesy (CNS) and a frequent cause of
death.

Cells were cultured in DMEM high glucose (PAA, DAS Milan, Italy)
supplemented with 2 mM L-glutamine, 10% (v/v) fatavine serum (FBS), 100 U/mL
penicillin and 100 Ig/mL streptomycin at 37 °C iarhidified atmosphere with 5% CO2
in Petri dishes. Culture medium was changed eveatgy® and sub-confluent cells were
split with 0.05% trypsin—EDTA solution.

Retained cells were washed with PBS (NaCl 137 il 2.7 mM, Na2HPO4
10 MM and KH2PO4 1.8 mM at pH 7.4), separateth @i05% trypsin—EDTA solution
and centrifuged for 3 min at 300 g. The pellet wesuspended in DMEM medium and
cells were counted by using trypan blue exclusioethmd [7]. Quickly, the cell
suspension was incubated 0.4% trypan blue solaimhthe number of viable cells was
determined using a hemocytometer. Then, a condildeeamount of cells (approximately
5 X 103) were deposited on custom chambers witbsgbmttom, in 100 puL of complete
DMEM medium and incubated at 37°C in a humidifiéch@sphere with 5% CO2. After
24 h, cells were washed with PBS and incubated &@huL of the annealed structure
(previously dissolved in DMEM without FBS from thetoncentrated solution). In a
typical experiment, we used (a) a blank, untreatells incubated with DMEM; (b)
TT:TFO, cells incubated with 100nM of the fully assbled structure, which contains the
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TFO strand; (c) TT:PC, cells incubated with 100 aMhe fully assembled structure; (d)
TT:nTFO, cells incubated with 100nM of the struetuthat contains the non-TFO
sequence; (e) TT:BAX15, cells incubated with 100aMhe structure that contains the
BAX15 length sequence strand. Cells were incubat&¥°C in a humidified atmosphere
with 5% CO2 for 6 h. After this time, cells wererefully washed with PBS, later with
50 pL of PBS enriched with calcium and magnesiumGN137 mM, KCl 2.7 mM,

Na2HPO4 10 mM, KH2-PO4 1.8 mM, CaCl2 1 mM, MgCI3 M, pH 7.4). Finally,

chambers were mounted on the microscope stagedtysas.
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Results and Discussions

Through this part, | will describe and discuss tlesults of our two major DNA
nanostructures. The first section describes theackerizations, for each structure, about
their self-assembly and sensor responses. The dgquam, considering both structures
simultaneously, includes the characterization abiwe cell uptake, delivery and
localization inside live cells. The third part debes all the structural characterizations
when one of the fluorophore pairs was replacedchen structure conformation; it also
includes the previous studies for the in vitro fimmality characterization of our
structures. A practical definition of some abbréeias that | use through the next
sections are given as follow:

TT or TET (Tetrahedron); Trg (Target); TT:Trg (thetrahedron closed by a
target); TT:BAX (Tetrahedron that contains eithe®X810 or 15 strand); TT:BAX10
(Tetrahedron that contains exclusively BAX10 lengttand); TT:BAX15 (Tetrahedron
that contains exclusively BAX15 length strand); BARNA (the transcripted BAX gene
by the mRNA inside the cell); TT:TFO, TT:PC and @mTFO (the tetrahedrons that
contains the long strands TFO, PC and nTFO res@dgli BAX15, BAX10, PC, TFO

and nTFO (the single oligonucleotide without bepagt of the assembled structure)
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9 The Nucleic-Acid Sensitive DNA Nanostructure

9.1 Characterization of the Self-Assembly DNA N#ostructure

In our first experimental design, to corroboratee teffective annealing of the
oligonucleotide sequences that shape our nantsteuave performed the PAGE
technique. As a first trial, we assembled stoictetmally (1:1) series of dimers, trimers
and the two possible tetrahedrons; the annealing dame with variations between
BAX15 and BAX10 strands with their correspondingnmementary sequences strands,
following the designed modeFigure 6, Section 4.2.2 Our assembly conditions were
chosen to be similar to the original ones propdsgethe Turberfield group [1, 2]. The
gel image is shown iRigure 1.

By the use of PAGE gel as a qualitative teghaj we obtained information about two
important parameters, the successful assembly okwands and the stoichiometry of
them. First, following the basic principle of oligacleotides separations in DNA by their
size; larger subsets of the nanostructures dispdayprogressively decreased
electrophoretic mobility, due to an increase in @nsion and complexity of the various
DNA structures, while smaller ones move faster. $losvest band should be the fully

assembled tetrahedron.
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Figure 1. Annealing of dimers, trimers and tetrahedrons [25°C in normal TBE 1X running buffer]
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(lanes 12 and 13) while the fastest corresponabners (lanes 1-7) and trimers run at
middle velocity (lanes 9-11). In addition, we caroborate the size (in base pairs) of
our DNA fragments by comparison with the bands e teference ladder (M) -that
contains a mixture of DNA fragments of know sizethmthe bands of our samples; the
DNA size of each band in our samples is in corradpace with the size of the bands in
the reference ladder. Thus, we confirm the sucaksatsembly of our DNA
nanostructure.

In our experiments as others in the literaturesametimes notice the presence of
high molecular-weight smears in the gels run atrdemperature or lower [3]. These
kinds of aggregates are present in a relativelgelaamount and migrate much slower
than the tetrahedra only where more complex strastwere run in room temperature or
low temperature gels, especially for the lanes vathtetrahedron components. We
interpret the presence of high molecular weight easieas non-specific cross-linking
products that form, also possibly due to some ifegerlocal imbalance in the
stoichiometry.

The second evidence that we can obtain from tW&E image is that our
oligonucleotides are not in stoichiometry balance do the presence of a lightweight
band at the bottom of almost all the lanes, thuscare say that they are probably the

result of an excess of one or a few oligonucleatided not due to degradation of the

solution.
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Figure 2. Comparison between monomers and annealed dimers [25°C in normal TBE 1X running buffer]
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To find out which oligonucleotide was in excess, pegformed another PAGE gel with
the same conditions where only monomers and dimere includedFigure 2 describe
this result.

Monomers (lanes 1-5) and dimers (lanes 7-13)saparated according to their
expected electrophoretic mobility. However, theemmwith the dimers that contains Str.1
(lanes 7-10), there is still a remaining band atlibttom which is at the same length that
the single Strl (lane 1), while this band is natgent in the dimers from the Str 2.
Thereby Strl is in excess. Notice that even theaneimg band from Strl is not the main
(darker) band in each lane, we decided to correctstoichiometry for the further
analysis.

In order to ascertain an accurate stoichiometeyhave reduced 10 and 15% the
concentration of Strl in the same assembly conmditioComparisons with this
modifications are show iRigure 3.

With the modification in stoichiometries, it istreed that decreasing 15% of Strl
in the dimer (lane 8), the remaining of the Strinisch more lower in comparison with
the dimer that contain 10% less of Str.1 (laneFrdm this result, we have decided to

take 15% less of concentration of Strl for the eghent thermal assemblies.

BT '35
q1'35
z35
d3y

STXV
Al
ZHRT IS

Z+q1 '35
dId+e1 "Is

d
(=1
-1}
-+
=
=
[
u

St.1a:10% less and St.1b: 15% less

Figure 3. Monomers and dimers for the correction of st@ahetry [Room temperature in normal TBE 1X
buffer]
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In conclusion, from the PAGE gel technique we hprabed the successful assembly of
our DNA tetrahedron structure according to our giesidl model. In addition, it was
helpful to identify which oligonucleotide was in a@ss and through this, the

stoichiometry was adjusted.

9.2 Probing the Binding of Targets Sequences to TBAX

Nanostructures

Following our approach design, we have proposettthdetect part of the functionality
of our structure, first we need to be sure aboaitetfiective closing of the ending strands
that contain the BAX oligonucleotide, for this page each target from theable 2
must, at least, theoretically attach to our BAXwtre strands in the tetrahedron. To
confirm if experimentally this assumption works, performed the annealing in one step
of our four strands that form the structure andgéees of targets, in variation both the
length of the target and the gap binding to the Bgt&and. in this probe BAX15 strand
was first considered in the fully assembled stmectrigure below shows such behavior.

Figure 4. Annealing of TT:BAX15 with all the series of targets [25°C in normal TBE 1X running
buffer]
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In the first evaluatior{Figure 4), we can notice some of the following featuresThg
assembly of all the structures lead to the forrmatbthe expected tetrahedrons; almost
all the bands are of the same length that the esitggrahedron (lane 1); also, we can
notice a secondary band in each lane, probably mpritom non stable strands at this
temperature or due still to stoichiometric paramgethat we cannot deduce from this
experiment. Nevertheless, the secondary bandsmlaae are not relevant whenever the
most intense band corresponds to that one frontetrghedron; b) doing a more detailed
comparison in the length of all the tetrahedrondsant seems like the annealing that
contains the series of targets with 15-nt recognitengths (lanes 9-11) appears to be a
little above to the length of the single tetrahesadband, this means, that from this
inspection and at these experimental conditiores pihding of targets with lengths 15 is
much more effective with BAX15 strand in the stwret and that this behavior is
independent from the binding gap to the BAX strand.

The previous result is consistent with what weeeted from the 15's targets to
BAX15 strand. However, it was also expected thathé length of the BAX target
position is longer (15 basepairs), all the targetsst be bound to BAX15 at the same
conditions. Targets 10's and 8's do not show émdéncy in those conditions.

