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Abstract

Polyelectrolyte multilayers assembled by the Laygi-ayer (LbL) technique exhibit unique
properties such as nano-thickness/roughness, senepbility, tuneable physical properties
and the versatility of surface modification on alesrange of substrates.

The aim of this work was to exploit the outstandipgpperties of the LbL films for
construction of a novel nucleic acid detection eysbased on colloidal particles. LbL films
were deposited on particle surface where oligodebagucleotides (ODNs) were
covalently immobilised as probe molecules for d@lec binding of target DNA
(hybridisation assay). The detection of the hylsation was realized by Fluorescence
Resonance Energy Transfer (FRET) between a fluenésionor dye on the particle and an
acceptor dye on the target DNA sequence. This rdetidtowed the determination of
hybridisation events without washing non-bound DBWay as it is normally necessary for
other DNA hybridisation assays. Further advantagésthe LbL-ODN system over
conventional particle based DNA sensing systemsloas non-specific binding and
extraordinary high target binding capacity wereedmined. This was thanks to the specific
surface properties of the LbL films such as rouglndliexibility and exact dye molecule
positioning in the nanometer scale.

An undesired decrease of fluorescence quantum geldell as changes in the absorption
and emission spectra of certain FRET fluorophoresevobserved after the dye molecules
were coupled onto the polyelectrolytes due to fdiomaof non-fluorescent H-aggregates. A
mechanism of the dye H-aggregate formation wasqa®g and a new synthesis route of dye
labelled polyelectrolytes was developed. As a tesile dye H-aggregates could be
minimised, allowing a better applicability of dyabklled polyelectrolyte in fluorescence
sensing structures.

Furthermore, when the stability of the LbL-ODN systwas tested against several external
parameters such as temperature, ionic strengthtl@mdoresence of surfactants, it was
discovered that some LbL films were strongly regpem to cationic surfactants. The
structural changes of the LbL film upon interactwith several cationic surfactants were
investigated and a mechanism of the responsivevimiravas derived. By crosslinking the
polyelectrolyte layers, a strategy was developedtabilise the film. On the other hand, it
was shown that cationic surfactants can be useuoh &fficient trigger for controlled release
of the LbL film encapsulated substances.

The aforementioned findings allowed successful @tqtion of the LbL technology for the
preparation of a particle based nucleic acid detectystem as a homogeneous diagnostic
assay.
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1 Introduction

The design of advanced functional materials withtiad in the micro/nanometer scale is
highly desirable in many applications, especiallythe ever expanding and demanding
biomedical community. Due to the fast growing ne@ugapid disease diagnosis, gene
sequencing, food and environmental analysis, Spet#tection of nucleic acids has drawn
great attention from researchers worldwide to dgvelucleic acids diagnostic kits having
high detection speed, specificity and sensititity.

Nucleic acid detection is usually based on hybaiies of a target DNA to synthetic probe
ODNs immobilised on a solid support, e.g. microgrslides’ gold nanoparticles’
quantum dots (QD%)° or other particle based systeMisDetection of the hybridisation
events is mainly performed by optitabr electrochemical methodsOne advanced optical
method is based on FRET, in which the fluorescdrara one fluorophore is transferred to
another of lower excitation energy when they arel@se proximity within the Forster radius
(a few nanometersy: * FRET has been well recognised as a molecular fatestudying
structure and conformational changes of nucleidsgtiproteins® and for numerous sensing
applications” Some FRET systems for DNA detection are appliedaintion, such as the
Molecular Beacon methdd*®and the method of using water soluble conjugatdynpers

as donor due to the light-harvesting eff&étor the super-quenching propeffyHowever,
the sensitivity of single particle detection camdiy be achieved by these solution based
systems. Particle based FRET systems have the tageaas homogeneous assays without
the requirement of particle separation from thelyamag solution. Such systems based on
QDs have been prepared for nucleic acid detectiomyhich the QDs have been used as
substrates for biomolecules immobilisation and dofox FRET® 2428 However, QDs
require surface modifications with a relativelycthilayer of polymers or other materials to
obtain stability against aggregation and enable olmhsation of probe molecules. This
enlarges the distance between the QD and the targiettules, which strongly restricts the
FRET efficiency’® *° In order to ensure a high FRET signal with a loackground
fluorescence, the donor dye molecule needs to ¢sdd directly on the diagnostic particle
surface. For high sensitivity it might be promisitg use only a few particles in the
micrometer range, on which the whole amount of protolecules are attached. In contrast

to nanoparticles in solution such microparticles t& analyzed with high sensitivity by
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Confocal Laser Scanning Microscopy (CLSM) or Flowtd&netry. However, it is difficult
to couple simultaneously a high amount of donorsdgad probe ODNs on the surface
without using spacer molecules.

Polyelectrolytes represent water soluble polymectuding biocompatible macromolecules
such as proteins, enzymes, nucleic acids, and legabates eté™ * They can be labelled
with fluorescent tags, and they have been intehsesploited in recent years for biosensing
and drug delivery applications. In 1991 a novelfarg modification method has been
developed, enabling the exact deposition of nanemtbick layers of polyelectrolyte on
planar or colloidal surfacés. ** This so-called LbL technology uses the self-cdted
adsorption of e.g. a polycation to a negativelyrghd surface. After deposition of a
polycation layer of 1-2 nm thickness the surfacargh is reversed to positive and a
polyanion layer can be adsorbed sequentially in #saene manner. Multilayer of
polyelectrolytes can be consecutively built up dme tsurface. A wide range of
macromolecules can be employed as the wall buildaaterials and the property of the film
is tuneable after the assembly by external parasi&té®

Inspired by the unique properties of the LbL filnishas been evaluated to exploit these
properties for the development of a novel DNA detecsystem based on microparticles
modified by the LbL films and covalently coupledtivprobe ODNs (LbL-ODN particles).

The scheme of one such particle is presented uré&ig).1.

—~-~~ Polycation

Polyanion

AN
AT Probe ODN
i

Target ssDNA

® Donor dye

® Accepftor dye

& FRET

Figure 1.1 Scheme of a single LbL particle with covalentlyubd probe ODN for ssDNA
hybridisation detection via FRET.
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Due to the versatility of the LbL process and couplchemistry there are several
possibilities to construct such a system. Differgatameters for the preparation have been
evaluated and optimised to achieve efficient bigdia the target molecules with highest
specificity, sensitivity and stability. The deveésp system is characterised by different
methods and the properties as a nucleic acid dmtesystem are evaluated from several key
perspectives. Stability and structural changesheflibL films upon addition of disturbing
substances such as cationic surfactants are garticinvestigated.

For the development of the detection system, flpbooe labelled polyelectrolytes are
prepared and intensively studied. The changes efatisorption spectra and fluorescence
guantum vyield of the fluorophores upon covalenadtiment to the polyelectrolyte are
investigated to improve their applicability in fligscence sensing.

Finally it has been shown that the LbL-technologptdes construction of fluorescence
based DNA sensing system that exhibit several ddgaous features over known

commercial systems.



2 Literature review

2.1 Polyelectrolytes

Polyelectrolyte¥ 3 3">%re polymers bearing dissociated ionic groups; thag have dual

character of electrolytes and macromolecules. Tdéeay be classified into natural (e.g.
DNA), modified natural (e.g. cellulose), and synihe polymers (e.g.

poly(diallyldimethylammonium chloride (PDA)). In rras of their charge, they can be
divided into polycations, polyanions and polyamptes (Figure 2.1). Depending on the
charge density and acidity of the functional grqupsy are classified as strong and weak
polyelectrolytes. Strong polyelectrolytes have pamment charges and they are fully ionized
over the whole pH range in solution, whereas thgree of dissociation of the ionisable

groups on weak polyelectrolytes is highly depenaenthe pH.

(a) (b) (c)
Polycation Polyanion Polyampholyte
(integral type) {pendent type) (integral type)

Figure 2.1 Classification of polyelectrolytes into polycat®r(a), polyanions (b), and

polyampholytes (c}°

2.2 Polyelectrolyte complexes

One feature of polyelectrolytes is the formatiorcomplexes with oppositely charged large

molecules such as polyelectrolytes and surfactants.
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2.2.1 Polyelectrolyte complexes with oppositely chged polyelectrolytes

Mixing a polycation solution and a polyanion sabuti leads to the formation of
polyelectrolyte complexe¥: 3 39*2This process is entropy-driven because of thesel®f
counterions that are not restricted to the polybearkbone chain. The process is very fast
and mainly controlled by counterion diffusion. Wheolyelectrolytes with weak ionic
groups and large differences in molar mass are asddnixed in a non-stoichiometric ratio,
water soluble polyelectrolyte complexes can be @mtnfhomogenous one phase system).
When polyelectrolytes with strong ionic groups anailar molar mass are mixed together
near 1:1 stoichiometry, complexes are precipit§pbdse-separated system, including turbid
dispersions). The formation of polyelectrolyte cdexes is dependent on the electrostatic
interactions of oppositely charged groups. Incredgbe ionic strength of the solution leads
to a decrease of the ionic interactions betweerptigelectrolytes due to screening of the
charges. A further increase of salt concentrat@m €ven result in complex dissolution. In
addition to electrostatic forces, inter-macromolacunteractions are also involved in
polyelectrolyte complex formation such as hydrodending, Van der Waals forces,

hydrophobic and dipole interactions.

2.2.2 Polyelectrolyte complexes with oppositely chged surfactants

Polyelectrolytes do not only form complexes withposgitely charged polyelectrolytes but
also with oppositely charged surfactants.

Generally, surfactants are amphiphiles due to pssse of both hydrophobic chain and
hydrophilic head groups. They can be divided imda-fonic and ionic ones. The latter one
with charged head groups are of special interastnteraction with polyelectrolytes. The
interaction between polyelectrolytes and oppositélsirged surfactants is mainly driven by
electrostatic and hydrophobic forces. Hence theragtions are mainly determined by the
properties of the polyelectrolyte such as chemimaiposition, linear charge density,
location of the charges and backbone flexibilitye(ipersistence length) of the polym&F&®

It is well known that surfactant molecules assecsita critical concentration, the so-called
critical micellisation concentrationcifng, and form spherical micelles containing ten to
hundreds of surfactant molecules. It is observeatlitie presence of polyelectrolytes induces
aggregation of oppositely charged surfactants abaveurfactant critical aggregation
concentration da¢ that is lower than themc The surfactant aggregates formed in
polyelectrolyte solutions are structurally similarfree micelles (Figure 2.35. 474



2.Literature Review

Figure 2.2 Model of polyelectrolyte surfactant aggregates.

In general, theacincreases with increasing surfactant chain lengtiding salt reduces the
binding affinity between surfactants and oppositeharged polyelectrolytes, which also
increases theac A linear relationship between binding affinitydathe ion strength has
been observed in several systefths! Hydrophobic interactions also play an importané ro
in the complexation: for example, poly(styrenesnifte) (PSS) leads to much smaltec
than other flexible polyelectrolytes due to its tomhobic backbon®&: >? For very
hydrophobic polyelectrolytes, where the most repmatis form microdomains, the number
of surfactant aggregation domairss proportional to the surfactant concentration. iBe
contrary, hydrophilic polyelectrolytes bind surfacts cooperatively above tleac and the
surfactant aggregation number is nearly independentthe surfactant concentration.
Therefore, a higher surfactant concentration isleédor a stronger binding of surfactants
with shorter chain length. Detailed description aimmdestigation on polyelectrolyte-

surfactant complexes can be found in a few reviepeps:® >>>*

2.3 Layer-by-Layer electrostatic self-assembly

2.3.1 Assembly of LbL thin films on substrates

Multilayers of polyelectrolytes can be assembledloarged surfaces by the so called Layer-
by-Layer (LbL) technology. The first report of théL technology can date back to 1966
when ller prepared a multilayer structure by elestatic interactions between colloidal

anionic and cationic particl83The technology was however not systematically distzd
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until 1990. Decher and Hong started to prepare ilaydrs of oppositely charged
polyelectrolytes on charged substrateé®. As shown in Figure 2.3, when a substrate with
positive surface charge is immersed in the aqueolugion of an anionic polyelectrolyte for
several minutes, a thin layer of polyanions is doso onto the substrate and the surface
charge of the substrate is reversed to be negatihen a defined surface charge is achieved,
no further polymers can be adsorbed. Hence, tlidisging process leads to homogeneous
and well reproducible layers of defined thickness @harged surfaces. Non-adsorbed
polyelectrolytes are removed by washing the sutestkéh water. A polycation layer can be
assembled onto this negatively charged surfacdhensame manner. When this cycle is
repeated, a multilayer of polyelectrolyte thin fillm formed. This process is normally
referred to as self-assembly of multilayer filmssé@d on electrostatic forces between
oppositely charged polyelectrolyte. There are ottsrdidates that can be used besides the

polyelectrolytes for the LbL film assembly such poteins>®

nucleic acids; lipids,®
viruses>® inorganic nanoparticlé¥, organic dye molecules ett.Moreover, interactions
beyond electrostatic forces such as hydrophobieractions, hydrogen-bonding, covalent
bonding, DNA hybridisation and steric interactidsetween polymers can also be employed

for multilayer film assembl$*®’

Figure 2.3Scheme of self-assembly of LbL film on a planaface>*
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2.3.2 The structure and growth pattern of the LbL flm

When a multilayer film is composed of two simplelyabectrolytes, a pair of oppositely
charged homopolyelectrolyte, the film can be suiddi into three distinct zones as shown
in Figure 2.42 Zone | is comprised of one or a few polymer layéat are close to the
substrate. Zone lll is comprised of one or a feyeta that are close to the solution or to the
air. In this zone, the multilayer is highly influged by the interface to the solution or to air.
Zone |l represents the film in a range that isinfiuenced by either interface. In the simple
picture, Zone Il is neutral and Zone | and Zonealé charged (with small gradients of
excess charges and neutralized by small countériortserefore, the physicochemical
behavior of the neutral and charged zones is dustshed different. Zone Il is charge
compensated and thus can behave like a polyzwittewhile regions of film where there is

an excess of charges should behave more like &lpotyolyte.

Zone lll - %

Zone Il
R Zone |l 3

Zone |l
Zone Il

— : T —

Substrate Substrate Substrate Substrate Substrate

: >

Increasing number of layers

Figure 2.4 The zone model of polyelectrolyte multilayer fili¥#s

For LbL films composed of strong polyelectrolytesuch as the combination of
(Poly(allylamine hydrochloride)(PAH)/PSS), the filgrows linearly with the number of
deposition layers. On the contrast, multilayer §loomposed of weak polyelectrolytes show
exponential growth. A model of polyions not beingekically trapped in the position where
they have been deposited but diffusing inside iine ias been proposed by Picattal. to

explain the nonlinear growth behavfdr.
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2.3.3 Preparation of hollow capsules

In the similar way on planar surfaces, LbL filmsidze assembled onto colloidal particles by
using ultrafiltration or centrifugation to separatiee coated particles from excessive
polyelectrolyte in the coating solutidf.”* Freestanding polyelectrolyte multilayer films can
be prepared by dissolving the colloidal templatdigas after the LbL assembly. The film
keeps in the template shape as hollow capS@l&SThe LbL assembly on colloidal particles

as well as the core dissolution process is schealgtipresented in Figure 2.5.

Figure 2.5 Schematic presentation of LbL assembly on collgi@aticles and preparation of

polyelectrolyte capsules by dissolving the corearals’?