To deduce if also experimental conditions are phathe factors that do not allow
the binding of BAX15 with targets 10's and 8's sgriwe performed new PAGE gels in
more controlled conditions. Running the gel at vad high temperatures, increasing the
time running gel and modifying the procedure of #mmealing with the targets; instead
of doing the annealing of tetrahedrons with thgegs in one single step, we were adding
the corresponding targets to the fully assembléctedron at constant temperature,
allowing their incorporation during 30 minutes beforunning the gel.

Even changing the gel running conditions and tle¢hiedology of assembly, it is
very difficult to notice by PAGE gelFgure 5) a difference in the electrophoretic
mobility between targets 10's and 8's series inpasison with the mobility of targets
15's.

By the use of fluorescence spectroscopy, we peddr some quantitative
measurements to study the behavior of TT:BAX15 wiith 10's and 8's targets. Results
and discussions are present in section 3.1.3-brécence spectroscopy results show
that between TT:BAX15 and the targets 10's, therani effective formation; while the

binding with the targets 8's series is not quatitiéy possible.
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Figure 5. TT:BAX15 with all targets in modified conditions [37°C in normal TBE 1X running buffer]

In order to notice by gel electrophoresis the bigdbetween TT:BAX15 with targets
10's, we performed the annealing with variationthe stoichiometry (1:1/2, 1:1 and 1:2
-TT:BAX15 respect to Trgs-). In addition, since taenealing buffer (TEM) contains
certain concentration of Mgions, we also included M§[10 mM] ions in the TBE 1X
gel running buffer solutiofFigure 63).

After identifying the binding of TT:BAX15 to tar¢ge 10's, analogously we
performed the same methodology to characterizebithding between TT:BAX10 with
targets of series 10's and 15's. The annealingP&@E gel were done in the same
conditions; buffers, temperature and stoichiomstaie described abovieigure 6b).

Once the amount of Mgions in the running buffer solution was increased,
identified the binding of TT:BAX15 to targets 1{'$ig. 6@ (green rectangle). Here,
Mg?* ions provide much better stability between basaisspcreating a more stable
structure with their corresponding complementargelsasequences of the target, as
consequence, their electrophoretic mobility is mucbre defined. In addition, it is
interesting to notice how is the effect over tr@dtiometric variations in the 15's target
series, showing that there is a clear separatioenwie use half of the equivalents of

target (Trg) 15, the annealing is not
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Figure 6. a) Binding of TT:BAX15 to stoichiometric variatie of targets 10's and 15's; b)Binding of
TT:BAX10 to targets of series 15's, 10's and 8tthBat [20°C in TBE 1X running buffer enriched hwit
[10 mM] Mg** ions]

stoichiometric because the band of single tetradredfT) is still present. With (1:1)
equivalents we can assert that the annealing ishsdonetric because there are not TT or
Trg strand remainders; and at (1:2) we immediateljce the remaining band of the Trg,
S0 is not stoichiometric.

In the replacement of BAX15 to BAX10 strands ie fhT structureKigure 6b),
after the annealing, we notice that TT:BAX10 isferential to Trg 10's as we expected,
even using half of the amount of Trg 10 seems twige a quantitative assembly. This
behavior could come from some remaining strands difte annealing that facilitate the
binding at lower quantities. Target 15 also bindsBAX10 even that at 1:1 ratio we
notice the remaining band of the target at thednotithe 5 bp of each ending- . We also
confirm that Trg 8 does not bind to BAX15 neitherBAX10 because it is a very short
oligonucleotide.

From this characterization we conclude that TT:BAX without Mg2+ ions,
shows more specificity to Trg 15's while Trg 10shibits it at higher Mg 2+
concentrations. Also TT:BAX10 is more preferent@lTrg 10's but also Trg 15's binds.
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Thereby the binding is more effective when thedats the same length sequences than
the BAX strand has. As suggested in literature,itgrovement of affinity of nucleic

acid ligand—target binding by the use of high-af§itigands [4]

9.3 The Functionality of the Nucleic-acid DNA Teahedron as a

Sensor

As we have described previously, one way to tryeexpentally the sensing response of
our DNA nanostructure, is by the effect of bindearh series of targets (8, 10 and 15-nt)
with both TT:BAX15 and TT:BAX10 strands, closingetistructure, and measuring the
response signal by means of fluorescence specpgsdte design of each particular

experiment is also described in the following sabt®ns.

i) Excitation-emission parameters determinatiorC3/BPY650 fluorophores and their
FRET response in the single REP strand

First we determine the most suitable parameterdireict excitation-emission of both
flurophores in our REP strand for the further useur experimental purposes, taking the
single REP strand [10 nM] “open” state. In additiwe probed the FRET responds of
this strand by the use of the additional Clip sisarwhich are exactly the complementary
sequences of REP with the difference that one eitinas a gap of 2 bp in between
while the other does not, this effect was evaluatgdthe sequential addition of
equivalents, at certain time, of the correspondihg (seeTable 2for the sequence)
In Figure 7a, we have determined that the highest intensit@Y¥68 in REP strand

is reached when it is excited between 520-540 nth &il0X10nm aperture slit in the
spectrofluorimeter and its highest emission at ®70is enough to excite the BPY dye in
the region 630-650 nm. We also tried to determime proper excitation of BPY.
However doing the direct excitation over CY3 in tlopen” strand we also noticed a
signal in the 640-730 nm region which is very sgearsince we have the open REP
strand, which means, the FRET signal should no¢ haappear; even, this range is very
broad to be a signal from BPY emission; this facliornot allow us to perform a correct

characterization.
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Figure 7. a) The FRET response of the single CY3-REP-BPY4&iBhd [room temperature in TE buffer];
b) FRET signal behavior of REP strand in the presaf Clips 0 and 2-nt.

With the addition of stoichiometric amounts of tB8éps to the open REP strand, the
highest CY3 emission peak was decreasing with da&ian of more equivalents of the
corresponding Clip until reach 1:1 ratio REP:Clijis indicates that while reaching the
1:1 ratio, the CY3 intensity decreases, it is ghedcand the FRET phenomena happens.
However, since we have that broad signal in the BRYssion region, we cannot say too
much about the FRET response.

Contrasting between the open REP strand and atedl state by 0 and 2 gap
Clips (Figure 7b), we notice that using ClipO (the exactly completaey bp of the REP
strand) decreases the CY3 emission peak even nhmate Glip2 does. With these
parameters we have a reference as a positive tantrour further spectroscopic

characterization about the FRET effect.

i) FRET behavior of the DNA tetrahedron in its opend closed state by the presence of
a target

We characterized the fully assembled structureh wiite Cy3-REP-BPY650 strand
included, first as an “open” structure, later weaduced one of the targets, closing the

structure and inducing its FRET response. Heretoatk the fully assembled tetrahedron
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(TT) [50 nM] which contained the BAX15 strand, medsg its fluorescence emission
by the direct excitation of CY3 and BPY at the poegly determined parameters. Then
we introduced in stoichiometric quantities, at & times, the target (Trg) 15-5-15. We
also probed the negative control FRET behaviohéstructure by the use of Half of the
target “a” and “b” strands.

It was probed that REP strand with the fluorophmais in the assembly does not
change its excitation-emission parameters, thu® B direct excitation for CY3
provides the highest intensity with a 10X10nm islithe spectrofluorimeter. In addition,
the titration of the TT open structurBigure 8a shows that when the stoichiometric
ratio TT:Trg is 1:1, the Cy3 emission intensitygsenched because almost half of its
emission peak intensity is decreased; eve, thisbehis independent of the interval
time between each target addition, thus, the strads effectively closed and the FRET
phenomena must happens; however again for thisdlsmgal in the BPY region, we
cannot give any deduction of the intensity f theEFResponse. However we assume that
it happens.

With the addition of the stoichiometric (1:1) anmdési of the called half-strands a
and b, which are the complementary base sequence=sath one of the 15-nt ending
sequences in the BAX15 strand. We noti€gg(re 8b) that each half target binds
complementary to its base sequence and producesyashghtl reduction in the CY3
intensity; but no quenching neither the FRET effecturs; this behavior is consistent
from that we expected as a negative control, salcéhe strands are engaged but the

structure remains in the open state.

iii) Titrations of TT:BAX15 with Targets 15 and 10

In order to probe if BAX15 works in suitable condits both Trg 15 and Trg 10, we
titrated the TT:BAX15 fully assembled [25 nM], firzvith Trg 15-3-15 (gap3) and then
with Trg 10-3-10 (gap3) in controlled conditions3at’C.

The florescence spectrum of the titration with Tfg3-15 described the same
behavior as irFig. 8a the CY3 emission intensity decreases when a highwunt of
target is added to the solution, reaching a saturggoint. Looking at the titration curve
(Figure 9) we could conclude that taking around 0.6 of theiwalents of Trg 15-3-15 is
almost fully attached to the BAX15 strand. On tligeo hand, titration with Trg 10-3-10
shows the same titration curve behavior, there gsadual decreasing in CY3 emission
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Figure 9. Titration curves of TT:BAX15 with Trg 15-3-15 and Trg 10-3-10 [controlled conditions, 37°C, in

TE buffer]
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iIV) Spectrophotometer correction parameters. Chagdgiom TT:BAX15 to TT:BAX10

The overlap of both titration curves indicates titég behavior is the same with different
equivalent points. Thus, it is probed that BAX156ds both Trg 15 and 10 where there is
more specificity to Trg 15. This result also indes that some conditions in the
experimental PAGE gel technique, must be modifrednder to detect the evidence of
the BAX15 binding to Trg 10 (see discussion 3.1.2).

It was found that the broad band present in th& B&yion detected in all the
previous measurements was due to the scatteringagdrom the second stirring magnet
used at the bottom of the cuvette, so we used @amdyand increased the volume in the
cuvette up 2 mL.

BAX15 strand in the structure was replaced by BBAXtirand due to a limited
amount of the stock solution, thus it was verifildt also TT:BAX10 must be assembled
to Trg 10-3-10 in the same conditions. Taking thie/fassembled TT:BAX10 [50nM] in
2mL of TEM 1X buffer was added the stoichiometdcl( Trg 10-3-10.

In the replacement of BAX1(r{gure 10), the CY3 emission region shows the
same behavior as the BAX15 when only one of egentails added but now the broad
band in the BPY region is not present as the ptsvigpectra. By the cut-off of the
emission signal of BPY we notice, in a very loweimsity, the FRET response. In the
plot, the green trace shows the emission line WB¥B was excited at 540 nm without
the presence of the target, while the blue line htve emission peak (670nm) of BPY
by its direct excitation at 640 nm without the gmese of the target. Then, with the
presence of the target (closed structure) and dbie@xcitation over CY3, we notice the
energy transfer to BPY by the increasing of its ssiin intensity at 670 nm (colored
lines), reaching almost the same intensity when B#Mirectly excited. However we
notice a very low intensity in the BPY region innggarison with the CY3 region: We
hypothesize that that the detector in our spectooiineter might not be very sensitive in

the red wavelength.
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v) Titrations of TT:BAX10 with targets 10's serieyariation of the gap.

To study the fluorescence behavior of TT:BAX10 bobdo the 10's target series when it
changes in aperture mismatch (1,3 and 5) we hane the titration with each one target
in controlled temperature (37°C), doing measuremeach 3 and 10 minutes after the
addition of the target. Samples where measuredounffer solution which contained 140

mM NaCl and 2 mM MgCI2, to simulate the physiolaimtracellular ion conditions.

The titration curve describes the same effect dlveremission intensity of CY3
by the stoichiometric addition of the target sed@s Figure 113, we also notice that
the binding between BAX10 and the correspondingetaseems to be fast, stable and
selective, because measuring at different intereélsme, there is no effect over the
emission response. Although the intensity in thé/ B&gion is still lower we can sense

the FRET response in the same conditions as desidoifore.

—— Buffer (TEM)
800 - TT:BAX10 (ex540)
750 ] —— TT:BAX10 (ex640)
- —— TT+Trg (ex640)
700 + ——— TT+Trg (ex540)
650 - —— TT+Trg (ex540)12'

7 TT+Trg (exc540) 20'

Intensity (%)

a 550 600 650 700 750 b O
Wavelength (nm)

Figure 10. a) The FRET response of the TT:BAX10 by the titra with the target 10-3-10; b) cut-off
from the BPY650 emission region. [room temperataogmal TBE buffer]
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Figure 11 a) Titration curve of TT:BAX10 with targets 1@isdifferent gap binding, emission intensity of

the Cy3 region; b)emission intensity of the BPY®&8&§ion. [37°C, TBE buffer with 140 mM NaCl and 2
mM MgCl,]

From the titration curve in the CY3 region emiss{figure 118 we could deduce that
the BAX10:Trg's equivalent point is reached arodr stoichiometric ratio. The buffer
medium where the measurement is performed doeshanat any influence over the
FRET response. From the behavior when the gapeitiattyet changes we could deduce
that Trg 10-5-10, with 5 gap, decreases more a¥idgtthe CY3 emission intensity, then
Trg 10-3-10 is the next most effective, then TrgliDO is the least effective. Also,
looking at the tendency response from BPY regibigure 11b), -besides its low
intensity- it shows that the FRET intensity fromgTt0-5-10 is slightly higher with
respect to the other targets. However we couldhast a strong evidence from this
behavior since the BPY emission intensity is quie. If confirmed, we could
hypothesis that some quenching by contact coule pé&ce when the Trg brings the two
fluorophores very close and thus acceptor emissimuid be inhibited, while donor
emission could be efficiently quenched.

Thereby, from the behavior of CY3 emission tengenith the 10's series targets
we could conclude that; BAX with 10 ending lengshmuch more selective bound to
target 10 with a gap of 5 bp; this means that wee 10-nt tails in the BAX10 strand find
a better stability when they are broken up apachedher of only few base pairs. Those
results also support the theory that high comptakikty of nucleic acid ligand—target
binding is achieved by additional topological shabiion via ligand—target
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concatenation [4, 5]. This means, the process & @wo oligonucleotide sequence
strings end-to end (10+gap+10 or 15+gap+15), thakimy the target DNA strands
locally accessible for Watson—Crick recognition 7§, In addition, the FRET response
seems to happens more efficiently when both fluooops are at 5 bp distance each

other.

10  The pH Dependent DNA Tetrahedron

10.1 Self-Assembly and Characterizations of Nastructures

In our first experimental design, to corroboratee teffective annealing of the
oligonucleotide sequences (Strl, Str2, REP and &rapd -TFO, PC and nTFO) that
shape our first designed nanostructufgégyres 2and6 in part Il), for this purpose, we
performed the PAGE technique. As a first trial, agsembled in stoichiometry quantities
a series of dimers, trimers and the three diffetEsigned tetrahedrons (TFO, PC and
nTFO), Figure 12 In a separate gel we also compare the electrefbomigration
between monomers and dimers

In Figure 12 dimers, trimers and the tetrahedron assemblieshenen, according
to the preferential conditions that we designedhat beginning. Here we can notice
immediately that the separation in the PAGE geklated with the mobility parameters
that we expected. Assembled dimers (lanes 1-6) faster according to their low
molecular weight; lanes 1-5 are expected to descaimost the same electrophoretic
mobility due their almost similar length but probakifferent conformation, dimer in
lane 6 runs the fastest since the PC strand isvoinholecular-weight. Trimers (lanes 8-
10) describe the same mobility; they are highemiolecular weight than dimers but
lower than tetrahedrons. Our desired DNA tetrahedranostructures (lanes 11-13) run
slower that dimers and trimers, showing a strongdlwue their high molecular-weight.

Even though that we notice some secondary bandadh lane, coming probably
from the excess of one strand; however, they arehnhess stronger than the principal
ones, thus we confirm that the main product cooerdp to our predicted assembly
design. For this case, we assume a fully assenstledture where the remaining strands
are not so important for our purposes, thus wewad this stoichiometric annealing for

the further analysis.
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Figure 12. Dimers, trimers and tetrahedrons of their thermal self-assembly strands [20°C in TBE 1X running
buffer |

10.2 Probing the Triple Helix Formation

The characterization of the triplex formation wasvpously studied and reported in our
group, which was not part of this thesis. In thepart, it was shown that the dynamic
formation of the cytosine-thymine motif triplex the use of two synthetic DNA
oligonucleotides and characterizing the transifrom the open to the close state by the
use of circular dichroism (CD) spectroscopy, UV dpescopy and electrophoretic
mobility shift assay (EMSA) [8, 9]. The shift betareopen and closed conformation was
determined with pH titrations by UV spectroscopyding that a sharp variation happens
between pH 6.0-7.0, while the open state remasdsestat pH 8.0. They also used basic
(pH 9.0) and acidic (pH 5.0) running buffers comdis for the PAGE gel
characterization [10].
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Based on the previous information, our first goakwo characterize by PAGE technique
the triplex helix formation in our DNA tetrahedraesign (TFO), taking as a references
the positive and negative controls (PC and nTFO).

The running buffer solution in which we performetfPAGE gel has to be
accurately chosen to achieve the triple helix fdramain TFO; this means, at acidic
conditions it must form while in basic conditionsed not. Based on this principle, we
were trying different running buffer solutions lIRAE 1X or TBE 1X buffer solutions in
acidic and basic conditions. Nevertheless, resshiswed that either the gel was too
brittle or not evidence at all of the triplex fortimm was shown (results not shown in this
section).

After some attempts, we found the proper runnianffelb conditions to notice the
first evidence of the triplex helix formation in owtructure, considering also the
conditions previously described in our group [IHus, he running buffer was prepared
using 20 mM acetate, 20 mM MgCI2 and 50 mM NaClpat 5.0. After the
thermodynamic assembly of our structures (theedxigielix, the positive and negative
controls), we added a small amount of the sameimgrivuffer solution at pH 5.0 to each
one of the PCR tubes containing the annealed saltuvaiting 40 minutes at controlled
temperature before introduce them into the eletiwogtic slits. The first probe was done
at 20°C in this running buffer at pH 5.0; the setone was done with the same running
buffer solution in acidic conditions, same procedat 37°C while the third probe was
done also at 37°C with the same buffer at pH 8.hiwithe same sample preparation
procedure.

According to our model design for these threecstmes, we could have an idea
about the electrophoretic mobility range that weest for each structure in acidic
conditions. TFO structure will form the triplex helso, being closed as we designed, it
depicts a compact and thicker structure  (225wWdpch will describe much more free
mobility through the polyacrilamide gel, thus, weected that it will run faster than PC
and nTFO structures. PC structure being closediraayis lightweight (211 bp) than
TFO but probably less compact, thus they couldalomost the same length, but must run
faster than nTFO. Since nTFO is open all the titnejll find more migration difficulty
through the polyacrilamide gel; even though tha bas the same molecular weight than
TFO (225 bp), it will run slower than TFO and PC.
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Figure 13. The triple helix formation at different runningiffer conditions, a) 20°C at pH 5.0; b) 37°C at
pH 8.0 and c) 37°C at pH 5.0 same buffer solut® fnM sodium acetate, 20 mM MgCind 50 mM
NacCl]

On the other hand, in basic conditions, TFO stmactuill be open, PC structure closed
and nTFO open, thus, from the previous deductiencauld expect that the fastest band
will be PC while TFO and nTFO will have the saméhitity.