The first hollow capsules were made templating oerakly crosslinked melamine
formaldehyde (MF) cores that are available in umfaiameters between 100 nm -10 pum,
spherical shape and smooth surface (Microparti@esoH, Berlin)’® After the LbL film
assembly, the cores can be decomposed by 0.1 MoH@Eatment with DMF or DMSO
without destroying the polyelectrolyte shell. Pdyysne beads are also used as core material
for microcapsule preparation that can be dissolwvedetrahydrofuran (THF) or DMF.
However, there are fundamental disadvantages ofusiganic resins as template materials.
The rather large polymer or oligomer molecules cedhigh osmotic pressure during the
dissolution process, because they are only slovfiysihg out of the capsules. This leads to
a temporary strong swelling of the capsufedlthough the capsules shrink back to the
original size, deformations of the shell or porarfation can not be avoided. Especially for
thicker LbL films, this process can lead to comgleripture of the shells. Furthermore, there
are residual polymers trapped in the shell, whiécss the properties of the capsuféand

the dissolution in organic solvents can affectpghaperty and stability of the polyelectrolyte
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shells’® Alternatively, inorganic materials such as §i0aCQ or MnCQ; can be adopted
as microcapsules templates. Silica particles, itiqudar, have the advantages of smooth
surface, spherical shape, monodispersity, biocaitmipgt and complete core dissolution by
HF treatment. Moreover, they are available in aengize range with defined porosities.
Therefore, polyelectrolyte capsules obtained fro@,Semplate are widely employed for
studying the physical properties of freestandinlyglectrolyte multilayer filmg."®

Other special types of core materials includingobleells, crystalline proteins, oil or even
gas are also encapsulated. In such cases, theyaanéy used as functional materials being
protected by the LbL film, and the LbL films aretesf destroyed later to release the

functional core materials for the specific appiicas®°®®

2.4 Multifunctional properties of the LbL films

2.4.1 Multifunctional LbL films

Thanks to the broad range of materials that areladk@ to be incorporated into the
multilayer films and to the stepwise assemblingcpss, multifunctional properties can be
introduced to the LbL film. A simple case is shownFigure 2.6, where a bi-functional
polymer easily functionalizes the surface of thenfwith group -F. This —F group can
present a fluorescent label or some specific foneti group. Besides, the —F groups can be
used in the next step to change the interactiatepbsition; e.g. from ionic to covalent or to
donor/acceptor and et&.This can be very useful when a certain multifusredl materials

would be otherwise very difficult to prepare.

Substrate

Figure 2.6 Schematic presentation of a polycation with twéfedent functional groups
(positive charges and functional groups —F) depdsinto a negatively charged substrate. In
the next layer one can either adsorb a polyanianmolymer capable of binding to 3F.

10
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2.4.2 Responsive polyelectrolyte films

In dependence on the composition of the LbL filrtss structure can be influenced by
environmental parameters such as pH, ion stretgytiperature, solvent and humidity &tc.
118 The structure changes are associated with a respainthe multilayer films properties
such as layer density, permeability and morpholedych may lead to swelling or shrinking
of freestanding polyelectrolyte films. Such respnesf the polyelectrolyte films have been
explored for encapsulation and release of drug®tber substances of interest (section
2.4.3). Polyelectrolyte films that contain weak ymdéctrolytes respond to external pH.
Formation of pores induced by pH has been expetaiigrdemonstrated for both hollow
weak polyelectrolyte capsules and weak polyelegteofiims on a solid substrat&.® For
LbL films composed of at least one weak polyeldgtey reversible porosity can be created
if the pH is shifted from the pH of preparatibhBy that excess charges are created which
increases the osmotic pressure in the film by dsbcounterions. In consequence the water
content increases, the film swells and the pernigabincreases. The switching of
permeability has been utilized for binding and aslag low molecular weight compounds
such as dyes and dru§js?encapsulation of water soluble polymers and pref&in? For
example, Parket al. demonstrated that crosslinked weak polyelectroljitas showed
reversible selective ion permeability for both caic and anionic probe molecules by
adjusting external pP Hiller and Rubner reported reversible swelling(®AH/PSS) films
when large amount of charged groups were depodiigdg the self-assembly st&bLater,
Mauseret al. prepared pH responsive (PAH/ Poly(methacrylic §BiAA)) microcapsules
that were stable over a wide pH range (2.5-11.%) exhibited reversible swelling and
shrinking propertie$®

Besides pH, ion strength is also a powerful paramdb control permeability of
polyelectrolyte films and it is not restricted t@&k polyelectrolyte. Ibaret al. showed that
capsules permeability could be reversibly switcliemn impermeable to permeable by
variation of ion strength in a low concentratiomga of 10° to 10° M.%*> Antipov et al.
showed that permeability of fluorescent dye to (RAH/PSS) capsules was strongly
enhanced in 0.5 M NaCl solutidh.

Earlier approach to prepare temperature respoqmsiyelectrolyte films was to use thermal
responsive polymers for the film assembly® Quinn et al. demonstrated that film
morphology of hydrogen bonded poly(N-isopropylaangide)(PNIPAM)/polyacrylic acid

multilayers underwent considerable changes at wdvdemperatures, which highly

11
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enhanced the absorption of dye and release cayaffiiLeporattiet al. initially reported on
the swelling and shrinking behavior of (PDA/PSStmcapsules in response to temperature
changes® Ibarzet al. studied the influence of annealing of (PAH/PS$)scdes at different
temperatures and created a model of the influenciaeir permeability®? Later on, Kohler
intensively investigated on thermal behavior of FBSS) microcapsules and developed it
into a versatile method for encapsulation basetheriemperature induced rearrangement of
the shellg %

Interaction of microcapsules with electromagneti@ves such as ultrasound, microwaves
and light have also been investigated in orderctuexe remote activation/opening of the
capsules®'% Gold/silver nanoparticles or IR dyes have oftererbancluded in the
polyelectrolyte films to enable the optical respivesess of the multilayer microcapsutés.

12 |ncorporation of magnetic particles into the pédytrolyte multilayer films allows using
magnetic field as another stimulus for deliverytegss in biomedical application&® ***Lu

et al. demonstrated using pulsed magnetic field to chatige permeability of the
microcapsules. The magnetic field in this case teduthe magnetic particles to rotate in the

film and irreversibly increase the permeability fidfn by damaging the shelf* Other

116 7-121

specific stimuli such as enzymhiebiotin'*® or other moleculé$’*?*can be used to react with
LbL films that are embedded or conjugated with DN&jdin or other specific binding
substances, so that the structure and propertigbeofLbL film are changed. Enzyme-
mediated biodegradation of the LbL film is a higlgyomising method for biomedical

applications.

2.4.3 Encapsulation of substances and the contralleelease

Encapsulation of drugs or biomolecules and triggeedease of the substance at desired time
or location has high importance in biomedical amilons. Polyelectrolyte microcapsules
show semi-permeable properties. They are permdabmall polar molecules but not for
macromolecules. The cutoff for molecular weight elggs strongly on the material and the
layer number. Due to the special properties of ¢apsules, they have been intensively
studied during the last 11 years for encapsulatfovarious materials and their sustained or
controlled release by different triggdfe’® % 100 102-105, 115129

Substances of interest can be encapsulated iny@lpotrolyte microcapsules by different
strategies? The most widely applied ones are: 1. Preloadingerias into the template
particles prior to LbL coating. Porous particleg aften employed as templates in this

method"***?! So far various substances such as drugs, prateinscleic acids have been

12
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successfully encapsulated into the capsules in nesiner:?>*?° 2. Polymerization of
polymeric materials inside the capsules while trmomers can diffuse in but the resulting
polymers after the reaction are trapped in$fde3. Preparation of capsules with double
shells, whereas the inner shell can be selectidebtroyed with the remaining materials
encapsulate® * 4. Reversibly switching the permeability of thevsale shell via changing
environmental parameters as described in sectb2,Zreating pores temporarily to allow
the inward diffusion of macromolecules for encapigh®% 9% 102104 115117

The various parameters that can change the perlibhealiithe polyelectrolyte multilayer
films mentioned in 2.4.2 are generally employed dontrolled or triggered release of the
encapsulated materials at desired conditions. Toetirmous rapid development of
exploiting the polyelectrolyte films as drug carsiewith triggered release properties is
leading to new strategies in constructing LbL msétroctures that can respond to multiple

stimuli and deliver multiple active molecules irttontrolled way>°*4’

2.4.4 Surface modification

Due to the easy manipulation of polyelectrolyte tikayter coatings on substrates, LbL films
have been used for surface modification, introdyiei@rsatile functionalities to a wide range
of surfaces.

Great efforts have been devoted towards the fumaiigation of material surfaces that are
used in biomedical applications in order to provisiecompatibility or new functional
biological properties. For example, polyelectroljitens containing collagen were used to
coat cytotoxic materials to provide biocompatikifit® Cell surfaces could be coated with
LbL films to modify and control the cell functionsuch as viability, morphology and
proliferation’*® Bactericidal and virucidal LbL films were synthesil by using
polyelectrolyte with microbiocidal activit}?’

On the more technical side LbL films with supertomiobic'® anticorrosion>?

ﬁ53_155

antireflectio or other functions®?®® have been demonstrated. Due to the vast

development of polyelectrolyte multilayer films waried applications, a number of reviews

were published concerning different aspects oL tilefilms.’# 84 142 147, 159-170

13
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2.5 Nucleic acid detection systems

Due to the arisen demand in disease diagnostic teeatment, great attentions from
researchers worldwide are paid to the developmenudeic acid assays with high speed,

specificity and sensitivity’**’>The underlying methods are described in the neapters.

2.5.1 Immobilisation methods

Probe ODN immobilisation on a surface is the fiestd critical step in DNA sensor

preparation. The attachment should be stable wthike probes remain functional.
Adsorption, covalent immobilisation and avidin-lointeractions are the frequently used
methods to immobilise probe molecules on the satestin DNA sensors>*®

To enable covalent immobilisation, probe ODN is ified with functional groups such as
thiol, amine or other groups. For example, thioldified probe DNA was covalently

attached onto gold surfaces due to the strongiwgffof the thiol groups on noble metal
surfaces.” 8 Amine modified ODNs were coupled to carboxyliccacnodified surfaces

via carbodiimide mediatioft™ 1% 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EPC

reaction was found to be very efficient for ODN iwloiisation on carboxyl-terminated

polymers'' 183 184Fyrther development can be found in covalent imitisation of DNA

onto versatile substrates for wider applicatiiia®®

2.5.2 Nucleic acid hybridisation detection

Nucleic acid hybridisation can be detected by @ptielectrochemical or gravimetric
methods:? % 8% 19among these methods, optical sensors are bestdstor repetitive
analysis and continuous monitoring binding eventseal time. Optical imaging methods,
based on fluorescence labelled molecules are widdhpted to measuring microarrays of

recognition events.

2.5.2.1 Fluorescence based DNA biosensors

When the DNA target is labelled with a fluorophoits, hybridisation with a probe can be
measured by an imaging fluorescence apparatueXamnple, an optical fiber based nucleic
acid sensor was composed of single-stranded DNBN#&3 probes immobilised on the
surface of an optical fiber. Hybridisation with cpl@mentary target DNA was detected
through the use of fluorescently labelled targequsece¥” or intercalating dyes that

exhibited enhanced fluorescence intensity uponitiigation**2

14
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A significant disadvantage of a single labelled bgrowas that quantification and
visualization of the target was difficult by therastg fluorescence background of the
unbound probes, which required an extra step ferrémoval of unhybridised DNA?
Therefore, new generations of fluorescent probesrged with interesting properties have
been exploited to develop DNA biosensors with higtetection limit, selectivity and
background discrimination.

The Molecular Beacons (MBs)are specifically designed DNA hairpin structurbattare
widely used as fluorescent probes. MBs are ssODalspossess a stem-loop structure in the
absence of a target. A fluorophore and a quenatectoaated at opposite ends of the MB.
The formation of the stem-loop structure brings theencher and fluorophore in close
proximity that the fluorophore is quenched effeelyv In the presence of a target DNA
molecule, hybridisation between the target anddbp sequence of the MB opens the stem
helix, which spatially separates the fluorophord gnencher, resulting in restoration of the
fluorescence (Figure 2.7). MB probes have the adwgms of easy synthesis, molecular
specificity and structural tolerance to various ifiodtions. They are better alternatives to
conventional linear probes for mismatch discrimorat Therefore they have been widely
used for DNA detectioh’® ' Despite of the relevant advantages of MBs, whepleyed

in complex biological environments, they often gifadse signals most likely due to the
disruption of the hairpin structure from interactiwith proteins, membranes or intercalating
agents in the cell cytoplasm. Another challeng¢hat it is not possible to visualize the

insertion process of MBs into the cell due to thekdstate in the absence of the target:®’

Target

4
Molecular
Beacon

'

I
gl
- Sy

1

Fluorophore Quencher

Hybrid

Figure 2.7 Scheme presentation of a MB structure before &ed lainding to the target.
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Quantum dots (QDs)are semiconductor nanocrystals that have broadrptiien spectra
and exhibit narrow size tunable photoluminescempestsa. They can be excited by a single
excitation wavelength and are more photostable thast organic fluorophores. Due to their
unique electro-optical properties, QDs have beedelyi employed in bioassays and
biosensors developmefit.1982%2

The preparation of QD-ODN conjugate, using QDs ardiy as substrates for probe DNA
immobilisation but also as donor for FRET detectibas been reported by several groups
for DNA sensor applicatiorfs?’ 2% 2°4janget al. prepared as pioneers a single QD based
DNA nanosensor, of which the detection limit wa®-f6ld higher than dye-based MBS.
The novel DNA biosensor consisted of two targekgfmeprobe ODNs, which contained a
reporter probe labelled with a fluorophore and atwae probe labelled with biotin, as well as
a QD conjugation with streptavidins (Figure 2.8heTQDs acted as both FRET energy
donor and target concentrator that amplified thigetasignal by confining several targets.
Sejdicet al.designed a simple DNA sensor based on FRET bethieenuminescent CdTe
QDs and dye labelled ssDNA® A cationic polymer was used as a linker to achieffieient
energy transfer from QD donor to dye acceptor. different interaction of single-stranded
and double-stranded DNA with CdTe resulted in d#fe changes of FRET efficiency.
Recently, Faret al.reported a quick preparation of compact QD-DNAba® for sensitive
DNA detection by FRET® The radius of final QDs was only around 3 nm aéfeplying the
functional coating, resulting in a highly efficiemnergy transfer. Nearly 70% transfer
efficiency could be achieved with only a few DNA lexules on each QD and that the FRET
based DNA detection could be performed in a fewutgis with a detection limit of 1.007°

M. These findings presented the possibility of ggDs to construct a homogeneous DNA

assay.
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Figure 2.8 Scheme presentation of a single QD based DNA meusos prepared by Fareg

al.?®

Conjugated polymers (CPs)are characterised by a delocalized electronicttra. They
have been widely used in optoelectronic devicet siclight emitting diodes, field effect
transistors and photovoltaic devices. In recentsgjethhere is an increasing trend of using
water soluble conjugated polymers for optical bicee development due to their ability to
gain signal in response to interactions with aresl{iy excitation energy transférg® 204219
They are often referred to as amplifying fluoresgaslymers or superquenching polymers.
Cationic conjugated polymers (CCPs), in particufeave been employed for strand-specific
DNA detection. The signal transduction mechanisi€Bs for biosensing are based on
FRET, electron transfer, analyte induced aggregatad CPs or analyte induced
conformational changes of CPs.

Whitten and coworkers have discovered fluoresceasaperquenching of conjugated
polyelectrolyte for biosensing applications in 19¥8The initial superquenching based
DNA hybridisation assay was a competition assaywéen a target sSSDNA and a quencher
functionalized target ssDNA to form the dsDNA dupleith the probe ssDNA that was
immobilised on the fluorescent polyelectrolyte wiatin-avidin interactiond®” A two step
assay in which the sensor was first incubated téhtarget sSDNA and ssDNA-quencher

was added in the second step resulted in a sensgjtiench inhibition assay. An improved
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assay using the biotinylated PNA instead of thdimytated probe DNA was reported by
their group with improved specific binding propesf®

Whitten et al. also intensively investigated the superquenchirapgrties of J-aggregated
polymers®®® J-aggregate structure can be characterised bgrp std-shifted absorption and
the similar red-shifted enhanced fluorescence sitgnThey have been exploiting such
polymers in biosensing applications. Recently, trepyorted the preparation of a new label
free, real time sequence specific DNA detectioretlasn supramolecular selfassembly. A
cationic phenylene ethinylene oligmer (OPE) formaettdimer or J-aggregate with DNA by
a combination of electrostatic and hydrophobicrextdons. The self-assembled complexes
between OPE and dsDNA was characterised by thgrdgate properties as the absorption
changes and increased fluorescence intensity. dimplex of OPE/ssDNA was less readily
formed compared to OPE/dsDNA, but it showed a stroluced circular dichroism (CD)
signal. This signal decreased steadily with addibbthe complementary ssDNA over time,
which allowed the monitoring of DNA hybridisatiom ireal time. Introduction of
mismatches in the target ssSDNA sequence slowed dbevsignal decrease process, which
enabled the system for SNP test without modificatibthe DNA?*°

Leclercet al. pioneered DNA detection with conjugated polymeasdal on the electrostatic
attraction between a CCP and DNA.They found that water soluble imidazolium
substituted poly(thiophene) was highly sensitivetie presence of ODNs by forming a
duplex structure and its color changing from yelltovred in 5 min. After adding the
complementary ssODN sequence, a triplex structuaie wbtained, and the color of the
solution changed back to red. This process couldlbmved by fluorometry and detect label
free specific ssDNA with high sensitivity and sé¢ieity. However, the reaction must be
carried out at high temperature. This group hasesiimen developed homogenous DNA
assays with improved sensing property in sensjtigélectivity and applicability over years
by modified method&'? In one of their latest work, they reported a deéoedimit of 5 target
DNA molecules in a 3 ml sample solution by taggthg capture ssDNA with a donor
fluorophore for FRET analysfs?

In contrast to the electron transfer based supewiieg approach, Bazast al. developed
an energy transfer based DNA sensor that possdsgédsignal amplification due to
efficient energy transfer from a cationic conjughateolymer to a dye labelled probe
molecule?*® The method used the light harvesting luminescenjugated polymer and a
peptide nucleic acid (PNA) probe labelled with aoflescein reporter. Addition of the
solution of target DNA with the complementary sewee to the PNA vyielded a duplex.

18



2.Literature Review

Electrostatic interactions brought the cationic jagated polymer and the PNA/sSsDNA
duplex in close proximity so that the energy trangfom the conjugated polymer to the
fluorescein occured (Figure 2.9). The resultingfascence intensity was 25 fold enhanced
compared with that obtained from direct excitatminthe PNA-fluorescein. DNA sensor
based on similar principle involving usage of dsDN#tercalated dye ethidium bromide
(EB) as the acceptor or fluorescein as an interatedignal enhancing ‘FRET gate’ have
been developed based on a signal amplificationrebdeupon specific hybridisation to the
target DNA?>?'" The group have modified the structure of their ardti conjugated
polymers for wider application and improved sentitiand specificity?*®%?*
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Figure 2.9 Scheme presentation of using a water soluble GP avspecific PNA (labelled
with a fluorescent reporter C*) for DNA detectit'i.

2.5.2.2 Other optical DNA biosensors

There are several other optical DNA sensing metleded on nonfluoresent detection such
as surface-enhanced raman scattering spectroétomhemiluminescent detectiGft
colorimetric detectiod?* dual polarization interferomefiy and surface plasmon based
detectior??® The development for DNA sensing is a rapid growfietd, in which tailored
methods should be applied in different applicatcmmditions. Progress in a diversity of

nucleic acid sensing systems with highly desirexperties will continue to be made.
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2.6 Forster resonance energy transfer (FRET)

FRET is a quantum phenomenon occurring betweenfliwamescent molecules when the
emission energy of the donor overlaps with the giism energy of the acceptor and the
molecules are in a close proximity (typically 1001R).'% 22" % Energy is transferred from a
donor to an acceptor fluorophore through dipolest#ipinteraction without emission of a
photon. As a result, the intensity of the donooféscence, lifetime and quantum efficiency
decrease, and the fluorescence intensity of thepaocincrease. Figure 2.10 illustrates the

energy transfer process by Jablonski diagram.
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Figure 2.10Scheme of the principle of FRET by Jablonski caagr

The rate of FREKy, is related to several quantum mechanical anc¢@pproperties of the
donor and acceptor molecules and the distance battfeem. According to the theory of
Foster Kt can be described by

_ Qk® 9000In(10) 30/)

= Equation 2.1
Tt r® 128°Nn* (Eq )

wherel? is the factor describing the relative orientatidrihe transition dipoles of donor and
acceptor. For random orientation of the donor arckptor, i.e. freely rotating dyek? is
2/3.n is the refractive index of the mediu;is the quantum vyield of the donor in absence
of the acceptorf p is the life time of the donor in the excited statethe absence of the

acceptory is the separation distance between the donor ecebtor;N is the Avogadro’s
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number andl describes the degree of spectral overlap betweearcemission and acceptor

excitation:
3r)= Foll )ealr o (Equation 2.2)

where Fp(l ) is the donor emission as a function of theand (I ) is the extinction
coefficient of the acceptor.
The efficiency of energy transfég
E=K+/(Kt+ Ki+Kpy) (Equeti2.3)
where K; is the donor emissiorK,, is the non-radiative relaxation process, which is
inversely proportional to the distancéetween donor and acceptor. It is extremely seasit
to distance changes described by:
E=_ 1

1+(r/Ry)*

where R is the Forster distance between the donor andotmrcat whichE is 50%. For a

(Etioa 2.4)

single donor molecule transferring energy to alsiagceptor molecubeis equal to 6.
ExperimentallyE can be determined in a few different ways. Itfiem evaluated by*°

E=1-1,,/1p (Egion 2.5)
wherelpa andlp are the donor fluorescence intensities in thegmes and absence of the
acceptor respectivelf can also be estimated by comparing the ratio okgion from the
acceptor to the emission of the dofAtirpr through the increase of acceptor emissionén th
presence of the dond®An evaluation and validation of the present vasnber of FRET
efficiency strategies was performed by Danwseal. based on a surface FRET system, in
which the absolute and relative fluorophore conediains can be controlled. They classified
the different methods in terms of data, equipmeqguirements and their validity of applied
concentration range of the donor or acceptdrs.

However, accurate FRET quantification accounting remdom distribution of donor and
acceptor positions with multiple donor-acceptoerattions is not simple to achieve. Several
models to analyse FRET in 2D systems such as meedréipid-protein complexes have
been proposed earlier already in 19885232 however such models can only allow for
interactions between one donor and multiple acesptdoreover, Monte Carlo simulation
has been used to calculate FRET efficiency for ncoreplicated systert™

The theory of FRET was first described by Forsterthie late forties, its application to
measure distances between donor and acceptor rfredezame decades later. FRET is now

widely utilized for a variety of applications. Caional microscopy has a spatial
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resolution limit of 200 nm, which limits the directbservation of intra/inter-molecular
interactions in the nanometers range, e.g. prgimiein interactions, DNA conformational
changes and etc. The strong dependence of FREMeodistance between donor-acceptor
molecules in a few nanometers range enables részarto use it as a ‘molecular ruler’.
Besides the mentioned utilization of FRET in DNAhs@g applications, FRET can be
incorporated into chromatographic assays, electnagsis, microscopy and flow cytometry
for sensitive and specific analysis to obtain infation on biomolecules interactions,

conformational changes or structure informatiort #ra otherwise difficult to achie?é*>*?
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3. Experimental Part and Methods

In this chapter, the materials used are listed. §yrehesis of dye labelled polyelectrolytes
and other sample preparations are described. T$ie panciples of the used techniques are
briefly explained with the emphasis on their preatiapplications, particularly how they are

used for sample measurement.

3.1 Materials

Poly(diallyldimethylammonium chloride) (PDA) (M~=200-350 kDa), poly(allylamine
hydrochloride) (PAH) (M=70 kDa), sodium poly(styrenesulfonate) (PSS,=FD kDa),
sodium poly(vinylphosphate) (PVPho, #70 kDa), sodium styrene sulfonate (NaSS),
diallyldimethylammonium chloride (DACI, 65% w.t.%)azo44, potassium persulfate
(K2$0g), methanol, ethanol, dimethylformamide (DMF), hyftinoric acid (HF), sodium
borate, sodium acetate, acetic acid, 4-(2-hydrdwyetpiperazine-1-ethanesulphonic acid
(HEPES), tris(hydroxymethyl)methylamine (TRIS), hygen peroxide (kD.) (30%),
ammonium hydroxide (NEDH) (25%), 1-(3-dimethylaminopropyl)-3-ethylcarbwdide
hydrochloride (EDC), 1.1'-carbonyldiimidazol (CDIN-hydroxysulfosuccinimide sodium
salt (sulfo-NHS), rhodamine B, tetramethylrhodamiisothiocyanate (TRITC) and
fluoresceinisothiocyanate-dextran (FITC-dextran),£¥50 kDa), and were purchased from
Sigma-Aldrich (Germany). Polyvinylamine (PVA) (M45 kDa) was kindly supplied by
BASF (Weinheim, Germany under the product name mip&095). Poly(methacrylic acid
sodium salt) (PMAA) (M=100 kDa) was purchased from Polysciences Inc (Bppws,
Germany). Sodium hydroxide (NaOH), hydrochloricda@HCI), sodium chloride (NacCl),
ethylenediaminetetraacetic acid disodium salt (EPTwere obtained from Merck
(Darmstadt, Germany). Monodisperse silica partiab#s4.3 um were purchased from
microparticles GmbH (Berlin, Germany). Dodecyltritmdammoniumbromide (DoTAB),
Alkyldimethylbenzylammonium chloride (BAC) and cktymethylammonium bromide
(CeTAB) were purchased from Fluka (Steinheim, GeryhaThe lipophilic ODN modified
liposomes, i.e. large unilamellar vesicles (LUVsgrer kindly provided by Professor
Herrmann (Department of Biology, Humboldt Univeysif Berlin).
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All chemicals were used without further purificatioSolutions were prepared with water
from a three stage Millipore Milli-Q Plus 185 pucdtion system with a resistivity higher
than 18 M cm. The structural formulas of polyelectrolytes presented in Figure 3.1.

The ODNSs used in this work and their suppliers lested in Table 3.1. ODN stands for

single stranded DNA sequence in the present woldsarspecified as dsODN that stands for
double stranded DNA helix.

RREIIRE

NCI

n
HiC  “CHs NH; CI~ NH3 Cl ~
PDA PAH PVA
n
B R,
0
O=C |
\ - _ _
SC; Na POS 2Na
PMAA PSS PVPho
\* Br
\/\/\/\/\/\/N\\
DoTAB
N
N\Br
CeTAB BA

Figure 3.1Structural formulas of polyelectrolytes and catosurfactants used.
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Table 3.10verview of ODNSs used.

Probe ODNSs for covalent coupling Abbreviation | Supplier
5'-NH,-AAA AAA AAA AAA AAA AAA AAA-3’ A 2 BioTez*
5'-NH,-AAT(FIu)AAA AAA AAA AAA AAA AAA AAA-3 HUuA
5'-NH,-Cy3-CACTACGGTGCTGAAGCGACAAA-3’ Cy30DN TIB**
ODNs for DNA hybridisation Abbreviation Supplier
S-TTTTTTTITTITTTITTITTT-3 Too
5-T(Rh)TTTTTTTITTTTTTTTTT TT-3 RhoTo BioTez
S-TTTTTTTTITTTTTTT TTT TT(Rh0)-3 T,0Rho

5-TTT TTG TCG CTT CAG CAC CGT AGT G-Cy5-3' 3'Cy50 TIB
ODN: s for the single-nucleotide polymorphism (SNP)tady Abbreviation Supplier
5" NH,-CACTACGGTGCTGAAGCGACAAA-3’ Probe
5-TTTTTGTCGCTTCAGCACCGTAGTG-3 Targét
5-TTTTTGTCGCTTCAGCACCGTAGTG-Rho-3’ Targ®#ho TIB
5-TTTTTGTCGCTTTAGCACCGTAGTG-Rho-3’ Targ&Rho
5-TTTTTGTAGCTTCAGCAGCGTAGTG-Rho-3’ TargéRho

* Biotez GmbH, Berlin, Germany; ** TIB Molbiol GmbHBerlin, Germany.

3.2 Synthesis of fluorescently labelled polyelectiydes

Different polyelectrolytes with varied label degseef defined dyes were self-synthesized
(the overview is given in Table 3.3). Fluorescepeginvolved in polymer labelling with
their abbreviation are listed in Table 3.2.

Table 3.20verview of fluorescent dyes involved in polymdrdding.

Fluorophore abs em Abbreviation | Supplier
tetramethylrhodamine- isothiocyangte 556 582  TRITC Sigma-Aldrich (US)
methacryloxyethylthiocarbamoyl-

) 548 | 570 mRho Polyscience Inc (US
rhodamine B

1-methyl-1'-(5-carboxypentyl)-Cy3 543| 557 Cy3
NHS ester of 1-methyl-1'-(5-

kindly provided by

638 | 657 | Cy5 Prof. Liebscher**
carboxypentyl)-Cy5
NHS ester of 1-(4-sulfobutyl)-1'-(5- _ FEW Wolfen

644 | 669 | disulfo-Cy5
carboxypentyl)-6’-sulfonate-Cy5 (Germany)
fluorescein-amine 490| 519 Flu Sigma-Aldrich (US)

* Absorption spectra measured in 10 mM TRIS buffet 7.0)
** Department of Chemistry, Humboldt-University Bérlin

25



3.Expeental Part and Methods

Table 3.30verview of self-synthesized fluorescent dye ladzepolyelectrolyte.

Polyelectrolyte Mw / kDa | Abbreviation Label Degree*
TRITC labelled PAH 70 Rho-PAH 90

Cy5 labelled PAH 70 Cy5-PAH 230/350/840/1500
disulfo-Cy5 labelled PAH 70 disulfo-Cy5-PAH 320/500
mRho-DA copolymer N/A Rho-PDA 210

Flu labelled PMAA 100 Flu-PMAA 350

mRho-SS copolymer N/A Rho-PSS 220

TRITC labelled PVA 45 Rho-PVA 80

FITC labelled dextran 150 FITC-dextran N/A

Cy3 labelled PMAA 100 Cy3-PMAA 130/260/500

* Label degree defined as the number of monomesiaye units on the polymer chain

3.2.1 Preparation of Flu-PMAA

200 mg PMAA was dissolved in 3.8 ml borate buffedroM, pH 8.0); thereafter 60 mg of
EDC and 30 mg of sulfo-NHS were added into the pelysolution. 30 min was allowed for
this reaction before 1200 pl fluorescein-amine (BM) in acetone was added to the
activated polymer solution. The reaction mixtureswstirred for 24 hours at room
temperature. The molar extinction coefficient vabfe r,= 80.000 M'cm™ was used for
determination of the Flu dye concentration.