Thereby we establish our expected migration doiter in acidic and basic
conditions between the three structures. At pH B > PC > nTFO, while at pH 8.0;
PC > TFO =nTFO.

In acidic conditions at 20°C with this running faxf solution (Figure 13a) the
fully assembled structures show a single stronglbtine tetrahedron structure is formed.
However their mobility is described different. TREO (lane 8 and 11) and PC structures
(lane 10) describe almost the same behavior wHilEhstructure (lane 10) runs slower.
This behavior is consistent with our expected muhbrhigration. Thus, we can state the
successful triple helix formation by the TFO sturet in the aforementioned running
buffer solution.

The acidic PAGE gel, run at 37°C in the same doyi Figure 13b) shows the
almost the same electrophoretic mobility betwee® Tdhd PC structures (lanes 8-10)
where PC (green square) seems a bit slower that, THfxult to determine by eye

inspection. This result is consistent with the jpras one and confirms the triplex helix
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formation by TFO which is also stable at higher penatures; advantageous for its in
vivo applications in live cells. On the other hatite strongest band in nTFO (lane 11) is
slower than TFO and PC as we expected. Howevehetbeginning of the lane, it
describes a high molecular-weight smear band thaldcbe interpreted as non-specific
cross-linking products, formed possibly due to samperfect local imbalance in the
stoichiometry.

When we change the pH of the running buffer aicbasnditions (pH 8.0) at
37°C stable temperature, we noti€gglure 139 that the TFO and PC structures describe
almost the same mobility (lanes 8 and 10) while @Ti& the slowest one (lane 9). This
behavior is not consistent for that one that weeetgd; TFO and nTFO must run the
same because they are in the open state. Witlhehiavior it seems that TFO is again in
the closed state. This result is interpreted byettmess of Mg ions concentration in the
running buffer solution. It is well known that maggium cations stabilize nucleic acid
duplexes and facilitate their folding into secorydand tertiary structures, which are
biologically active. The total magnesium concembrag in various cells range from 5 to
30 mM; however, free M concentrations are tightly controlled between & 1.2
mM. Thus, we assume that at higher®igoncentration the TFO could also adopt part of
the triplex helix state, less stable that the Hteys pair, and being a bit more compact
that the unfolded nTFO.

To understand the previous TFO mobility behawee,reduced the concentration
of Mg®* ions to 10 mM in our previous described runninéfénsolution. We performed
again the PAGE characterization, doing first irdeccconditions and at 37°C controlled
temperature within the same procedure.

With the reduction of Mg ions concentration in the running buffer solution
(Figure 14), we notice a better separation between eachtstejand also they separate
clearly according to our expected mobility parameitteacidic conditions. TFO (lane 8)
structure runs faster than PC and than nTFO stegt(lanes 9 and 10 respectively).
Thus, we use this Mg ions concentration in the buffer solution for ofurther
characterization analysis.

We have probed that our designed TFO structureoreispeffectively to the pH of the
running buffer solution, showing the transition froopen to closed structure as we
expected. Also we determine that the presence o2+Mign in the running buffer
solution is a key parameter to notice the mobifigparation between nTFO and PC
structures
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Figure 14. Electrophoretic mobility of the triple helix af 3C in acidic modified buffer [20 mM sodium
acetate, 10 mM MgGland 50 mM NacCl]

10.3 Probing the Sense Response to pH Changes

After we had the evidence of the triplex helix faton by TFO structure in acidic

conditions, the subsequent step was the charaatienzof its response by a quantitative
method, fluorescence spectroscopy. For this purpese take advantage of the
CY3/BPY650 fluorophore pairs contained in the RERu&l, as we described in our
model. The aim with the use of fluorescence spsctpy is determine the FRET
response from the fluorophore pairs when they arelase proximity with each other
when the TFO structure change conformation by thevariation [11]. As we described

previously, we expected that the TFO structuredidia conditions will form the triple

helix, being in closed state, so, the FRET signastibe much more intense; while, in the
open state (basic pH) we should not notice the FREponse or at least to notice

weaker. In the PC structure we expect to noticeRRET response at basic and acidic
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conditions since the fluorophore pairs are in clpszximity all the time. The negative

control (nTFO structure) must not show any FRETpoese since it does not manifest
any response to pH changes and remains open. @taistable technique to determine
this sense response is by the use of the fluoresdeRET titration technique, where the
pH variations in the solution were detected by ftherescence intensity signal emitted
by the DNA nanostructure.

In our first experimental determination, the FRESponse in the TFO structure
was measured when the pH of the sample was repeatgred between 5.0 and 8.0
with controlled additions of concentrated HCI| anO¥h However in this first probe we
notice that HCl and NaOH are too strong that dgsttoour structures -results not
shown-.

As a second trial, it was included an acidic aadi® buffer with each annealed
solutions; tris solution for the basic one (pH Sadd sodium acetate for the acidic (pH
5.0). However we could not notice any FRET behadiog to the pH instability -results
not shown-.

Then, we use the same buffer solutions for thesaled structure as above at
lower concentrations; sodium acetate [10 mM] amgl [0 mM]. Titrations were done
with tris [2 mM] solution at pH=9.0 and sodium aatet[2 mM] and [0.5 mM] solutions
at pH=4.3. Fluorescence measurements done firsioat temperature and the at 37°C,
controlled conditions .

From Figure 15, in red, we notice the behavior of PC structurechlsince the
beginning describe a constant behavior which ressiable along the repeatedly cyclic
titration; this behavior is consistent with our egped fluorescence response. This means,
PC in the closed state will describe the highesEFRhenomena, thus, the emission
intensity of CY3 (565 nm) will remain lower due tbeergy transfer to BPY650.

In blue nTFO structure is described, this represaimost a constant behavior
from acid to basic pH along the titration, desergoia slightly tendency to decrease its
CY3 emission intensity at basic pH which does etdinn to their original point after the
cycle. We interpret this effect due to the free ftitybof the open nTFO, this means the
fully assembled structure has two ending pairs WwibEn move freely and possibly adopt
a conformation at extreme pH that place the twortiphores in a position that creates a

low energy transfer when CY3 is directly excited.
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Figure 15. Titration curve for TFO (black), PC (red) and nTFO (blue) structures ranging from acidic
to basic pH in repeated cycle [Buffers 10 mM sodium acetate and 10 mM tris at room temperature].

In dark color, the TFO structure is described srépeatedly cyclic titration. At acidic
conditions, closed structure (folded), depict a I@3 emission intensity due the
effective high-FRET effect, which is similar to tR& structure. As we expected, while
increasing the pH the structure unfolds graduaddlging the triplex formation, specially
between pH 6 to 7 the shift is more evident, reaghthe same CY3 emission intensity
than the nTFO structure, the open state; higher @¥i3sion intensity; low-FRET effect.
The cyclic behavior is also shown when pH comexk hhacacidic even if this does not
represent the same path. The slight gradual remuctibserved in the overall
fluorescence intensity over the cycles is due tm quantitatively correlates with, the
dilution of the construct solution upon acid or dasldition [12]. From the cyclic drift
we could deduce; a) the unfolded conformation, asepreferable than the unfolded one
and b) the triple helix is marginally stable atmotemperature.

In Figure 16is only shown the behavior of titration of TFO sfiwre, starting at
basic conditions (red dot) in the first cycle déses: a) at higher intensity of CY3
emission it changes its conformation between pH B)7going from acid to basic at
lower intensity it opens easily remaining in thiate almost all the first cycle; during the

second cycle, the intensity is also constant aasgen structure is dominant until it
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Figure 16. Cyclic titration curve of the TT:TFO structurein basic (beginning -red dot) to acidic pH
(ending -green dot) [sodium acetate-tris buffeusoh at 37°C]

closes decreasing even more the CY3 emission ityeri$us from this behavior, at
37°C the unfolded (open) structure is also preterecreasing the CY3 emission
intensity when folds.

One of the main goals for this structure is tobgras biosensing functionality in
live cells, this means, to characterize them atspiggical conditions. Reports point out
that in cellular environment there could be up i of Mg** ions and around 140 mM
of Na+ ions concentrations. Based on this relatom performed the spectrophotometric
titrations. To achieve them we used sodium ac¢@aPeand 0.05 M] solution at pH=4.3
and tris solution [0.2 and 0.05 M] at pH=10. Werieal out this titration at 37°C constant
temperature.

Figure 17 describes the behavior spectra, by regions, duhegitration of the
TFO structure in physiological buffer conditiondieTCY3 emission intensity decreases
when pH is changing from basic to acid, the stmecis changing to the closed state,
fluorophore pairs are closer, the FRET responsmase effective and the emission
intensity is decreasedrigure 173. The BPY region shows the evidence of the FRET
response over the TFO structuFegure 17b); while pH is changing from basic to acid,
the emission intensity of BPY is increasing. In titil@tion the nTFO does not change the

BPY emission intensityHigure 170); the structure remains open all the time. In the
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Figure 17. Spectra of the TFO structure titration at diffdireH values; a) behavior of the Cy3 emission
intensity; b) FRET behavior of the BPY region irettitration of TFO; c) FRET behavior of the BPY
region in the titration of NTFO structure; d) FRB&havior in the titration of PC structure. [ 37 tChuffer
with Mg?* [2 mM] and N4 [140 mM] ]

titration PC is not affected along the titratioRigure 17d); the structure is always
closed, and the FRET effect is always present.