3.2.2 Preparation of Cy3-PMAA

Cy3-PMAA was prepared in a two-step procedure: E/®oxylate was converted to amine-
Cy3 in the first step before it was labelled onMAA to produce Cy3-PMAA.

3.2.2.1 Preparation of amine-Cy3

109 mg (0.2 mmol) Cy3 carboxylate was dissolved.saml DMSO followed by addition of
64.8 mg (0.4 mmol) CDI. The activation step wagiedrout at room temperature for one
hour. Thereafter, 600 mg (10 mmol) ethylendiamires &dded to the activated dye solution.

The reaction mixture was stirred at Tfor 24 hours overnight.

3.2.2.2 Preparation of Cy3-PMAA

6 mmol PMAA was dissolved in 3 ml borate buffer ifdd, pH 8.0) before addition of 1.2
mmol freshly prepared EDC. 30 min was allowed fos treaction and amine-Cy3 solution

was added to the activated polymer solution. Vanmedar ratio between monomer unit of
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the polymer and dye molecules was used for produ€ig3-PMAA with different label
degrees. The reaction mixture was stirred for 2dreiat room temperature. The molar
extinction coefficient value ofc,s= 134.000 M'cm*was used for determination of the Cy3

dye concentration.

3.2.3 Preparation of Rho-PAH and Rho-PVA

1 g (10 mmol of the amine function groups) of PAHRYA was dissolved in 10 ml borate
buffer (50 mM, pH 8.5) and mixed with a solution ®20 mg (0.3 mmol) TRITC in 20 ml of
DMF. The reaction mixture was stirred for 24 hoatsroom temperature. The extinction
coefficient for TRITC trirc was taken as 100.000 it at 556 nm.

3.2.4 Preparation of Cy5-PAH

PAH was dissolved in borate buffer (50mM, pH 8®)tfinal concentration of 1.0 M and
the NHS ester of Cy5 (or disulfo-Cy5) was dissolue@®MF to a final concentration of 0.1
mol/l. A mixture solvent consisted of 75% borateffeu and 25% DMF was used to
synthesize Cy5-PAH and disulfo-Cy5-PAH. A mixturfe26% borate buffer and 75% DMF
was used to synthesize PAH-Cy5 Il. Varied molarordtetween monomer unit of the
polymer and dye molecules was used for producing-E4H with different label degrees.
The reaction was performed under stirring at roempgerature for 24 hours. The extinction
coefficient for Cy5, c,s was determined and taken as 230.406cM” at 640 nm, while
disuttocysWas taken as 187.000Mmi* (FEW Wolfen)at 645 nm in water.

3.2.5 Preparation of Rho-PSS and Rho-PDA

Because of the difficulty for coupling substancestlfonate and quaternary amine groups
Rho-PSS and Rho-PDA were synthesized by copolyateis of dye molecules and
monomers. 1 M of monomer solution NaSS and DACweater and 40 mM mRho in
methanol were prepared. 1 M Vazo44 or 0.15 K initiator was prepared in water. The
rhodamine dye and monomers were mixed in a mold & 1:100. The mixture was
flushed with nitrogen for 15 min before incubationthe oven for 24 hours at 6C. The
extinction coefficient for mRhamrnowas taken as 100.000Mm* at 550 nm.

The labelled polymers were dialyzed against Millk@ter using a cellulose membrane
(Mwco= 15 kDa) for one week and thereafter filtesedl Iyophilized. The label degree of
dye molecules on the polymer chain was determined)¥-Vis spectrometer in 10 mM
TRIS buffer (pH 7.0).
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3.3 Other sample preparation

3.3.1 LbL film assembly on colloidal particles

4.3 um silica particles were employed as the tetapléor coating with polymer layers.
Alternating layers of positively charged polycasaend negatively charged polyanions were
adsorbed on the particles from solution (1 g/l ptagtrolyte, 0.2 M NaCl, 50 mM acetate
buffer pH 6.2) respectively. After 20 min of eadsarption step, the particles were washed
with deionized water for three times to remove tlo@-adsorbed polyelectrolyte. 1 min of
centrifugation at 3000 rpm was applied for the saf@n of particles from the solution

during each coating/washing cycle.

3.3.2 Coupling of probe ODNs onto LbL particles byeDC activation

Amine modified ODNs were covalently bound to cafdaxgroups on the LbL particles by
EDC alone or with sulfo-NH&igure 3.2F* In a one-step coupling process, amine-ODNSs,
EDC, sulfo-NHS and the LbL particles were mixedhat same time. In a two-step coupling
procedure, as the first step 10 ul EDC (50 mg/mé¢) &0 pl sulfo-NHS (50 mg/ml) was used
to activate 50 pl silica particles (2 w.t.%, 4.3 Juecnated with two double layers of PDA and
PMAA. 30 min was allowed for the activation bef@mine-ODNs were added to the LbL
particle suspension as the second step. The reamtimcentration of ODNs was kept at 1.5
UM and the mixture was incubated at room tempegdturl hour before thoroughly washed
with water. 50 mM borate buffer (pH 8.0) was usethie coupling step.

C
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Figure 3.2 Scheme of coupling mechanism of amine-ODNs to PMAAqueous solution:
a) by crosslinker EDC only; b) by EDC plus sulfo-SH

3.3.3 Coupling of probe ODNs onto LbL particles byCDI activation

Amine-ODNs were also covalently bound to carboxgioups on the LbL particles by
mediation of CDI in organic solvent DMS®igure 3.3F* The LbL particles were washed
by water free DMSO five times for solvent exchang@.ul of CDI solution (100 mg/ml

dissolved in water free DMSO) was used to acti&teul silica particles (2 w.t.%, 4.3 pm)
coated with two double layers of PDA and PMAA. 6thrat 35°C (oil bath) was allowed

for the activation of the LbL particles before aduh of amine-ODNSs (dissolved in DMSO
and water mixture due to poor solubility of the OPOM water free DMSO). The reaction
concentration of ODNs was kept at 1.5 pM and thetune was incubated at room

temperature for two hours before thoroughly washigd water.
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Figure 3.3 Scheme of coupling mechanism of amine-ODNs to PMAArganic solvent by

crosslinker CDI.

3.3.4 Hybridisation of complementary ODNs onto thé.bL-ODN particles

For polyadenosine/polythymidine (poly dA/T) ODNketdsODN was obtained by mixing
complementary ODNs and the LbL-ODN particles inm®l HEPES buffer (pH 7.4, 500

mM NacCl) at room temperatur€aicie= 2.5%). The hybridisation time allowed was 30
min. When ODN sequence from Escherichia c@i €oli) DNA was used, the same
hybridisation buffer was used but temperature of°60was applied for 15 min before
cooling down to room temperature.

For storage of the LbL-ODN particles, 10 mM TRISfbucontaining 0.1% EDTA (pH 7.0)

was used to prevent cleavage of ODN sequence bys&Nthat might be present in the

suspension.

3.3.5 LbL-ODN patrticles for single-nucleotide polynarphism (SNP)

The ODN sequence used in SNP test as probe DNAé¢P@nd hybridisation sequence as
target DNA with different mismatch numbers (Tafyeare listed in Table 3.1. LbL-
ProbeODN particles were prepared and hybridisedh Wiarget-ODNs firstly. Then the
fluorescence of the LbL-Probe/Target(Rho) partiq€garicess1 mg/ml) as a function of
base pair mismatch were measured at@%and 60°C respectively by fluorometry in order
to establish whether mismatch in the target sequean be detected by fluorescence spectra
changes. The temperature of the particle suspenggncontrolled by an external heating

system on the fluorometer built in house
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3.3.6 Recycling of the LbL-ODN particles

The complementary ODNSs hybridised onto the LbL-Opaticles were removed by heating
up the particles above the melting temperaturégnefduplex so that the probe ODN on the
particle was again single stranded. This was a€kidy incubating the LbL-dsODN patrticle
suspension in water bath at %G for 15 min. Thereafter, the particles were céuged at
5000 rpm for 30 seconds, and the supernatant comgathe free complementary ODNs was
removed. Then the LbL-ssODN particles were washigd MilliQ water three times before

used again for the next hybridisation cycles.

3.3.7 Preparation of polyelectrolyte capsules

Microcapsules consisting of 4 double layers of (PRSES), (PVA/PSS), (PDA/PSS) and
(PAH/PMAA) were prepared by dissolving the tempdatdter the LbL film assembly. After
polyelectrolytes were deposited on the surface siliea particles were dissolved in 0.1 M
hydrofluoric acid. For pH sensitive (PAH/PMAA) capss, the particles were dissolved in
0.2 M ammonium fluoride in acetate buffer (pH 5.0he capsules were washed with water

until the suspension reached a pH value of 6.

3.3.8 Crosslinking of the (PAH/PSS)capsules
Crosslinking of the (PAH/PSS) films was performedtidg or after LbL coating on the

template particles prior to the core dissolutiomedhly prepared 2.5% glutaraldehyde
solution was added to particles suspension (afteln ®AH coating layer or after complete 8
polyelectrolyte layer coating) yielding a final @amtration of around 0.2% glutaraldehyde.
30 min of incubation time was allowed for the cliwdsng process. The particles were

thereafter thoroughly washed with Milli-Q water.

3.3.9 Preparation of multilayer liposomes on LbL-ODN surface

To attach liposomes to the LbL-ODN particles vidigisation, complementary lipophilic
ODNs were incorporated into lipid membrai&s. 1-palmitoyl-2-oleoyl-sn-
glycerophosphocholine (POPC) was used to preparépgbsomes and adenosine/thymidine
based ODNs conjugated with two tocopherol moietiese incorporated into the outer
leaflet of the lipid vesicles. The size of the Bpmes is approximately 100 nm controlled by
filters.

The hybridisation between the ODNs on the liposothés/s-ODN) and the probe ODNs

on the LbL surface was carried out in the same itiondas described in 3.3.4; and for the
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hybridisation of LUVs-ODNs on the LbL-ODN particle0 min of centrifugation at 500
rpm was applied instead of 1 min at 3000 rpm t@ssp the particles from the unhybridised
LUVs-ODN and water in the washing cycles.

Gold coated quartz crystals were used as the sibgor assembly of polyelectrolyte films,
ODN conjugation system and specific binding of #pmes on planar surfaces, which was
carried out and analyzed by QCM (see section 3.4.5)

3.4 Methods and measurement conditions

3.4.1 UV-Vis spectroscopy

In the ultraviolet and visible (UV-Vis) region ofi¢ electromagnetic spectrum € 200 —
800 nm), most organic molecules absorb photonsusirgo electronic transitions. The
absorption spectroscopy measures transitions flengtound state to the excited states of
the molecules. The method is often used to quaingtg determine concentrations of an

absorbing species in solution, following the Bearribert law:

A=-log,(l/l,)=€cL (Equation 3.1)
where A is the measured absorbantg,s the intensity of the incident light at a given
wavelength,l is the transmitted intensity, the pathlength through the sample, anthe
concentration of the absorbing species. For eaekiesp and wavelength,is a constant
known as the molar absorptivity or extinction casént?*°

The absorption spectra were recorded by a Carycd@ BV-VIS spectrometer (Varian Inc.,
USA). Quartz cuvette with a path-length of 1 cm weed for determination of ODNs

concentration.

3.4.2 Fluoresence spectroscopy

Fluorescence spectroscopy measures the emissitadiation of the molecules from their

electronic excited states to the ground statehénfiuorescence spectrometer (often called
fluorometer), the species is firstly excited by @bsng a photon from its ground electronic
state to one of the vibrational states in the excielectronic state. The energy of the
electronic transition can be lost either by nonatde relaxation or by the emission of a
photon (fluorescence). The wavelength of this phatepends on the vibrational state of the
electronic ground state where the transition fieasshSome energy is lost through the

relaxation process so that the emission wavelemgthlways longer than the excitation
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wavelength. The difference between the excitatiod emission wavelength is called the

Stokes shift. Figure 3.4 illustrates the differgmocesses of energy relaxation after

absorption of light in a Jablonski diagram.
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Figure 3.4 Jablonski diagram of the absorption and subsequaehative or non-radiative

energy decay processgs.

The main advantage of fluorescence detection cosdpir absorption measurement is the

higher sensitivity and the ability to separate cooms on the basis of their excitation and

emission spectra as opposed to a single spectraim. allvantage is further enhanced by

commercial fluorescence dyes that have narrow dstinctly separated excitation and

emission spectra. A typical fluorometer contains aRrcitation light source, two

monochromators, sample cell, fluorescence detectdrecorder (Figure 3.5).

Light Excitation I Sample
Source Monochromator I Cell
Emission
Monochromator
vy
Recorder ¢ Amplifier [¢ Detector

Figure 3.5Scheme of the set-up of a fluorometer.
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In the present study, fluorescence was recordeal ©siry Eclipse spectrometer (Varian Inc.,
USA) for one of the following purposes: 1. deteration of ODNs immobilised on the

substrates by recording the fluorescence in theersapant; 2. kinetic measurement of
fluorescence intensity changes of fluorescent depsupon addition of surfactants; 3. the
fluorescence quantum vyield comparison of free dyelenules and dye molecules
immobilised on polymers; 4. determination of FREfTsimultaneous collection of emission
data at desired excitation and emission wavelengte. program of ‘Advanced Read’ was
used with 5 nm monochromator slit width for exddaatand 10 nm for emission light.

Quartz cuvettes with a path length of 1 cm wereduse measurement of particle based

samples. Magnetic stirrer of 8 mm length was usqat¢vent particle sedimentation.

3.4.3 Confocal laser scanning microscopy (CLSM)

Confocol laser scanning microscopy (CLSM) is afeszence based technique for obtaining
high-resolution optical images. The key featurecohfocal microscopy is its ability to
acquire in-focus images from selected depths withresolution of the fluorescence
wavelength, a process known as optical sectionhmgugh the specimen that have a
thickness ranging up to 50 pum or more. Images arguieed point-by-point and

reconstructed with a computer. A scheme of the CLiSshown in Figure 3.6.
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Figure 3.6 Scheme of the set-up of a confocal laser scarmingpscopy?*°
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In the confocal laser scanning microscopy, a lasam passes through a pinhole aperture
situated in the confocal plane with a scanning pomthe specimen and a second pinhole
aperture positioned in front of the detector (ulsual photomultiplier tube (PMT)). As the
laser is reflected by a dichromatic mirror and seghacross the specimen in a defined focal
plane, scattered and reflected laser light as aglny fluorescent light from the illuminated
spot is then re-collected by the objective lensspa through the dichromatic mirror and is
directed to the second pinhole. Only the lightpahts on the focal plane are confocal with
the pinhole and will pass the pinhole apertureeAftassing the pinhole, the light intensity is
detected by the PMT, transforming the light sign& an electrical one that is recorded by a
computer. In this way, the out-of-focus light iepented from detection by the PMT and
does not contribute to the resulting image. Thuwsdr images can be obtained than those
from conventional fluorescence microscopy techmsquefocusing the objective shifts the
excitation and emission points on a specimen tevaplane that is confocal with the pinhole
apertures?’

A Leica TCS SP inverted confocal microscope (LefBarmany) equipped with a 63x oil
immersion objective was used to visually invesegtte LbL particles or capsules. It was
used to obtain informations on particle/capsule,silziorescence intensity, permeability and
relative fluorophore distribution in/fon the paréisicapsules. An Argon-ion (488 nm, 514
nm) and a helium-neon laser (543 nm) are the dimitasources that can be selected
according to the fluorophores.

Quantification of the fluorescence intensity of Lparticles by CLSM can be conducted
either by profile or by area analysis (Figure 3ThHe analysis by profile is simple and fast.
However, it only measures two points on the pataiirface, which is a drawback in case
the fluorophore distribution on the particle is anogeneous. Therefore, analysis by area
was used in the present work (Figure 3.7 b). Aeahich as Figure 3.6b was automatically
given when the region of interest (ROI) was definBoe mean chain value was taken as the
fluorescence intensity of each individual particeeg. the fluorescence intensity of the
particle defined by ROI 1 was 53.08 (note that piheticles need to be uniform in size for
valid comparison of mean chain values). A minimuinl® particles were analysed to give
an average value for each sample. Note that tlorefieence intensity of the background
must be negligible, otherwise the background intgrisas to be deducted from the value

obtained on the particles (e.g. the intensity of R@as 0).
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Figure 3.7 Quantification of fluorescence intensity by CLSM) profile method, the
fluorescence intensity along the profile is shown the graph; b) area method, the
fluorescence intensity sum in the region of inteegsl average value divided by the area are
listed in the table.

The CLSM images were taken at different photomidipvoltage (PMV) values for
obtaining optimal visual brightness. In order tongare the fluorescence of the patrticles, the
conversion factors between different PMVs of flismence intensities were determined. The
amplification factor between PMVs normalised at PHBO is shown in Figure 3.8.

At each PMV, the CLSM has a display limit of fluscence intensity. Above this limit, a
different colour (e.g. blue colour in Figure 4.38)shown instead of the emission colour of
the fluorophore, indiciting that the fluorescenogensity of the sample is well above the
display range by the CLSM at the defined PMV. Thawe for the quantification of
fluorescence intensity, PMV should be adjusted marege so that the fluorescence of the

samples is below the display limit of the CLSM.
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Figure 3.8 Fluorescence intensity amplification factors dfetent PMVs. The factor of 450
PMV was set to 1.

3.4.4 Flow cytometry

Flow cytometry, or Fluorescence Activated Cell Bgyt(FACS), is a technology that
simultaneously measures multiple physical charesties of single particles or cells as they
flow in a fluid stream through a beam of light (&ig 3.9). It uses the principles of light
scattering and fluorescence to generate specifiti-parameter data from particles or cells
in the size range of 0.5 um to 40 um. Lasers aenaifsed as the light source in the flow
cytometry. One unique feature of flow cytometrythat it measures signals per particle or
cell. This is in contrast to the spectrophotometvigere the measurement is based on a bulk
volume of sample.

A flow cytometer is made up of three main systefhsdics, optics, and electronics. The
fluidics system transports particles in a strearthéolaser beam for interrogation. The optics
system consists of lasers to illuminate the pasich the sample stream and optical filters to
direct the resulting light signals to the approjaridetectors. These detectors collect different
information of the particles: the forward scatteSC) intensity, correlated with the particle
volume; the side scatter (SSC) intensity, dependimghe internal and external structure of
the patrticles; fluorescence intensity at specifavelengths. The electronics system converts

the detected light signals into electronic sigrlad can be processed by the comptiter.
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Figure 3.9 Scheme of the key features in a flow cytometer.

Flow cytometry was performed on LbL-dsODN particles measure the fluorescence
intensity using a FACScan (Becton Dickinson, SaseJtSA). It is equipped with an argon
(488 nm) laser and can provide three fluorescedttamo scatter properties. It has emission
band filters of 53030 nm, 58542 nm and a long-path filter of > 670 nm, of whtble first

has been used in this work for the donor intensigasurement and the second for acceptor
intensity both at/ .= 488 nm. For each data point 10.000 particles weeasured. Data
were analyzed using Cyflogic software (Cyflo Ltdhd they can be shown as dot plots with
FSC and SSC intensity, out of which the populatbrsingle particles can be selected for
exclusive fluorescence intensity analysis (Figud®B Therefore, fluorescence signals from

aggregates of particles were excluded from the FREaAlysis.
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Figure 3.10Dot plot of fluorescent LbL-dsODN particles bywlacytometry, of which the
population of single particles are presented in régb circle and most of the doublets or
multipletes population are presented in the blugei

3.4.5 Quartz crystal microbalance (QCM)

Quartz crystal microbalance (QCM) is an ultra-siresiweighing device that measures a
mass per unit area in the nanogram r&fiy#.uses the principle that a piezoelectric quartz
crystal changes its oscillation frequency when nisskeposited or removed from the crystal
surface. In the most common configuration, a thiB00-400 um) circular crystal disc is
sandwiched between a pair of circular metal eleleso(usually gold). When a thin film is
attached to the crystal the resonance frequencredses. If the deposited film is thin and
rigid the decrease in the frequency is proportidnahe mass of the film according to the
Sauerbrey equatiof”
n .

=- EDm (Equation 3.2)
where C= 17.7 ng Hxm? for a 5 MHz quartz crystal, and n =1, 3, 5, 7He bvertone
number. The thickness of the adhering film can Alsestimated as below:
Ao =DNY 7 o Equation 3.3)
wherer i is the effective density of the thin film.
By collecting the resonance frequency of a quarystal, QCM technology can be used
to characterise the formation of thin films (nmglsuas proteins, polymers and cells onto

surfaces, in liquid>*2*
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A Q-Sense E4 apparatus from Q-Sense (Vastra FréJuSdveden) was used in all
experiments. All measurements were taken d2&t the fundamental frequency as well as
at the &, 5" and 7' harmonic including the frequency shift and thesigiation. In this work
only the results of the frequency changes at tAeh&monic (15 MHz) were used for
calculation. The resonance frequencies of the @rysére measured with a precision of 1
Hz. QCM crystals with a fundamental frequency dlHz were used in all experiments. In
the present work, the QCM was used to quantifyaeembly of LbL films, coupled ODNs
and the built up of liposomes on the planar sutface

The crystals were cleaned by freshly prepared paasolution that consisted of 3:1%0y:
H.O, at room temperature for 20 min three times belb@iag thoroughly rinsed with water.
The measurement cell was cleaned with flowing witehalf an hour at room temperature.
Afterwards they were rinsed with water and driethwiitrogen. The polymer solutions (0.5
mg/ml) were injected into the system with a peligtgpump for 30 min with a velocity of
0.5 ml/min for each layer and rinsed with waterfeufsolution for 10 min before the
following polymer coating solution. The ODN (1 mMihd liposome solution (2 mM) were
injected into the chamber and incubated for 60 b&fore washing. Borate buffer (50 mM,
pH 8.0) was used for washing before EDC activasitap and during ODN coupling process.
HEPES buffer (10 mM, pH 7.4) was used during tlp@dome assembly. Changes of the

frequency and dissipation were continuously moetand recorded.

3.4.6 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) or scanning force maiscopy (SFM) is a very high
resolution type of scanning probe microscopy. Faeal samples (crystals) the AFM
resolution is in the nanometer scale, more thard 1ddes better than the optical diffraction
limit. >

The AFM measures the forces acting between a fmeatd a sample. It consists of a
piezocrystal that develops an electrical potentiaesponse to mechanical pressure and the
probe that is a cantilever with a fine tip at itsdeto scan the specimen surface. The
cantilever is typically silicon or silicon nitrideith a tip radius of curvature on the order of
nanometers. When the tip is brought into proxiroityhe sample surface, forces between the
tip and the sample lead to a deflection of theizuar. Typically, the deflection is measured
using a laser spot reflected from the top surfatethe cantilever into an array of

photodiodes. The principle of AFM is shown in Figu.11.
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Figure 3.11Schematic presentation of the AFM principie.

AFM is operated as contact mode, non-contact modapping mode. In contact mode, the
tip makes a soft ‘physical contact’ with the sudaaf the sample. The deflection of the
cantileverDz is proportional to the forcBF acting on the tip according to Hooke’s law,

Dz = DF/k, (Equation 3.4)
where k; is the spring constant. By using contact mode ARMen ‘atomic resolution’
images can be obtained. The use of non-contact mlbal®s scanning without influencing
the shape of the sample by the tip-sample foreesapping mode AFM the cantilever is
oscillating close to its resonance frequency. Aectebnic feedback loop ensures that the
oscillation amplitude remains constant, so that anstant tip-sample interaction is
maintained during scanning. The advantage of theitg mode is the elimination of a large
part of permanent shearing forces and it causedetist damage to the sample surface.
Tapping mode AFM can reach a lateral resolutiohigls as 1 nm.

AFM can image the non-conducting and conductindases in various environment (air,
liquid, vacuum), which enables its application dffedent types of materials. Nowadays
AFM has been widely used as a technique leadingelw discoveries in many fields
including life science, materials science, polymscience, nanotechnology and
biotechnology?>®%*°
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AFM measurement was performed in air on LbL filmata planar surfaces (coupled with
ODNs or without) using a Nanoscope Il multimodeMKDigital Instruments Inc., USA)
operating in tapping mode. The AFM tip (PPP-NCH-W)m Nanosensors (Wetzlar,
Germany) with a resonance frequency of 302-354 &hi a stiffness of 25-42 Nhwas

used.

3.4.7 Zeta potential measurement

Particles in a colloidal suspension or emulsionweeally electrically charged. The amount
of charges on the particle surface determinestddglisy of the colloids, and therefore it is
an important particle characteristic. It can be snead by the electrophoretic mobility of the
particles in suspension. The suspension is inestreheutral state because the charge on the
surface of each particle is counterbalanced by sippa@harges (ions) in the surrounding
solution?®® The charges on the particle surface are considered attached firmly to it, and
they are so called bound ions that make the Saser. The surrounding charges are loosely
attached in the diffuse layer. Within the diffuagdr, there is a notional boundary, where the
ions and particles form a stable entity. lons witthis boundary move with the particles,
whereas ions beyond this boundary do not travei tie particles. This boundary is called
the surface of hydrodynamic shear or slipping plarel the potential at this boundary is
known as zeta potential)( The model of surface charge layers and zetanpates shown

in Figure 3.12.

Zeta potential indicates the potential stabilityaoficolloidal system. Particles with a zeta
potential above |30mV| generally have no tendencgdggregate due to the electrostatic
repulsion to each other, and they are considesddestZeta potential is highly dependent on
the pH value and the ion strength Therefore, a zeta potential value needs to be umeds
at a known pH and ion strength.

The determination of Zeta potentials based on the electrophoresis measurement aoegord
to the Henry equation:
_2ez f (ka)

U
. 3

(Equation 3.5)

whereUg is the electrophoretic mobility,is the dielectric constant,is the viscosity of the
medium and(ka) is Henry's function that equals to 1.5 when theasugement is in aqueous
media and at moderate electrolyte concentration.

Zeta potential measurement was performed on Lbh @ibated particles using a Malvern

Zetasizer Nano-Z (Malvern Instruments Ltd., Woreestire, UK). Each obtained value was
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an average value of 30 measurements. 1 mM TRISb@iH 7.0) was used in all zeta-

potential measurements.
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Figure 3.12Schematic model of zeta potential.

3.4.8 Calculation ofl gge

In this work, fluorescence intensity of the acceptaolecules induced by the ‘energy
transfer’ from the near-by donor, denoted@gr is used to evaluate the FRET efficiency in
our LbL-ODN systemlgrer Wwas analyzed by fluorometry and flow cytometrythbmethods
allowed simultaneous fluorescence collection affeddint wavelength. The data were
corrected for crosstalk between the dyes as desthbklow. Crosstalk controls werelg)o,

2) lew, ((ex=488 nm, em = 580 nm).

I rReT=1 =1 Fu—1 Rho (Equation 3.6)
I Fiu=loFiuEemssoy lorFuEemsis) | Fluemsis) (Equation 3.7)
| Rho= loRnho(exa88f loRho(exsss)" | Rho(exsss) (Equation 3.8)

wherel is the fluorescence at 580 nm in the presenceonbrdand acceptor forex = 488
nm; lo pu @ms1g)@and lo ruemsso)is the donor fluorescence at 518 nm and 580 npeotisely
in the absence of acceptor fax = 488 NM.lg rho (exassy@Nd lo rno (exsss)iS the acceptor
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fluorescence at 580 nm in the absence of donorefgr 488 nm and 555 nm respectively;
Flu ems18)iS the donor fluorescence at 518 nm in the presehaeceptor forex = 488 nm and
| rho (exss5)iS the acceptor fluorescence at 580 nm in theepiesof donor forex = 555 nm.
(Note: 1. In order to minimize the influence of Higscattering of particles on the
fluorescence signalex = 480 nm was used in particles based fluoromegasurement; 2.
Due to a single laser excitation source (488 nnailability in the flow cytometer used,

crosstalk control ofrnowas neglected in the measurement by flow cytometry.
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4 Results and Discussion

This chapter is composed of three sub-sectiorntielpreparation and characterisation of the
LbL-ODN system for DNA detection by FRET; 2. thevéstigation of photophysics of the
FRET donor dye Cy3 covalently coupled to polyelggtes; 3. the stability of the LbL films
to several cationic surfactants. In addition to #rmphasis on their contribution to the
development of the FRET-based DNA diagnostic sysbtgmthe LbL technology, each
section is discussed individually both from thedamental point of view and the application

aspects.

4.1 Preparation and characterisation of the LbL-ODN

particles

In this section, the preparation of LbL film moeii microparticles covalently coupled with
ODNs (LbL-ODN particles) is reported. The propestias a FRET based nucleic acid
detection system are evaluated from several kesppetives. In addition to the application
in nucleic acid diagnostics, the possibility of sifie assembly of other biomolecules or
nanocontainers on the LbL-ODN structure was alsoafstrated.

4.1.1 Preparation of the LbL-ODN particles

LbL particles were prepared by adsorption of layefs polycations and polyanions
alternatively on 4.3 um silica particles by the Ligichnique. The first layer was a polycation
as the template particles were negatively chargkd.outermost layer had to be negatively
charged in order to avoid non-specific binding eatively charged DNA on the LbL
particles. The probe ODN was modified with an anlinker; therefore the polyanion layer
should contain carboxylate groups in order to cently couple the ODN onto the LbL films
by certain crosslinkers such as EDC, yielding ardarbond between carboxylate and amine
groups (Figure 3.2 a).

During initial characterisation of the system, ar@ér amine modified polyadenosine ODN
with or without fluorescent dye label (i.e. 5'-MHlu-Az1-3" (FIuA2;) and 5-NH-A-3’
(A21) respectively) was used as probe ODN. Accordinghg polythymidine ODN o,
complementary to 4, labelled with Rho either at 5" or 3" end, namRho T, or T,pRho

respectively, were used as the target DNA modelshie hybridisation test. By measuring
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the fluorescence intensity of the ODN solution lbefand after the coupling to the activated
LbL particles the amount of coupled ODNs was detegch

4.1.1.1 One-step or two-step coupling process

In one-step coupling, the LbL patrticles, crosslimtkagent EDC and the probe ODN FA
were mixed together at the same time. However,gustiis simple method the coupling
efficiency was low. In a parallel control experimeit was observed that pure FlpAN
solution reacted already with EDC in the absencthefparticles causing a strong reduction
of fluorescence intensity of FlIyA solution. This could be caused by activation of th
carboxylate group in fluorescein or the phosphateigs from the ODNs by EDC leading to
a self-crosslinking of the ODN via the amine grorgaucing the coupling efficiency.
Therefore, a two step coupling process was devdlapavhich the probe ODNs were added
as a second step after washing away the excessv#ie@ the activation on the particle
surface was completed.