From Figure 18 the titration at physiological conditions, we morate the
behavior of our three designed structures in tpeiresponses. As in Figure 15, the PC
structure keeps constant the CY3 emission intensitijte the nTFO's remains also
almost constant both behaviors are independenthef uffer solution where the
measurement is done. The TFO structure shows tme dsehavior as the previous
analysis, where the unfolded structure seems fardéferred and also noticed that during
each cycle the emission intensity of CY3 is redueedn more. In this conditions, the
emission intensities from the TFO structure in dipen state, do not reach the intensity
from nTFO structure; it seems that at higher temjpees the TFO structure is not
completely open and still there is some fluorophateractions. On the other hand, we

notice the intersection point with the emissiorensities from PC structure, so at pH=5.5
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Figure 18 Cycled titration curve of PC( green), nTFO (red)d TFO (blue) at physiological buffer
conditions. [ 37°C in buffer with Mg [2 mM] and N4 [140 mM] ]

the TFO structure is completely folded; the fludropes are in their closest state and the
intensity over Cy3 is decreased.

In conclusion, by the use of FRET technique, wgehprobed the effective
sensisng of the TFO structure and its responseHawariations as we expected in
different medium buffers solutions. It shows a ¢anscycle reproducibility. Kinetically,
the unfolded structure is preferred. We have atebgd its effective functionality even
at physiological conditions.
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11  Cell Uptake

Based on publications of other research groupsénfield, it was shown that DNA
tetrahedron nanostructures have been probed tessfady internalized in live cultured
human cells with or without the aid of transfectimgents [13-15]. Additionally, it was
also recently reported that tetrahedral DNA nangsirres do not elicit a significant
immune response in live cells or a full animal [1Byen more detailed investigations
proposed a rapidly internalization by a caveolipaleent pathway; also, after
endocytosis, the nanostructures were transportetysimsomes in a highly ordered,
microtubule-dependent [17] If this is true, we abtdke advantage of the physiological
conditions between the organelles and our nandsateic

From that point of view, one of the objectives walso to determine by
microscopic and quantitative techniques, a) theessful internalization of our designed
structures; b) the internal localization inside tiedl; c) the biosensing response from the
cells about the particular effect produced by oWNADnanostructures. From here, |
present the results from both structures in theesaomtext, since we were doing all the
microscopic characterization and statistical analgsmultaneously following the same

methodology, highlighting the particular results éach case.
11.1 The DNA nanostructures internalization byhe cells

First, we examine the evolution of the internali@atof one of our assembled structures
by the cells in normal conditions, following the ofcol for cell culture and
nanostructure delivery described in Section 2.5atieve this, we used the cultivated
human HelLa cell types, treated with 100 nM of odr:nTFO nanostructure. The
evolution was followed at certain incubation tim@s 6 and 8 hours), monitoring the
internalization by the signal detection of CY3 esios intensity using fluorescence
microscopy.

The set of micrographs iRigure 19 in white-light (exposure time 60 ms) show the
morphology and health status of HelLa cells durimg treatment with the structure in
time. The internalization is shown as: (a) Afteh &f incubation the structure seems to
start to internalize, due to the fact that CY3 emois intensity is brighter at the

membrane; b) after 6 h of incubation, emission ¥80s also coming in low intensity
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dots from the membrane but also some bright pargdocalized at the cell center, from
this point of view is not possible to state thartgular localization; and c) after 8 h the
internalization is better due the higher emissiaensity from the CY3 fluorophore in
form of “dots” but the signal is more diffused aaldo for the white-light image, cells
start suffering morphological damage. Thereby aralidncubation time for doing the
microscopy analysis is after 6 hours. With thishgrave also confirm that HelLa cells

successfully internalize our nanostructures.

- 10 pm ---

Figure 19, Micrographs showing the internalization of TT:P0 nM] in HeLa live cells,
following at: @) 2 , b) 6 and ¢) 8 hours incubasion

-118 -



11.2 The internal localization inside the cells

The study for the internalization was based on ftbeescence parameters from the
excitation-emission fluorophore pairs. White-ligfitiorescence with 380 nm excitation
filter (off-peak), Cy3 fluorescence with 560 nm gation filter (on-peak) and Cy5
fluorescence with 600 nm excitation filter.

HeLa cell line was used at the beginning of tharatterization showing some
drawbacks in the analysis; due to their morphologchnically, when cells present a
spherical morphology it is difficult to focus onbver one stratus, leading to a strange
emission detection intensity that also comes frobensurrounding stratus, too diffused or
sometimes not detected at all. Moreover, a sexkpeements were done to detect the
emission intensity over the BPY650 fluorophore oagiresulting in poor or almost not
signal (data not shown here). As a result, we cédnige type of cells.

Renal human cells (T-769P) were used in subgiitutif HeLa cells where the
first one exhibit better morphological cellular tdilsution; they have a flat shape where
the internal organelles are better distinguishdds tprovides better microscopic
focalization; these cells are also bigger, whichppasedly will facilitate the
internalization. So, as a second step we useddfigar line within the same culture and
delivery methodology treated with TT:PC [100 nMHaBAX:15 [100 nM]

Using white-light we can distinguish the morphaglpgtability and healthy status
of renal cells without the treatment of any struefblank Fig. 20A); after the treatment
with the TT:PC structureF{g. 20E) and after the treatment with the TT:BAX:15
structure Fig. 20I). From the blank almost any fluorescence signahiswing up with
the use of the diverse series of filteffggs. 20 B,C,D.

Taking the renal cells after 6h of incubation wile TT:PC structure [100 nM] it
shows that in principle, the off-peak filtd¥fig. 20F) shows a diffuse but distinguishable
cell autofluorescence; normally this effect is éedt by internal organelles such as
mitochondria or lysosomes due to the presence tbflaarescing molecules like
NADPH (phosphates) and flavins. However the celpafak represents an interference
signal for the deduction of the fluorescence in sibming from the fluorophores, thus,
we also have to quantify this value to be consetiyesubtracted in our statistical

evaluations.
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Figure 20. Examples of micrographs of Hela cells treated wfth fluorescent structures TT:PC and
TT:BAX15. Panels A, E, | (first column) in whiteglht; panels B, F, J (second column) with off-peak
excitation; panels C, G, K (third column) with oagk excitation. Where A,B,C and D correspond to the
blank; E, F, G and H correspond to cells treateth Wir:PC [100 nM], while I, J, K and L corresporal t
cells treated with TT:BAX15 [100 nM]. [100X, ga#h8X, exposure time: 2s]

The on-peak (CY3) filterKig. 20G) shows a perfect well-defined internalization loé t
structure, where Cy3 fluorophore seems to be Higted in the cytosol, and also showing
the form of very brilliant dots, probably, vesiclgsat from this perspective we cannot
provide the exactly localization. It is also noabée that the BPY emission is shown in
very low intensity Fig. 20H) , this is also represented in the cytoplasmi¢oregt also
shows a kind of dotted distribution; those dotd #ra brighter in CY3 are also brighter
in BPY.

Renal cells treated with the fluorescent TT:BAXXEusture Fig. 20 I, J, K and L)
show almost the same behavior intensity emissiordah filter as the TT:PC structure,
where the off-peak emissiofi¢. 20J) is in low intensity; the on-peak emissidrid.
20K) is also of lower intensity but a detailed viewosls also a distribution inside the
cells with a diffused dotted form; from the BPF¥ig. 20L) a very low emission is

obtained, difficult to give a probable internaltdisution.
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In conclusion, using HelLa and renal cells we hawdemnine the effectively
internalization of our fluorescent DNA nanostruesir it seems that they are well
distributed in the cytoplasmatic region with a matar brilliant spot form, like in
vesicles; it appears that they are not bound to ewyicular cellular compartment.
However from the previous results it was not pdestb conclude about the specific
localizations, also the phenomena of photobleactoogurs after few seconds of
exposure, which does not allow a perfect imagendafn, the image is diffused, thus
from these results was not able to perform stdyicalalysis. In addition, at the time of
this analysis, the microscope was not equipped whth FRET filter set, that was
acquired during the course of my work, so by tlshnhique, we still do not have
evidence about the FRET emission from our nanosires.

We attribute those effects probably due to the édficiency of these fluorophore
pairs which suppressed from some factors that doiflom the medium or even coming

from their arrangement in the structure.

12 Re-design of the Nanostructures with the Cy3/Gy

Fluorophore pairs

From the above results we have detected a low emig®m the BPY650 fluorophore in
the FRET emission and even when was directly eclée suppose that in addition to
the low emission intensity of the BPY650 dye, itultbalso come from to the low
sensitivity over the red wavelength detection dertsi that is characteristic of CCD
cameras. However, a more detailed investigationtbase done to find the optimized
parameters to improve their fluorescence resporsestrategy to overcome the
drawbacks from the BPY650 dye was the substitutiorthe CY5 organic dye. The CY5
fluorophore has the same working emission-exciafiarameters as the BPY650. Also,
the CY3/CY5 is a well known fluorophore pairs prdbeffectively in several DNA
nanostructures design [18, 19]

Within the fluorophore replacement, we also havaenged some of the sequences
in the Str.1, Str.2 and REP oligonucleotides tovjg® them better stability. The
oligonucleotide conformation and distribution remead unchanged, shaping the same
designed structures. We also purchased the CY3dRgbhucleotide to corroborate the

-121-



Table 1. Sequence strands of the new purchased oligonucleotides.