It is well known that EDC and the EDC-activatedemmtediate groups are hydrolysed
quickly in aqueous solutioff® Thus freshly prepared EDC was used and the timedes
activation and ODN addition in the two-step process kept as short as possible. It is
reported that in the presence of sulfo-NHS with EEH@ more stable NHS-ester is formed
(Figure 3.2 b). However, the present study shovirad the use of sulfo-NHS resulted in
lower coupling efficiency and caused severe probl@mnon-specific binding (see section
4.1.1.3).

4.1.1.2 Selection of polyelectrolytes

Selection of polyelectrolyte for LbL coating on tparticles should be considered under the
following aspects:

1. Allowing maximal coupling efficiency of probe ®3

2. No or negligible non-specific binding of nongat DNA on the LbL particles surface

3. Stability of polyelectrolyte layers under thebhgisation conditions

For the selection of polycations, PAH and PDA, whize commonly used in the LbL film
assembly were tested. PDA consists of quaternarpeamroups that do not react with
activated carboxylate groups. Also the charge dtensi PDA is independent on pH.
However, LbL films containing PDA showed lower thed stability as reported by Kdhler
et al’®® PAH consists of primary amine groups that genergitld more stable LbL films

due to additional hydrogen bondiffj. However, due to the interpenetration of
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polyelectrolytes in the LbL films, there is compietn between the amine groups on PAH
and the amine-modified probe ODNs to react with Eid@vated carboxylate groups.
Hence, the influence of primary amine groups oncitwpling efficiency of the probe ODN
was studied (Figure 4.1). 100 pmol of FiyAvas used to couple on 1 mg of LbL particles
coated with four polyelectrolyte layers of (PAH/PMA, (PAH/PMAA/PDA/PMAA) and
(PDA/PMAA), respectively. After identical coupling processlyoone third of FluA; was
coupled onto the particles coated with (PAH/PMAApmpared to particles coated with
(PDA/PMAA),. This is consistent to the measurement of fluaese intensity by CLSM,
which shows that the fluorescence intensity of (PFPAYAA),-based LbL-FluA; particles
was remarkably lower than the (PDA/PMAAgoated ones.

N
o

Amount of Flu.
N
o

o

(PDA/PMAA)2 (PAH/PMAA/PDA/PMAA) (PAH/PMAA)2
Polyelectrolyte Combinations

Figure 4.1 Amount of FluA; that can be coupled onto the particles coated diiferent
polyelectrolyte combinations (left) and the fluaresce intensity of the respective LbL-
FluA,; particles measured by CLSM (right). PMV= 600.

The remarkably reduced coupling efficiency of RHuAnto the PAH containing LbL film
can be ascribed to the consumption of activatethosgtic groups due to crosslinking
between PAH and PMAA within the LbL layers. Thigeet can be especially pronounced
for the two step coupling process used, becaus&litheODNs were added after the EDC
activation process when the crosslinking of LbLmfilalready took place. It is worth
mentioning that, even when PAH was assembled 3dayederneath (i.e. only used as the
first coating layer) the effect was still remarkabbointing to a rather strong interpenetration
of the layers. Due to the strong decrease in detv@arboxylate groups available for
covalent linkage to probe ODNs, PAH was not sudatiol be employed in the LbL film

assembly.
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For selection of polyanions, the following polydtetyte combinations were investigated as
LbL film for covalent coupling of probe ODNSs: (PDRKMAA),, (PDA/PSS/PDA/PMAA),
(PDA/PSS), (PDA/PVPho). The last two were used in the first instanceasrol samples.
500 pmol of FluA; was used for coupling on 1 mg of each type of Igacrticles under
identical coupling process. Surprisingly, FilyAwvas coupled on all four types of LbL
particles including (PDA/PSSand (PDA/PVPhag}coated ones, though there have been so
far limited reports on reactivity between polymesigifonate or phosphate groups and the
carbodiimide crosslinker (Figure 4.2). All four sples yielded similar coupling efficiency
(250 pmol per mg particles). The fluorescence iitgrof each sample was quantified by the
CLSM (method described in section 3.4.3).

Figure 4.2 CLSM images of Flud coupled onto LbL particles coated with four
polyelectrolyte layers of a) (PDA/PVPhp)(PMV=500); b)(PDA/PSS) (PMV=600); c)
(PDA/PSS/PDA/IPMAA), (PMV=550); d) (PDA/PMAA) (PMV=600). The fluorescence
intensities of each sample normalised at 600 PM¥ &y 72.3; b) 67.1; c) 101.2; d) 85.6.

4.1.1.3 Minimisation of non-specific binding

One important requirement of a DNA diagnostic kitniegligible non-specific binding, i.e.
no non-target molecules bind onto the sensor. Tdrespecific binding test of LbL-ODN
particles was carried out in 3 ways: 1) Affinity ©DNs to the LbL particles without EDC
activation; 2) Affinity of ODNs (without amine-lirde modification) to the LbL particles
after EDC (plus sulfo-NHS) activation; 3) Affinitgf non-complementary ODNs to the LbL
particles coupled with probe ODNs by EDC (plus aNfHS). All these tests were carried
out under hybridisation conditions described intisec3.3.4.

Firstly, affinity of RhoTo (without amine-linker) to the LbL particles withowany
crosslinking agents was tested. No adsorption oN®Dn LbL film was expected due to the
electrostatic repulsion between the negatively gédrODN and the LbL particles with a
polyanion as the outermost coating layer. Howewen-specific binding of Rhap on
(PDA/PVPho) coated particles was observed (Figure 4.3 a),ewtol binding was found on
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other polylelectrolyte combinations tested. Themefopolyanions containing phosphate
groups should be avoided in the LbL film for specgoupling of ODNs.

Figure 4.3 Non-specific binding of Rha}p on particles coated with a) (PDA/PVPhO)
without EDC activation (PMV=700); b) (PDA/PSS)fter EDC (plus sulfo-NHS activation
(PMV=700); c) (PDA/PMAA) after EDC (plus sulfo-NHS) activation (PMV= 650)he

fluorescence intensities of the particles normdlse600 PMV are: a) 44.5; b) 47.5; c) 38.1.

Secondly, the affinity test of Rhed (without amine linker) on particles coated with
(PDA/PSS) or (PDA/PMAA), after EDC (plus sulfo-NHS) activation was testgddi.SM.
Strong affinity of RhoJ, was found on both surfaces (Figure 4.3 b, c). Thrs be ascribed
to the positive charges on the surface producdtidgrosslinking intermediate groups.
Thirdly, the affinity of RhoAo (without amine-linker) and Rheg to the LbL-ODN
particles, i.e. particles coated with (PDA/PS8) (PDA/PMAA), and covalently coupled
with FluA;; was tested (Figure 4.4).

Figure 4.4 Amount of Rho®}y (mainly specific via DNA hybridisation, black liheor
RhoAy, (non-specific, red line) bound onto LbLyAparticles coated with polyelectrolyte
layers of (PDA/PMAA) (solid line) and (PDA/PSg)dashed line) and activated by EDC
plus sulfo-NHS.
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Figure 4.4 shows that Rhefnon-specifically bound onto the LbL,A particles, which
indicats that the binding of Rhggonto the LbL-A; particles was not only via specific DNA
hybridisation but also partially non-specific. ThEgong non-specific affinity of ODNs on
LbL particles after EDC plus sulfo-NHS activationasv mostly caused by remaining
activated groups that were not used by specifipliog to probe ODNs. It is known that the
EDC active intermediates undergo hydrolysis in agsesolutions slowly and return to
carboxylate groups. But even after several days;specific binding was still observed for
the particles activated by EDC plus sulfo-NHS. Efere, efforts were made to accelerate
this process and to reverse the activated grougls teacarboxylate groups after sufficient
probe ODNSs were coupled.

A range of substances were tried to deactivateEDE€/sulfo-NHS ester groups on LbL
particles. The efficacy of deactivation was invgasted by affinity test of NHFIuA,1 onto
the LbL patrticle surface after the deactivationO pdnol FluA; was used for coupling onto
1 mg of particles coated with certain polyelecttelgombinations, activated by EDC (with
or without sulfo-NHS) and then treated by differeaaiutions (shown in Table 4.1). for
deactivation. The amount of FlyAcoupled onto each type of LbL particles after tiresnt

was analysed.

Table 4.1Amount of FluA»; bound (/pmol) on treated LbL particles*

LbL film
LbL film activated by EDC with sulfo-NHS activated by
EDC only
Deactivation
Solution 1M 0.5M 05M 0.1M
(pH) glutamic acid | NH,OH-HCI CH;COOH CH;COOH
Polyelectrolytes (8) (8) 3) 3)
in the LbL film
(PDA/PSS) 34 35 76 9.5
(PDA/PSS/PDA/PMAA) 39 29.5 10 2-5
(PDA/PMAA), 40 27 5 0

*The LbL particles were firstly activated by EDCldiae or with sulfo-NHS) and then treated with

the listed solution overnightCfaricies= 0.5 mg/ml)

As shown in Table 4.1, complete quenching of thevaied carboxyl groups was only found
on NHS-ester free (PDA/PMAA)particles which were treated with acetate bufted (M
CH3COOH, pH 3.0). Further test revealed that one hourtrtreat with the acetic acid
solution was sufficient to achieve complete deatton. Therefore, in order to avoid non-
specific binding, the LbL-4 particles were treated with 0.1 M acetate bufteptd 3.0 for
one hour and washed with water and hybridisatidifebuLater their affinity to Rho3, and
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RhoAyy was tested. After addition of the LbL,Aparticles to the solution of a non-
complementary ODN (Rhao#), the supernatant fluorescence was the same a®ftihe
corresponding RhoA solution, meaning that almost all RhgAnolecules remained in the
supernatant without binding onto the LblxnAparticles. In contrast, addition of the
complementary ODN Rhaf to 1 mg LbL-A; particlesesulted in negligible fluorescence
of the supernatant up to 100 nM RhgTindicating efficient specific binding via DNA
hybridisation (Figure 4.5).

Figure 4.5Fluorescence intensity of supernatant after amtditif different concentrations of
RhoAy (red line) or Rho7p (black line) to LbL-A particles Cparice= 1 mg/ml). The
corresponding calibration curves of RhgAr RhoTo solutions without particles are shown
as blue and green lines, respectively.

4.1.1.4 Number of polyelectrolyte layers

Although use of polyelectrolyte combination (PDA/RK) yielded the least non-specific

binding, which is essential for the LbL-ODN systeaggregation of the particles during the
LbL film assembly was observed. The aggregatioellewcreased with increasing number of
(PDA/PMAA) layers coated on the particle surfaciec® sufficient amount of probe ODNs
can be coupled already onto particles coated waitin fayer of polyelectrolytes (see section
4.1.2.2), (PDA/PMAA) was selected to modify the particle surface.

4.1.1.5 Optimisation of the coupling conditions

Optimisation of the parameters in the coupling pthwre including the EDC activation time,
concentration of EDC and the reaction time of pr@i2Ns with activated particles were
carried out in order to obtain 1) LbL-ODN particlegth the highest binding capacity to
target molecules; 2) good stability; and 3) homegers ODN distribution. The optimal
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coupling conditions were determined and used thHrougthis work (section 3.3.2). The
amount of probe ODNs coupled on LbL particle wasl@eated (section 4.1.2.2).

4.1.1.6 Stability of the LbL-ODN particles

The DNA hybridisation assay usually includes amairihcubation step above 60 °C in order
to ensure complete melting of any existing dimedoplex DNAs. High salt concentration
(500 mM) is also used for efficient shielding oethepulsive ODN charges. In addition,
other substances such as surfactants like SDS andins like BSA are often added in
hybridisation buffers in order to prevent non-sfiecbinding. The LbL-ODN particles
should remain stable under these conditions. Lirnsfiare known to be responsive to
environmental changes such as temperature, ioreagth and surfactants, with possible
conformational changes or partial dissolution @f polyelectrolyte layers in the filfi{:*
Therefore the stability of the LbL particles waweastigated under different hybridisation
conditions by varying the following parameters: motemperature/78C, HEPES buffer (pH
7.4), 0.5 M NacCl, 0.1% SDS and 1 mg/ml BSA. The {®DN particles remained stable
during hybridisation at room temperature under exfeentioned parameters; whereas for
particles incubated at 76C and in the presence of SDS, a partial releasehef
polyelectrolyte PMAA from LbL-ODN particles coatedth (PDA/PMAA), was observed.
Different treatments were performed on the LbL ipbas$ prior to the ODN-coupling process
in order to achieve most stable LbL films. The mefé¢ctive method was incubation of the
LbL particles in 50 mM borate buffer (pH 8.0) at @ for 2 hours, by which all the excess
PMAA was released during the treatment and a leakaf) polyelectrolytes in the
hybridisation step was not observed anymore. Thatrirtent of the LbL particles did not
influence the coupling efficiency for probe ODN2wtver, heating for a longer time and at
a higher temperature caused further loss of payeiyte from the film and induced
aggregation of the particles (see section 4.1.&ujthermore a strong influence of cationic
surfactants already at low concentration on the filshs was observed. This is studied in

detail and reported in section 4.3.

4.1.1.7 Alternative coupling methods

Beside EDC, there are alternative crosslinkers dsedhe coupling of amine-containing
compounds to carboxyl groups such as N, N’-carlimyldazole (CDI) and diisopropyl
carbodiimide (DICF*® Both coupling agents require water free solven@void almost
instant hydrolysis or insolubility in water. LbL piles were washed with water free DMSO

52



4. Results and Discussion

five times and LbL-FluA; particles were successfully prepared by CDI ativa(see
section 3.3.3). This method has the advantage dbattivation of excess esters is not
necessary because the activated esters undergbyfistlysis when the solvent is shifted
back to aqueous solution. However, the couplingcieficy was slightly lower than that
achieved by EDC activation in aqueous solution, tmdely due to the presence of
remaining water molecules in the LbL films that &ighly hydrated due to the remaining
charges® Therefore, the solvent exchange inside the layeas not complete. Hence,
covalent coupling of ODNs on LbL particles in theegent work was performed mainly by
EDC activation.

4.1.2 Characterisation of LbL-ODN particles

4.1.2.1. Zeta potential of LbL-ODN particles

Assembly of LbL layers onto the particle surfaceerses the surface charge. Therefore, zeta
potential measurement of the particles was empldgedionitor the formation of each
polyelectrolyte layer deposited sequentially onpheicles (Figure 4.6).

The particles had an average zeta potential of 3+&8V and —47.3 mV after PDA and
sequential PMAA coating, respectively. This altéiora of zeta potential quantitatively
demonstrated a successful recharging of the parsarface by the deposition of each
polyelectrolyte layer, indicating the step-wise daygrowth on the particle surface. The
surface charge of the particles with the outerntgr PMAA remained almost unaltered
after covalent coupling of the negatively chargeabp ODNSs.

Figure 4.6 Zeta potential of the LbL particles after eachelagf coating or coupling of the
probe ODNSs. (*: measurement from the LbL-ODN pdescwith ODN coupling density of
100 pmol/mg).
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4.1.2.2. Coupling and hybridisation efficiency of ®Ns

Coupling efficiency

The optimal amount of ODNs for coupling was anatlyby measuring the fluorescence of
the supernatant solution after the coupling proaessg varing amount of probe ODNs
(Figure 4.7). Up to 250 pmol FluA ODN molecules were all covalently coupled ontod m
of the LbL particles, i.e. 2xI8 mole ODNSs (i.e. 1.2x7@DN molecules) per particle. 250
pmol FluAx; was the threshold vaule above which there wasurtbdr increasing coupling
amount. By increasing the amount of EDC used fdivaiion, the coupling capacity of
probe ODNSs can be further increased. However, ldtiso pronounced aggregation of the
LbL particles during the activation step, which danexplained by loss of negative charges
on the particle surface due to the creation of ghsitively charged active intermediate
substance o-acylisourea (refer to Figure 3.2). Sagfregation remained even after the
coupling of the ODNs and the deactivation of th@iaourea groups. Besides, for such high
density of probe ODNs on the particle surface (apipnately one ODN molecule per 5 im
if neglecting the LbL film roughness) the hybridisa efficiency decreased, which was
most likely caused by steric hindrance for DNA hglwation (a double stranded DNA helix
has a diameter of 2 nrfi*

During further work unlabelled probe ODNs were atsmpled onto the particles. When
relative large batches were prepared, the amou®Ddfis coupled could also be determined
by UV/Vis due to the distinctive absorption of ODBIS260 nm. The coupling efficiency for
the unlabelled ODNs was consistent with the valbiioed by the fluorescence method for
the labelled ones. Hence, the label on the ODNsbadfluence on the coupling efficiency.
However, the fluorescence measurement offers migireh sensitivity than the absorption
method and requires less amount of sample. Thexefowas preferentially used in this

work for quantification of the immobilised ODNSs.
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Figure 4.7 a) Fluorescence spectra of supernatant solutten @upling procedure. Amount
of FluAz; used for coupling: 125 pmol (cyan line), 250 pr{ldue line), 300 pmol (green
line) and 400 pmol (red line). Fluorescence of 280 FluA;; solution is shown as dashed
line as reference. b) Supernatant fluorescencekKlsiquares, left) and the coupled amount of
FIuAz; (blue circles, right) in dependence on the amaiirffluA,; used. (Note: a constant
amount of 1 mg LbL particles was used for each samp

Hybridisation efficiency

ssDNA containing the complementary sequence tg@tbbe ODN can form double helices
on the LbL-ODN patrticles via DNA hybridisation. Thgbridisation efficiency is defined as
the ratio between the amounts of ssSDNA hybridisetthé coupled ODNSs per particle. When
A1 was used as the probe ODN, Rbodr T,)0Rho was used as target ssDNA to test the
hybridisation. The amount of hybridised ODNs wagedained in the same manner as for
the coupling efficiency, by measuring the fluoresme or absorption intensity in the
supernatant. As mentioned, a single 4.3 pm LbLiglartan carry up to 2xI8 mole probe
ODNs. However, at such a high ODN density, the idoygmtion efficiency of the
complementary ODNs was less than 50%. To optinfisehtybridisation efficiency of the
LbL-ODN particles, the coupling amount of probe OPWNas reduced to 125 pmol per mg
particles, resulting in a hybridisation yield of papximately 80% both for Rhag§ and
T20Rho (100 pmol 7o per mg LbL-A; particles).

4.1.2.3 Comparison of LbL particles with conventioal carboxylated particles

The LbL particles were compared with commercialsaitable carboxylated polystyrene
particles from Polyscience Inc. (4 um) and MagSelmse (1.6 um), respectively. By
identical coupling procedure (section 3.3.2), ampyto 20% FluA; was immobilised on the
commercial particle surface without multilayer polgr modification. This was in agreement

with the analysis by CLSM: the fluorescence of #ayscience-ODN particles and the
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MagSense-ODN particles was much weaker compardiaet@.bL-ODN ones (Figure 4.8).
(Note that the PMV of 700 (used for PolyscienceArluparticles) and 800 (used for and
MagSense-Flu4 particles) yields a 3.6 and 10.0 fold signal afigation compared to 600
PMV (used for LbL-FluA; particles). The uneven distribution of fluoreseenun the
Polyscience-Fluby particles revealed that the ODNs were inhomogesigammobilised

onto the particle surface.

Figure 4.8 CLSM images of Fluéy coupled onto a) carboxylated polystyrene partities
Polyscience Inc., PMV: 700; b) MagSense Inc., PI00; c) LbL particles, PMV: 600.

4.1.2.4 LbL-ODN system on planar surfaces

In order to obtain more quantitative informatioroabthe LbL-ODN structure, the deposited
mass and morphology of the identical films were atwestigated by QCM and AFM.

QCM is an advanced method that can quantitativelg ame-dependently monitor the
deposition of layers on surfaces. As the frequariey QCM crystal is inversely proportional
to the increase of the deposited mass on the trystiace, the amount of polyelectrolyte
and ODNs A;immobilised on the surface was estimated (Figu8®. A he polyelectrolytes
PDA and PMAA were assembled in stepwise manner ¢tmocrystal surface, and the
thickness of each polyelectrolyte layer was deteeahito be between 1-3 nm corresponding
to a mass of 105-315 ng &@xiThe amount of 4 coupled onto the LbL film investigated by
the QCM was approximately 180 ng értL.8 mg n¥). This number was in the same range
as the amount coupled onto spherical particled. déwipling capacity of ODN 4 on LbL

particles was approximately 250 ng'&ém
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Figure 4.9 Plot of mass (black line, left Y-axis) and thickegblue squares, right Y-axis) of
the polyelectrolyte layers and the coupled én planar substrate determined by QCM. Each
data point was the average value from four measeméemn parallel.

The morphology of the multilayer structure on thanar surface was further analyzed by
AFM. The roughness of the multilayer surface chandeastically before and after the
coupling of ODN onto the LbL surface (Figure 4.10 I&). The LbL film consisting of
(PDA/PMAA), showed a rather smooth surface with the roughimefise range below 10
nm. Whereas after covalent coupling of Anto the surface, the roughness of the LbL-ODN
surface was in the range of approximately 100 emfold bigger than before. This revealed
that the ODN coupling process induced substant@mhfarmational changes of the

polyelectrolyte layers.

10nm 100nm
5nm 50 nm
O nm 0 nm

Figure 4.10 AFM images of (a): (PDA/PMAA) film and (b): (PDA/PMAA) film
covalently coupled with A.

57



4. Results and Discussion

4.1.3 Controlled assembly of liposomes on LbL-ODNusfaces

The advantages of DNA sequence specific hybridisator supramolecular assembly are
well recognized. For example, DNA hybridisation waxently used for programming
biomolecular self-assembly pathways, building algsbf nanoparticles and supramolecular
polyhedra?®%*" Based on the intrinsic property of dsDNA WatsoicKmpair formation,
liposomes (i.e. LUVs) as nanocontainers were askentn the LbL-ODN particles via
DNA hybridisation®® This was achieved by utilizing complementary liptip ODNSs that
were incorporated into the lipid membrari&sintact liposomes containing lipophilic ODN
T,0 were assembled onto the LblxAparticles and the resulting structure enablechéurt
assembly of Ao modified liposomes as the second layer.

Such specific assembly of multilayer liposomes bh4ODN surface was also characterised
by QCM. An obvious mass increase was observedeasdlution of liposomes incorporated
with Too (LUVST,0) was pumped through the QCM chamber on the crgsiidiace that was
pre-assembled with LbL-A films (Figure 4.11). The behaviour of pure LUVsthaut
inserted ODNs and LUVsA on LbLA;; films were also studied as control samples.
Negligible amounts of LUVs without ODNs or LUVsfwere attached onto the LbLyA
film; whereas an average amount of 22 mg fUJVs containing the complementary
sequence jwas assembled (Table 4.2). The quartz crystal liksnaeter of 14 mm. Taking
the surface area of the crystal as the effectiea &r binding of LUVS, the density of the
LUVST,o specifically bound on the surface was calculatgdadsorbed film consisting of a
considerably high amount of water was sensed as npake by the QCM. Liposomes were
considered as vesicles of 100 nm in size (conttotlaring preparation) containing only
water; the mass of the lipid wall was negligiblenpgared to the mass of the water contained

inside the vesicle.

Table 4.2Density of liposomes assembled on the LbL-ODNaxgfvia DNA hybridisation.

Mass/ (mg rif) No. of LUVs/ 18 nn?
coupled ODN A; 1.77 --
1% Layer LUVs o 22 0.4
2" Layer LUVs Ay 5.2 0.1
3 Layer LUVs T 4.4 0.08
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The amount of the second liposome layer (LUYAnN the first LUV, layer via DNA
hybridisation) was substantially lower comparedhe first layer. This might be due to the
softness of the liposome assembled onto the surfecenentioned, the estimation of mass
adsorbed on the crystal by Sauerbrey equation ambjies to ‘rigid film’. The structure of
additional liposome layer assembled via DNA hylsadion between the lipophilic ODNs
anchored to the membrane might not be rigid endodie detected by the QCM.

Figure 4.11Assembly of liposomes on the planar LbL surfacasneed by QCM.

4.1.4 Target DNA hybridisation detection by FRET

FRET has been a widely used analysis method for Di#idisation. In order to ensure a
high FRET efficiency and low background fluoreseent a particle-based assay, the donor
dye needs to be located as close as possible fwabe DNA on the surface of the particle.
For conventional carboxylated poly(styrene) or polgthylmethacrylate) particles, it is
difficult to couple simultaneously a high amount dnor dyes and probe ODNs on the
surface without using spacer molecules. Similablenms lie with the Quantum Dots (QDs)
based system, namely that limited spacer moleaarde used so that the acceptor dye can
remain in the FRET radius to the QDs (donor) dfteding onto the surface.

Due to the versatile and specific properties oflthk film, the LbL-ODN particles can be a
highly promising platform for FRET detection, whete donor dye is incorporated in the
LbL-ODN patrticles surface (in different possiblesgimns) and the acceptor dye is on the
complementary ODNs. The preparation and the evaluabf such systems are

demonstrated.
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4.1.4.1 Flu-Rho FRET pair

As mentioned, two fluorophores that the emissioacsp of the donor overlaps with the
absorption spectra of the acceptor are essentiaFRRET to occur. Fluorescein (Flu) as
donor and rhodamine (Rho) as acceptor were emplagatie FRET pair in our study. The
large overlapping of the integrated Rho absorptiod Flu emission spectra are shown in
Figure 4.12.

Figure 4.12 Spectra overlap between Rho absorption and Flssom as a FRET pair: the

absorption and emission spectra of Flu are showsiaak and green lines, respectively; the
absorption and emission spectra of Rho are shovisluasand red lines, respectively. TRIS
buffer (10 mM, pH 7.0) was used as the solventtiermeasurement.

4.1.4.2 FRET of dsODNs free in solution

As the first step to study the FRET between FlusRhe behaviour of the dye pair-labelled
ODNs free in solution was investigated. By using tombination of ODN Flu& and
T,0Rho/Rhog the distance between the FRET pair was well deffoed convenient FRET
analysis. To take into account the possible quangigtd changes of the fluorophores by
DNA hybridisation, FluA; was also hybridised with unlabeled ODM, Bnd To(Rho was
hybridised with unlabeled ODN A as control samples, so that the quantification was
always based on double stranded helices.

The fluorescence spectra of the hybridised dsODiNgien with varing dye position on the

ODN sequence are shown in Figure 4.13.

60



4. Results and Discussion

Figure 4.13 Fluorescence spectra of ODN hybrids free in sofutfCysopns= 50 nM).
F|UA21—T20 ( ), F|UA21-T20RhO ( ), F|UA21-RhOT20 ( ), A21-T20Rh0 (----). Spectra
were taken atex= 480 nm, slits width: 5/10 nm.

The evaluation of the spectra showed a decreadermfr emission by 26.0% when Flu and
Rho dye molecules were 20 bps apart (i.e. 6.8 nparagon distance) on FlgARhoT,g

hybrids (approximately 130% of the Férster radifi§la-Rho)?%°

As comparison, when the
FRET pair was directly close to each other (i.eFarA,:-T,0Rho hybrids), the quenching of
the donor increased to 87.5%. Simultaneously wétrelsing donor emission, an increase
of fluorescence signal was observed at 580 nm,wtigarly indicated occurrence of FRET.
The spectrum of A-T,o)Rho hybrid in solution was used as control value FRET

calculation. The detailed FRET characterisatiotheiscribed in sections 3.4.8 and 4.1.4.4.

4.1.4.3 Two FRET systems of dsODNs on LbL particles
When the ODNs are immobilised on a solid suppde, hehaviour of the ODNs and the

fluorophores can be very different from that inusimn. For example, when probe ODNs
FluA,; are coupled onto the particle surface with a dgrdi125 pmol/mg particles, the Flu

molecules are brought into a close distance belom4which can lead to self-quenching of
the donor prior to hybridisation.

Two FRET systems based on LbL-ODN particles wespared (Figure 4.14): in system 1,
probe ODN was labelled with donor dye (FlyAand the outermost PMAA layer on the
LbL particles was non-labelled; in system 2, thes dyas coupled to the outermost
polyelectrolyte layer (Flu-PMAA) and unlabelled peo ODN A; was used. The latter
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system is preferred for DNA diagnostics due to pussibility of using inexpensive
unlabelled probe ODNSs.

For FRET analysis, ODNs Rhgfl or T)Rho were hybridised on the LbL-(Flu}A
particles. In its most common conformation, the DN&ix has 10 base pairs (bps) per turn
and a pitch of 3.4 nrff2 Therefore, in system 1, upon hybridisation withRhothe distance
between donor and acceptor on each dsODN is snthber 2.5 nm, which is below the
Forster radius of Flu-Rho FRET pair: high FRET @éfhncy is expected (system 1B).
Whereas upon hybridisation with Rhg,the distance is approximately 7 nm, which exceeds

the Forster radius: lower FRET efficiency is expédsystem 1A).

A
System 1
LL ’{/\,‘
B
System 2
o> @ Qe Gl

A~ FIUPMAA e, S FluA, e~ 5 T,Rho
~~ PMAA VWA, s 57 RhoT,,

Figure 4.14 Scheme of two FRET systems based on LbL-ODN pestid) donor dye Flu
coupled on probe ODN A 5'RhoTy (A) and 5T,0Rho (B) were used as model target
ssDNA to form ds-DNA; 2) donor dye coupled ontoevatost polyelectrolyte layer, probe
ODN unlabelled.

The fluorescence spectra of LbL-ODN particles freyatem 1 were firstly measured (Figure
4.15). The FRET difference caused by the Rho musifi.e. ODN hybrids FluA-RhoTxg
and FluAs-T,0Rho) was much less pronounced for the ODN hybmdsabilised on the
LbL surface than for the hybrids free in solutioefér to Figure 4.13). This effect can be
explained by the nanoroughness and flexibility loé L.bL surface resulting in multiple

donor-acceptor interactions.
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Figure 4.15 Fluorescence spectra of ODN hybrids coupled to lthe particle surface
(Cparticle: 1 mg/ml with 50 nM _EoRhO/RhO_Eo). FluA1-Tog ( ), FluA,1-TooRho ( ),
FIuA21-RhoTyo (), A21-T2oRho (----). Spectra were taken at= 480 nm, slits width: 5/10
nm.