Stran Sequence (5' ----- >3")
Str. 1b TATCGTTGTACTTACGAGCAATATTGATTTAGCGGGGTCGGAGATCGCTAATGAGGCCAGCG
Str. 2b TTGCGGTTCTTTTCTTTICTTAATGTACGGACAGCACCTGGCACGCTGGCCTCATTAGCGATC

CY3-REP-CY5 CY3-TGCTCGTAAGTACAACGATAAGCCAGGTGCTGTCCGTACAT-CY5

CY3-REP CY3-GGCTCGTAAGTACAACGATAAGCCAGGTGCTGTCCGTACAG

Str.1b, Str.2b and CY3-REP were purchased from Eurofin/MWG while CY3-REP-CY5 from the Sigma
Aldrich

single function of CY3 in the fully assembled tétdron. In the following table are

shown the new oligonucleotide sequences.

12.1 PAGE gel characterizations

With this new oligonucleotide sequences, first weraborate their correct thermal self-
assembly with the PAGE gel technique, proceedinthiwithe same experimental
conditions that we found from the previous chandza¢ion results.

Characterizing the self-assembly of the pH depenB®A nanostructure in the
same conditions as established from the previqustste Fig. 21) compares between
the assembly using both the CY3-REP strand andCtti&-REP-CY5 strand, showing
any difference in electrophoretic mobility. In atiloin, we distinguish both in acidic and
basic conditions the expected electrophoretic ntgbfor each DNA nanostructure
(TFO, nTFO and PC) that were discussed before. Wausonfirm the successful self-
assembly with the modified oligonucleotides, weoalgrified that the reproducible
characterization with the established buffer sohgiand both Cy3-REP and Cy3-REP-
Cy5 are perfectly annealed in the full structure.

On the other hand, we also have done the selfrddgeof the TT:BAX10
nanostructure, including the new oligonucleotidesembled individually with Cy3-REP
and other with Cy3-REP-Cy5 in the fully structuvée characterized both the open and
closed (with target 10-5-10) structures, running tiel at 37°C and at physiological

conditions.
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Figure 21 Characterization of the self-assembly of the pemchased oligonucleotides and fluorophores;
a) TBE running buffer, pH 8.0 at 37°C; b) Sodiunetate [20 mM], MgGl [10 mM] and NaCl [50 mM]
running buffer, pH 5.6 at 37°C.

The self-assembly of the TT:BAX10 nanostructure veéso confirmed by the well

defined electrophoretic migration between monomdnsiers, trimers and the desired
tetrahedrons with their correspondence variationth \Cy3-REP and Cy3-REP-Cy5
oligonucleotidesKig.22). In addition, we verified the correct bindingtbe TT:BAX10

to the Trg 10-5-10 (lanes 12 and 13) at physiollgaonditions. Thus, with this new
oligonucleotides, we have confirmed their succdsskif-assembly formation and

stability of the TT:BAX10 nanostructure and alsc thlosed nanostructure, by the

presence of a target, at physiological conditions.
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Figure 22. PAGE gel of the self-assembly with the new purchased oligonucleotides and
fluorophores modiication in the TT:BAX10 structure; comparisons between monomers, dimers,
trimers and open and closed tetrahedrons [ 37°C in TBE 1X buffer with 120 mM NaCl and 10 mM
MgCly

12.2 Fluorescence spectroscopy characterizations

Fluorescence characterizations where done boththa)blank, detecting the CY3
emission coming from the single CY3-REP oligonutits® in its open and closed state;
b) probe the FRET efficiency of the fluorophorerpawhen the CY3-REP-CY5 is
included in the structure and when it is closedH®yuse of a target.

The CY3-REP single strand describes a wedflhéd emission peak of high intensity
at 565 nm when it is excited at 540 nm. The quergluf CY3 emission intensity is
perfectly shown after the addition of the Clip.3tigh closes the strandrif. 239.
When the CY3-REP-CY5 is included in the fully asbéad TT:BAX10 nanostructure, in
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Figure 23. a)Emission spectra of single CY3-REP strand snojppen and closed state -with
Clip.3b (1:1); b) spectra of TT:BAX10 where Cy3-RER5 strand is included in its open and
closed state -with Trg 10-3-10 (1:1). [Conditiorsom temperature in TEM 1X buffer enriched
with 120 mM NaCl and 10 mM Mgg].

the open state, the CY3 emission peak is well destrig.23b); while, doing the
direct excitation of CY5 at 640 nm, its emissiomlpés present with a very low intensity.
Then when the Trg 10-3-10 was included (1:1) t®elthe structure, the FRET effect is
noticed (cut-off of the b spectrum) but also, itg5Cemission intensity is low. The
Cy3/Cy5 fluorophore pair seems to perform a bdfRET performance in comparison
with the Cy3/BPY650 pair, even if its FRET emissiatensity is still low detected by
the spectrofluorimeter.

12.3 Fluorescence microscopy characterizationh€ cell uptake

At the microscopy characterizations done in thst fpart, the FRET response between
Cy3/BPY650 was not detected due to the absencheoptoper filter set. However to
characterize the nanostructures with the new Cy@/fCyprophore pairs, the FRET filter
set was integrated to the fluorescence microsclopan additional step, we also have
carried out the characterization of such filtefpwing to determine its optimal FRET
emission intensity by the suppression of the di&@ emission over the FRET intensity
(see Appendix section for results) .
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It was noticed that renal cells were suitable tarabterize the nanostructure delivery
with some improvements in comparison to the Hellls.ceowever, the type of cells for
this section was also changed; glioblastoma c&H67 line) were chosen because they
show a higher internal morphology with better digifom of their cellular compartments,
thus we could notice the possible preferable imtletncalization of the structures.
Additionally, T67 cells are also smaller than recells, so that full cells can be displayed
in the field of view.

Glioblastoma cells were treated, in the same c¢mmdi as renal and Hela cells,
with the corresponding fully assembled structur&;:PIC, TT:nTFO, TT:TFO and
TT:BAX15. For the statically analysis, a set olustures were assembled containing the
CY3-REP strand and the second one containing the-REP-CY5 strand. Fluorescence
microscopy visualizations were done after 6 hofiiaa@ubation.

The series of images showedRigure 24, provides the characterization of the
TT:PC structure with the assembly that contains ®REP and the one with the CY3-
REP-CY5. In the white-light column is presented therphology and conditions of the
glioblastoma cells; the nucleus and membrane atedeéned. The blank in exposure
with the series of filters does not show any comsmgnal, thus we have an optimal
qualitative reference. The structure with contamdy Cy3-REP strand show the
expected behavior; a very normal low off-peak (dal autofluorescence); any FRET
emission, it is expected due Cy5 is not presemiptaceable on-peak emission coming
from the direct excitation of CY3 and any distinghable signal from the Cy5 filter,
there is not present. The structure which cont#iesCy3-REP-Cy5 strand shows the
normal off-peak, very low intensity; the FRET respe is detected in low intensity,
higher than the off-peak; the on-peak is perfestyl detected in higher intensity respect
to the previous structure and the Cy5 is also deddout in a very low intensity.

From the Cy3-rep and Cy3-rep-Cy5 behaviors it vadent that the FRET
phenomena is detected when both fluorophores asept, even that the intensity is low.
As we expected, the on-peak is the most intenssaai raw where the structure with
only Cy3-rep shows a more brilliant spots, while time with Cy3-rep-Cy5 describes,
besides the dotted form, a type of "branched" ddtuisignals spread on the cytoplasm.
In addition it appears that the presents of Cy3h@ rep strand increases the Cy3
emission when it is excited. The direct excitatiover Cy5 is not detected with an
exposure time of 2 seconds, while exciting at Xdsds we notice some signal intensity;
unfortunately the background is also coming out.
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Figure 24. Examples of micrographs of glioblastoma cells tedawith the fluorescent nanostructure
TT:PC [100nM] after 6 h of incubation. Comparisdretween the white-light, off-peak, FRET, on-peak
(Cy3) and Cys5 filters for the two types of TT:Pusture, one containing the Cy3-REP strand and the
other containing the Cy3-REP-Cy5 strand. [100 Xnda8 X, exposure time: 2s].

A more detailed inspection of the micrographs fritve on-peak filter over TT:PC (Cy3-
rep) and TT:PC (Cy3-rep-Cy5), suggest that oncelth®C structure is internalized, it
appears from TT:PC (Cy3-rep) micrograph they amunid to some cellular
compartments in form of vesicles which are spraadhe cytoplasm, where they are
more brilliant, we attributed this localization kgsosomes. On the other hand TT:PC
(Cy3-rep-Cy5) micrograph , besides the dotted frélomprophores are also bound to
some tubular or branched organelle, diffused in di@plasm or in the perinuclear
region which could be either mitochondria or thddbapparatus, even though localized
in the central portion of the cells.

An overlay of the Cy3 donor emission fluorescewith the Cy5 acceptor FRET
emission fluorescence micrographs, also showsdtaitation of high-FRET states in
point-like organelles identifiable as lysosomEgy(ire 25). Thereby we point out that the

pH sensor tends to localize more preferential sogpmes
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Figure 25. Ovetlay of the fluorescence signal of the donor dye represented in red with the signal
from the FRET channel, represented in green. Localization of the green signal (or perfect overlay of
signals that shows as yellow) reports on the localization of high-FRET states in point-like organelles
identifiable as lysosomes.

Following the same procedure, the TT:BAX15 struetwith the flurophore variants
(Cy3-REP and Cy3-REP-Cy5) were also treated withlthman cultured glioblastoma
line cells, after 6 hours incubation we performdue tfluorescence microscopy
characterization with the same series of set §ilter

Micrographs are shown iRigure 26, blank showing almost any signal coming
out besides the cell autofluorescence, as was idedcbefore. The structure which
contains the Cy3-REP strand, also shows a simgamatwor like the TT:PC structure,
while in this case, we also notice the branchettidigion around the nucleus and also
very small point-like organells; this follows almidee same internal localization. When
the two fluorophores are present, the FRET signabticed, again in very low intensity;
looking at the Cy3 emission filter, this is mordllant than the one with only Cy3-REP
strand, thus we confirm that when the CY5 is pregée CY3 emission intensity is also
higher, very likely due to more efficient interrmgdtion. The morphological distribution
also shows the cytoplasmatic distribution in a koficspherical and tubular or branched
compartments.

It seems that both TT:PC and TT:BAX15 nanostrigwshow almost the same
internal distributions, both seem to be preferdigtibocalized in the lysosomes and

mitochondria or Golgi's apparatus. However, wd dbl not have a strong evidence to
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confirm such hypothesis. For that case, experinignt@e have to compare the internal
localization with a reference, this means, to deglia specific lead molecule going to the
lysosomes and to the mitochondria. This can bewalib by the use of the Lyso-
TrackerRed dye for lysosomes and the Rhodamine nGfee mitochondria. Lyso
TrackerREd is an orange-red-fluorescent dye wittitation/emission of 647/668 nm, it
is well used for labeling and tracking acidic orghes in live cells. On the other hand,
Rhodamine Green shows a strong fluorescent emisdi®@30 nm when excited at 500
nm. Both organic dyes have been probed to enteliibecells efficiently, in virtue of
being hydrophobic.

Additionally, the human glioblastoma cells wereated separately with Lyso-
TrackerRed [50 nM] and Rhodamine Green [200 mM]sgyecubated at 37°C and in
humidity conditions for 20 minutes and then charazed by fluorescence microscopy,

following the same filter sequences, as previossdleed.

White-light Off-peak FRET CY3 CY5

Control

TT:BAX15

Cv3-REP

TT:BAX15
Cv3-REP-CvhH
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Figure 26. Examples of micrographs of human glioblastoma cells treated with the fluorescent
structure TT:BAX15 [100 nM] after 6 h of incubation. Comparisons between the white-light, off-
peak, FRET, on-peak (Cy3) and Cy5 filters for the two types of TT:BAX15 structure, one
containing the Cy3-REP strand and the second containing the Cy3-REP-Cy5 strand. [100X, gain 4.8
X, exposure time: 2s].
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Figure 27.Micrographs of the on-peak (Cy3 filter) of humdiolglastoma cells treated with: A)
the TT:PC structure with (CY3-REP-CY5) after 6 hinéubation; B) Lyso-TrakerRed after 20
min incubation; C) Rhodamine Green after 20 mirubation and D) The TT:BAX15 structure
with (Cy3-REP-Cy5) after 6 h incubation.

As a comparison, ifrigure 27, are represented the results of treatment ofdheesype
of glioblastoma cells with the free Lyso-TrakerRaal Rhodamine Green dyes. Lyso-
Traker (B) displays a defined distribution, likenfvesicles. We presumably realize that
due to the positively charged of our DNA nanostiuet it will preferentially localize at
the negatively charged lysosome organelle, it $® aleen from the like-dotted brilliant
points exhibited by our both fluorescent nanostmes (micrographs A and D), thus we
assume that part of the two nanostructures ardizedain the lysosome compartments;
corroborating in this way the results presentedlifi. On the other hand, Rhodamine
green, due its negative charge, accumulates andlizes preferentially at the
mitochondria; contrasting with our micrographs (#d&) with the one with Rhodamine
(C), we have obtained a similar type internal distiion, a type of tubular branched
arrange, more preferential around the nucleus, whie@ assume could be both
mitochondria or Golgi's apparatus. Thereby we alssume that part of our structures
are localized at mitochondria or Golgi.

Some important considerations to determine theipéntracellular localization
upon uptake of our structures are that on thelioel] on the treatment conditions, on the
cell state and possibly also on the type and nurmbfnorophores that are used to detect
the presence and signaling state of the interrdhli@mostructures. Thus, further studies

are needed in order to have a better control dalaelocalization.
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12.4 The micrograph semi-automatic analysis

Even though that visual analysis is usually the bpsion for characterizing intracellular
distribution, we also performed a semi automaticrograph analysis (see Section
2.4.2.2 for details). Based on the measuremenhefaverage fluorescence intensity of
defined areas inside the cells and also considetiergbackground intensity for each
micrograph for all the filters (off-peak, on-pedkRET and Cy5). We performed the
statically evaluation, where we could determine dkrerage fluorescence for each cell
and the fluorescence from the background for al ftiers, then the background was
subtracted leading to the single fluorescence; kewehis value also contains the
autofluorescence coming from the off-peak, so wss subtracted. This evaluation was
done to determine the net fluorescence from theTFRE3 and Cy5 filters for a series
of micrographs of the same cellular field.

Statistical analysis of those data (not shown )henadence an unexpected
behavior where since the Cy3 emission intensityery high in comparison with the Cy5
emission intensity, we could not provide a consistalue of the single fluorescence of
each cell. This could be due to the limited nundfesells that we could measure or also
to the likely fact that. The value of FRET emissmould also include the tail the Cy3
emission which does not allow to simply deduce & FRET value from Cy5. In
addition, the generally low Cy5 emission intensitgkes accurate quantification hard.
Also further studies over the fluorescence micrpgcparameters to acquire more
guantitative micrographs are required to allowaiadhieve better fluorescence statistical

analysis.

12.5 TT:BAX15 and Staurosporine for cellular apgtotic evaluation

Human glioblastoma cells were also chosen to pthbén vivo biofunctionality of our
designed TT:BAX nanostructure. As we described ui®&gporine induces the BAX
transcription by RNA during the beginning of theopfotic cycle of the cell, then the
BAX strand that forms part of our nanostructure :@AX) must detect the transcribed
BAX sequence from RNA (BAX:RNA). When TT:BAX bindsomplementary to the
BAX:RNA, the TT:BAX closes, the fluorophore pairstglose each other leading to the
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FRET effect phenomena. Thus, if TT:BAX recognizdse tBAX:RNA sequence
effectively we could follow the FRET emission bydrescence microscopy.

Human glioblastoma cells were treated with theBRX15 structure after 6 h
incubation, then, staurosporine [1 uM] was addedth® cells with the structure.
Immediately, we were following the microscopicalligualization, recording the FRET
effect every 15 minutes for 3 hours. Previously were following, as a control, the
normal death cellular process due to the exclusidheir physiological conditions.

The BAX transcription by RNA was documented to wscwithin the first 1.5
hours after the apoptotic cycle is induced, sahis period time is when we expect to
detect the FRET intensity increment. Nevertheldss,FRET signal was still very low
through all the measurement (results not shown).

Probably, the BAX transcription happens too fagtjch is hard to detect with
this methodology; or even the amount of our TT:BgtKucture inside the cells is too low
to being detected by the BAX:RNA; or due the lowEHRemission generated by the
CY3/CY5 fluorophore pairs, we are no able to dewutll intensity changes; or even
could happen that our structure is digested somehake intrinsically apoptotic cycle.

From this point of view, we need a better undaditag about the BAX:RNA
process in the life cycle cell to design a suitabkthodology in which we could detect

the successful sensing signal about the biofunalityrof our nanostructures.
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Conclusions and Outlook

13. Conclusions

Along the previous three chapters, | presented padicular of novel DNA self-
assembly nanostructures with the ability to perfarsensing response in live cells.

We described the theoretical and experimental ttlode make possible the design,
synthesis, characterizations and performance of DiN#omachines. Feeding the
emergency of revolutionized DNA nanostructures,tined to developed two particular
DNA biosensors: an intracellular pH response nanotire and a nucleic-acids sensitive
nanostructure. Here | describe some important rfesnfaom our results that can help us
to understand the full project presented in thesi$, leading us to come up with further
achievements.

a) About the design

The accurate structural modeling and sequencegrdedi our two functional DNA
nanostructures were achieved by the use of NANEY MOPACK. It is important to
remark that both the structural modelling and tbquence design are crucial steps to
program the outcome of successful self-assemblyctsires and assisted by computer
software.

b) About the self-assembly

By the use of PAGE gel electrophoresis technique, have verified the thermally

annealing of our DNA nanostructures, probing tlm most intense band in each lane
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corresponded to the desired structure for both scatksing this characterization
technique, we have also adjusted the oligonucleotstoichiometry in the assembly.
Thereby we have probed the successful self-asseafliyr two model designs in the

established conditions.
c) About the sensing response
i) The pH nanosensor

By means of the PAGE gel technique, first we hawesssfully identified the formation
of the triple helix conformation (closed state)aim acidic running buffer solution, while
the open state was identified at basic conditivvie.have also probed that the structure
and its transition is stable and exhibits a goodopmance at cellular physiological
conditions (37°C with 10 nM Mg and 140 mM NaCl). We have also determined that
the amount of Mg ions present in the running buffer solution isyoéat importance to
distinguish better the electrophoretic mobilitytleé TT:TFO structure among its positive
(TT:PC) and negative controls (TT:nTFO) structures.

Using the fluorescence spectroscopic techniquehave evaluated the structural
conformation response at certain pH environmehtsugh the emission intensity of the
Cy3 fluorophore . Performing a series of acidicsibditrations, we have determined the
successful TT:TFO structural change conformatiamfrthe open to the closed state
when pH changes from basic to acid conditions;TtheFFO does FRET upon reducing
the pH, while the open and closed stationary nanctstres have a pH independent
fluorescence. In addition it was shown the TT:THf@med-closed cyclic conformational
changes at different conditions, like the cellyddysiological medium. We concluded
that at physiological conditions, the unfolded @awnfation is much more preferred; the
structure opens easily but takes more time to clésee to the very low emission
intensity of the BPY650 dye, when the FRET phenanéappens, we could not

performed quantitative measurements based onfteist.e
i) The nuceic-acids sensitive nanosensor

First, by the use of PAGE gel technique, we haveckéd out the binding between the
BAX oligonucleotide assembled in our DNA structuaed the respective target’s
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sequences. We concluded that the longer strand (BAbinds easily inducing a
conformational change, at normal TBE 1X runningféus$olution, when it binds to 15’s
length target series. However, it requires a medifiunning buffer solution, enriched
with Mg®* ions, to be able to distinguish the binding wihie tL0’s length target series. In
addition at 37°C onlyl5+15-nt and 10+10-nt targeuences bind to BAX15, while
8+8-nt is not stable enough to bind. We conclutthed due the 8’s length target is too
short, it does not to bind to BAX15 neither BAXIAX with length 15 is much more
specific to target with 15-nt length. On the otlhand, BAX10 binds preferentially to
10’s series target rather than the 15’s seriegtarg

Characterizing the performance as a functionat@ewas done through its the
FRET behavior. First, by titrations we determinedBAX:Target quantitative binding,
concluding that it is required around one equiviseri the target to completely binds to
the BAX sequence in the structure. The conformali@hange was followed by means
of its FRET response, concluding that when thecsire is in the closed conformation,
the FRET occurs, quenching the Cy3 emission intgnsghile the BPY650 emission
intensity is increased; we have noticed that thghdést FRET emission intensity is
obtained BAX10 is closed with the target 10 withgép. So, we conclude that the
recognition is much more specific when we have slkort DNA probes instead of a

longer single one.
d) About the cell uptake

The treatment of our nanostructures with HelLa padectly internalized after 6 hour
incubations and the structure remains inside wigirtfluorescence response without
producing any negative effect inside the cellsraftere than 8 hours incubation. Renal
and glioblastoma type cells also internalize thecstires and are stable.

Glioblastoma cells treated with TT:PC containihg €Cy3/Cy5 fluorophore pairs,
after 6 hours incubation, leads to their uptake dgfis and internalizing in the
cytoplasmic organelles, by the inside cell morpgaal distribution of our structures, it
appears that some end up in lysosomes and soméhir enitochondria or Golgi
apparatus. We conclude that Cy3 and Cy5 are bofboabized and some few FRET
emission is also seen. We also conclude that tesepce of Cy5 dye in the structure

intensifies the emission intensity of Cy3 dye.
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When glioblastoma cells are treated with the TTXBA structure, which
contains the Cy3/Cy5 fluorophore pairs, it is apmrfectly internalized and localized
around the peripheral nucleus, probably in lysosoraed mitochondria or Golgi
apparatus. We also detected a few FRET emissia@nsity. Similarly to the pH
structure, the Cy3 dye emission is intensified liy presence of Cy5 dye when they are
in the same strand.

The quantitative characterization by the microgramalysis did not provide a
relevant value about the fluorescence distributioeach cell, we need to optimize the
parameters of excitation-emission detections anthvestigate deeper the flurophore
pairs distribution in the fully assembled structared their interactions when are inside
the live cells.

We tried to perform the sensing response by th&AX structure in live cells,
acting together with staurosporine to recognizettaescript BAX:RNA sequence when
its expressed at the beginning of the apoptotidecyidowever we could not succeed

because our FRET emission is very low to be abfeltow in time.

13.1 Future Perspectives

Through this project we have demonstrated how tWaA Manostructures could work as
a potential biosensors in live cells. Our pH semsmanostructure could be used in
localized acidic cellular organelles like lysosorte sense its pH changes or use it as a
switching device for carrying and delivering loea&ldl therapy agents. However, more
advanced and interdisciplinary researching areiresju

On the other hand, to probe the TT:BAX sensingnduthe apoptotic cycle
inside the cell we need first to characterize table fluorophore pairs with the ability to
perform a distinguishable FRET emission by fluoee®e microscopy. Later we need to
understand better the apoptotic mechanism forplkeiic recognition of the BAX:RNA
transcript by our TT:BAX strand. One possibilityutt be the evaluation of expression
of BAX in time by the qPCR technique. Also, to aegnish a more quantitative data we
need appeal to another technique like flow cytafluetry, that provide quantitative
information on the fluorescence of a cell populatiof a size by measuring the
fluorescence intensity of each cell together witlirt light scattering properties that
inform about cell size and morphology
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It is eminent that DNA nanotechnology is emergasga potential discipline, it is
setting the bases for the improvement in many beboaé fields that certainly, in a near
future could be successfully applied, providingngicantly achievements in the way to

use the medicine.

14 Appendixes

15.1 Filter microscope characterization

In this section is described the characterizatibthe FRET filter when was mounted in
our fluorescence microscope. The aim was to ernbatewhen the DNA nanostructures
generate the FRET effect, the detected emissioansng exclusively from Cy5 and not

from the emission tail of the Cy3 fluorophore.
Procedure

To achieve this characterization we consideredetts@mples; TT:nTFO, TT:PC that
contains the Cy3/Cy5 fluorophore pairs and thelsiREP strand, not being part of the
structure, that contains both fluorophores.

Measurements were done using the following exomaémission parameter ranges for

each set of filters:

Table 1 Excitation-emission parameters for the differfdtdr sets

Excitation/ Emission Filter
515/565 nm ; Cy3/Cy3 Cy3
543/650 nm ; Cy5/Cy5 Cy5
515/650 nm ; Cy3/Cy5 FRET

405/515 ; off-peak FRITC

To determine the fluorescence intensity for ealtarfiwe have tried with four different

apertures of the excitation light from the merclamp; 1/1 (the highest intensity), 1/4,
- 140 -



1/8 and 1/32 (the lowest intensity). Imagine adtjoiss were carried out from the one
with lower light exposure to the highest for eadter. In this way, also the light
exposure is reduced to avoid the photobleachingceffThe gain was maintained
constant at 4.8X for 150 ms exposure time. We nealiat single drop at 1 pM of each
sample on the microscope stage and focalized bat#rton inside the drop and other
outside, this means considering in the same intagehackground emission.

The qualitative intensities from the images sutggethat the FRET of the single
REP strand is of lower intensity than the Cy3 ary® By their selves. Also the same
behavior is shown for TT:nTFO (the FRET intenssgylower) and we hardly notice a
difference between TT:nTFO and TT:PC

The quantitative analysis was done by measuringnaatically a defined area
both the inside drop and from the background, soofbtanied an average value of the
area for both sections.

We determined statistically the dispersion ratehef values for all the filters in
each sample and was also removed the average baokigvalue.

The imagine analysis were done using the prograagé J which automatically
provides the fluorescence intensity value of arcfipixel section. We obtained values
from different fields; considering measurementsdathe drop and outside the drop (the
background). Measurements done for all the filteith all the samples.

The statistically evaluation was done by obtairtimg deviation standard intensity
value for each drop with their corresponding backgd. Then the background value
was subtracted from the drop intensity to obtaertht fluorescence intensity value. This
operation was done individually for all the micraghs with all the aperture variations.

Cy3, Cy5 and FRET intensities were obtained byntakhe intensity average
value for each filter set in the next ratios: CWBCCy3/FRET and FRET/Cy5. Results

are presented iRigure 1.
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Figure 1.Fluorescence intensity values for each sample at different light apertures

Fluorescence intensity values presentelign 1 are described as follow:

- Cy3/Cy5 in all the cases the intensity ratidigher for nTFO structure, then
lower for PC structure and the lowest for the nBIEP strand that contains the two
flurophores.

- Cy3/FRET the intensity ratio is higher in alktbases for nTFO structure and
both the PC structure and the REP strand desdrébsame intensity value

- FRET/Cy5 the intensity ratio is always higher fioe PC structure, then for the
REP strand and sometimes the lowest for nTFO sireict
From the previous values, as we expected, the higRET/Cy5 intensity ratio becomes
from the PC structure, which is more intense whaa gstructure is closed, while the
higher Cy3/Cy5 and Cy3/FRET come from the nTFOcttme as we expected, when
they are in the open state; this behavior is tlmeesaven though that the illumination
was rotated. With those values we can deduce the=FRET emission intensity by

subtracting from the PC structure intensities thE@ intensity values; in this way, we
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Figure 2. Net FRET intensity values at different light apertures.

suppressed the fluorescence intensity value freemtali Cy3 intensity over the FRET.
The net FRET values are represented in Figure 2.

In conclusion, by the filter charactations we have notice that with the
Cy3/Cy5 emission value from the nTFO structurenbdiigher, we could deduce the net
FRET emission intensity value for all the sampléswever, the fact that it also depend
on the illumination shows that it is difficult toake quantitative results with the
microscope set-up as the cells will be illuminatdifferently from the drops of
nanostructure solution and will presumably contamanostructures at lower

concentrations.
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