In system 2, unlabelled Awas used as probe ODN and the donor dye Flu wegrated
within the LbL films. dsODNs of A hybridised with o, RhoTo or T,0Rho on the LbL
particles (coated with Flu-PMAA as the outermogteld were prepared. Surprisingly, the
FRET difference caused by the position of Rho wasost negligible (Figure 4.16). This is
ascribed to the random distribution of the donoe dyolecules over the particle surface
using the polyelectrolyte Flu-PMAA. The flexibilitand nanoroughness of the outermost
layer leads to a random distance between the FRiitTrpthe nanometer range, independent

on using koRho or Rho}o (see Figure 4.26).
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Figure 4.16 Fluorescence spectra of ODN hybrids coupled toLtiigFlu-PMAA) particle
surface Cpartice= 1 mg/ml with 50 nM FRho/Rhohg). (FIlu-PMAA)-Az1-To (), (Flu-
PMAA)-A,-ToRho (), (Flu-PMAA)-Az-RhoTae (), (PMAA)-A2-TooRho ().
Spectra were taken aix= 480 nm, slits width: 5/10 nm.

Comparing the two FRET systems from Figure 4.15 Rigdre 4.16, it is apparent that the
fluorescence intensity was remarkably higher whiee donor dyes were linked to the
polymer (system 2). Not only was the expected ddhamrescence higher, but also the
fluorescence intensity collected at 580 nm witéh= 480 nm,lemsge @ rough estimation of
FRET, was almost three times higher than in systein the presence of the same amount
of acceptor dye molecules (i.e. same amount oeta@PN T,0Rho/RhoThoon the particle
surface), the higher density of donor dye on theiqga surface in system 2 by using the
polymer Flu-PMAA (label degree of 1: 350) yieldemjrer FRET. As this system allows
variation of donor density independent on the amairprobe ODNs, one can adjust the
ratio between donor and acceptor dyes by using PM&RA varying label degrees.

CLSM images of LbL-A;-T,0Rho patrticles using Flu-PMAA as the outermost lapethe
LbL film are shown in Figure 4.17. The monodispeidel-Flu-PMAA-A,; particles
exhibited almost homogenous fluorescence inter(§itgure 4.17 a) pointing to an even
distribution of the donor dye on the particle sogfaAfter T,o0Rho was hybridised on the
particles, the fluorescein intensity decreasedtidadly (Figure 4.17 b), indicating donor
qguenching due to FRET. The presence of fluorescentte red channel {n= 554-619 nm,
Figure 4.17 c) was mainly due to FRET, with a sroattribution from the tail of the donor
fluorescence, which was only recognizable beforeridisation with 5 times amplification
of the PMV.
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Figure 4.17 CLSM images of LbL-ODN particles (system 2): (a)LtBlu-PMAA-A;
particles at green channekf= 500-534 nm) before hybridisation, no acceptoseng (b)
LbL-Flu-PMAA-A 2;-TooRho particles after hybridisation at green charfgeenched donor
signal) and (c) red channekf{= 554-619 nm) (mainly FRET signal). All images wéaken
at ex= 488 nm under identical PMV setting of 600.

4.1.4.4 Characterisation of FRET

FRET efficiency can be characterised from two poiit view: 1. decrease of fluorescence
of the donor dye; 2. increase of fluorescence efatceptor dye induced by the excitation of
the donor. The former one is widely used as a gmapt basic method (Equation Z%).
However, in realistic application, a decrease afatdluorescence (‘signal off’) can occur
due to other parameters rather than FRET, and tladysas from signals of acceptor
fluorescence (‘signal on’) is more reliable.

In this work, the fluorescence intensity of the egator molecules induced by the ‘energy
transfer’ from the near-by donor, denotedggr was used to evaluate the FRET efficiency
for our LbL-ODN system. The calculation lekeris described in section 3.4.8.

Data of quenched donor intensity ahger obtained from (a) flow cytometry and (b)
fluorometry shows that in system 1B, having donge directly close to the acceptor on each
dsODN, the quenching of the donor was remarkablyenpvonounced than in system 2,
having a random distribution of donor on the swféeigure 4.18). In the latter system, not
all of the donor molecules were in sufficiently stoneighbourhood of an acceptor molecule,
and the percentage of quenching was therefore emalbwever, in absolute values, more
donor molecules were quenched in system 2 comparegstem 1, resulting in a higher
lrrer. Evaluation of FRET by fluorometry and flow cytommeyielded slightly different
results. The flow cytometry data showed a highmrad quenching antkret for the same

samples than that measured by fluorometry. Thiglue to that flow cytometry can
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distinguish the fluorescence from singlet, doulslebther multiplets of particles, allowing
for evaluation to be carried out exclusively ongén particles. In the case of bulk
measurements by fluorometry, the fluorescence specttparticles in solution include some

uncertainties due to light scattering and the pres®f aggregated particles.

Figure 4.18 FRET comparisons between two systetgs.or and lgonorrepresents the donor
fluorescence in the absence and presence of acceggpectively. Data collected from (a)
flow cytometry, (b) fluorometry. The data of (a) weéased on the average value measured
from 10.000 particles of each sample. The standavehtion of data was negligible.

4.1.4.5 Detection limit by fluorometry

A low detection limit is one of the most importaiteria for a successful and competitive
nucleic acid assay. The sensitivity of our LbL-OBy$tem was investigated by fluorometry.
To 1 ml of 1 mg LbL-Flu-PMAA-A; particle suspension, with constang;Acoupling
amount of 125 pmol, varied amounts ofpfho (0 nM-200 nM 3yRho) were added for
hybridisation. The fluorescence spectra are shawkigure 4.19. Occurrence and changes in
FRET were revealed by the gradual decrease ofdherdntensity and increase of acceptor
intensity. At 1 nM of BoRho, a small change in the spectrum was alreadctdet and at 5
nM a distinct decrease of fluorescence at 520 n5.6% and an increase of fluorescence at
580 nm by 19.0% was measured. Hence, the detdotidrusing a conventional fluorometer
is ~1-5 nM target DNA.

The change was initially almost linear with the cemntration of FoRho. Then it levelled off
when the hybridisation was saturated at 100 niyRfo, at which the /A, ratio was 0.8.
This confirmed that 80% of the,AODNSs coupled to the LbL particles were available fo
hybridisation. The analysis bitrer showed that the FRET efficiency increased with
increasing amounts of,dJRho until the hybridisation was saturated (Figu204 Above the

threshold concentratiotgreTwas even decreased apparently because fEhd@ molecules
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in the solution did not contribute to the FRET sigtut they were considered in the
crosstalk correction. The FRET efficienEyanalyzed by donor quenching (Equation 2.7)

revealed the same trend as the methokhdyt.

Figure 4.19 Fluorescence spectra of the LbkiA,0Rho particles at different ;jRho
concentrationyCpanice= 1 mg/ml). Spectra were taken at= 480 nm, slits width: 5/10 nm.

Figure 4.20 FRET efficiency evaluated byerer (circles) andE (hollow squares) in
dependence on thegRho concentration.
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4.1.4.6 Single nucleotide polymorphism (SNP) test

Nowadays, nucleic acid diagnostic systems have beanly developed in two directions:
specific detection of target by hybridisation asaag SNP for study of mutatiGi’ >’  The
applicability of the LbL-ODN system in SNP assayaswherefore investigated.

The fluorescence spectra of LbL-FIu-PMAA-ODN pddg as a function of base pair
mismatch were measured at 25 and 60°C, respectively. For this study ODNs with a
sequence frornk. coli. DNA were employed in order to work with a realtgys containing a
defined sequence of the four nucleotide bases.ADN sequence used as probe ODN and
the complementary sequences as target DNA witlerdifit mismatch numbers are listed in
Table 3.1.

In the SNP study, the LbL-ODN particles were fydtlybridised with target sSSDNA having
increasing number of mismatches. Then the hybudisarticles were heated to defined
temperatures and the melting of the dsODN duplex @etected by decrease of the FRET
signal. At 25°C near room temperature, the differences in flumese spectra were
negligible in dependence on the number of mismat¢Rigure 4.21 a). In contrast, at €D,
near the melting point,, for the fully matched DNA hybrids, hybrids contiaig base pair
mismatches were denatured. The increasing numbarsofiatches led to the decrease of the
hybrid’'s stability; the donor fluorescence restoisdintensity as the acceptor dye-labelled
Target ODN was separated from the probe ODN,heedbnor and acceptor molecules were
no longer in the Forster radius (Figure 4.21 b @dbnor intensity gradually increased as the
mismatch number increased from O to 1 and 2. Thaltserevealed that the nucleic acid

detecting system based on LbL particles can alsapbéed in SNP studies.

Figure 4.21 Fluorescence spectra of LbL-Flu-PMAA-Probe-TdtgRho) at a) 25C and

b) 60°C, in which Target ODN without fluorescent labelpisesented as black line; target
ODN (Rho-labelled) containing 0, 1 and 2 mismatcaespresented as red, green and blue
lines, respectively. Spectra were takeneat 480 nm, slits width: 5/10 nm.
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4.1.4.7 Reusability of the LbL-ODN particles

dsDNA denatures above its melting point, meanirag the target DNA that hybridised onto
the LbL-ODN particles can be released when heagedhove the melting temperature.
Hence, the LbL-ODN particles could be in princifiecycled’” and reused. Therefore, the
reusability of our LbL-A; particles was investigated (Figure 4.22). The remha¥ RhoTo
that was bound onto the particle surface was cdeduat 75 °C, so that the probe ODNs
became again single stranded. After removal of ghpernatant and cooling down the
particles were again hybridised with Rhg@THowever, the binding capacity of LbL-A
particles decreased approximately 25% for eachimgndycle. One problem was the
complete removal of released RhgTbecause it involved centrifugation at high tenapae
and separation of the supernatant as quickly assilgesto avoid rehybridisation.
Simultaneously, irreversible aggregation of pagscbccurred during heating at %S which
became a severe problem after two heating andngpalycles. Therefore, the LbL-ODN
particles should not be used more than twice fatait acid detection. However, for DNA
extraction purposes, reuse of the LbL-ODN partiddestill feasible.

Figure 4.22 Amount of Rhoho hybridised on LbL-A; particles in dependence on the
number of hybridisation cycles LbL-Abeing used.

4.1.4.8 Cy3-Cy5 FRET pair

Flu-Rho as a FRET pair has been intensively stubliedesearchers. However, there are
several problems in using fluorescein for consissggnal evaluation in serum samples. For
example, the fluorescence intensity of fluoresegimghly dependent on the pH, and the dye

often undergoes fast photobleaching. Moreoveremira samples, auto-fluorescence often
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exists for excitation at short wavelengths, whighders a reliable fluorescence reading.
Cyanine dyes Cy3-Cy5 are another commonly used FpdtiTthat offers the advantage of
smaller crosstalk between the donor and acceptaredisas longer absorption and emission

wavelengths than the Flu-Rho system (Figure 4.23).

Figure 4.23 Spectra of the FRET pair Cy3 and Cy5: the absompaind emission spectra of

Cy3 are shown as black and green lines, respegtitred absorption and emission spectra of
Cy5 are shown as red and blue lines, respectiV&yS buffer (10 mM, pH 7.0) was used as
the solvent for the measurement.

For construction of the systems 1 and 2 with Cy3hasdonor, Cy3ODN and Cy3-PMAA

were used. As target DNA, the complementary ODNusege to the probe ODN labelled
with Cy5 at the 3’ end was used. Similarly to tiedy based on Flu-Rho pair, two FRET
systems, of which donor dye either on the probe QD use of Cy3ODN) or on the

polyelectrolyte layer (by usage of Cy3-PMAA) wenepared. However, in contrast to the
results obtained from Flu-Rho system, the FRETesys?2 (Cy3 on PMAA) yielded a lower

FRET efficiency than system 1 (Cy3 on probe ODNgrewith a high density of Cy3 on the
PMAA layer (Figure 4.24).
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Figure 4.24 Comparison of FRET between system 1 and 2 base@y3iCy5 pair by
fluorometry. lgonor and lgonor represents the donor fluorescence in the absert@rasence
of acceptor, respectively. In system 2, Cy3-PMAAhudifferent label degrees of a) 1: 130;
b) 1: 260; and c) 1: 500 were used as the outerlapst on LbL particles, respectively.

In system 1, at a coupling density of 100 pmol C§BOper mg LbL particles, the density of
Cy3 molecules was estimated to be approximatelyrit26l ni*; whereas in system 2 it was
240 nmol nf using Cy3-PMAA with a label degree of 1: 130, whishs double than in
system 1. However, the fluorescence intensity df-Oy3-PMAA particles was remarkably
lower.

This can be due to the smaller Forster radius &Cy5 (approximately 20% smaller than
Flu-Rho), which means a higher demand for a claseamtce between the two dyes for
efficient FRET. In system 1, the Cy3 and Cy5 waigelled at the same end of each dsODN
hybrid, which yielded higher FRET than in systerw®gere the Cy3 dyes were in a random
distance to Cy5 dyes.

Besides, it was found that the fluorescence quanyigid of Cy3 was reduced after
immobilisation on the polymer chain or particle fage. Figure 4.25 shows that with the
same excitation wavelength and amount of absorledops, the quantum vyield of Cy3-
PMAA was approximately 58% lower than for the foge Cy3; whereas the quantum vyield
of Cy3ODN was almost twice as much as for the trge. In order to clarify the origin of
this decreased fluorescence quantum yield of Cy2xRMa deeper investigation of the
photophysics of cyanine dyes covalently coupleddlyelectrolytes was carried out (section
4.2).

71



4. Results and Discussion

Figure 4.25 Absorbance (dashed lines) and fluorescence (swlet) spectra of Cy3 dye
(black), Cy3ODN (red) and Cy3-PMAA (green) solutiamth their peak absorption
normalised at 1. TRIS buffer (10 mM, pH 7.0) wasdias the solvent for the measurement.

4.1.5 Summarising Discussion

4.1.5.1 Advantages of the LbL-ODN particles for DNAdetection

A DNA bioconjugation system based on microparticle®dified by polyelectrolyte
multilayer films has been prepared, which can detacleic acids and base pair mismatches
by FRET with high sensitivity. A high density ofgire molecules could be homogenously
immobilised onto the LbL surface by covalent linkad he system exhibited specific and
high binding capacity to a complementary model saDN'he covalent coupling of
fluorophores to the outermost polyelectrolyte layeided a very efficient FRET detection
system for which no removal of other DNA molecuiesn the supernatant by an additional
washing step was required.

The LbL-ODN particle system presented several aidgs compared to the conventional
particle systems thanks to the specific featuresthef multilayer polyelectrolyte film

assembled by the LbL technology (Figure 4.26):
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1. The nanoroughness of the LbL surface offered a lughcentration of reactive
groups available for coupling probe ODNs. Thus,ightbinding capacity to the
target molecules can be achieved.

2. The use of donor dye-labelled polymer as outerncosting layer offered a high
donor density that was independent on the amou@Difis coupled on the patrticles.
Therefore inexpensive label-free probe ODNs caafpdied for detection.

3. With the donor dye conjugated to the most flexibleermost polymer layer, the
average distance between donor and acceptor wase@dincreasing the sensitivity
of the FRET system and allowing the detection afkr DNA chains.

4. Although the carboxylic acid groups were partly diser coupling, the large
remaining amount still ensured sufficient negatolearges on the surface, which
prevented non-specific binding of other DNAs. Mareq this LbL-particle based
assay can be easily manipulated, and it can offieigh throughput approach e.g.
incorporating additional tags such as QDs of ddiférfluorescence and ratios into the
LbL structure to allow distinguishing between difiet samples with different DNA

sequences in a particle library.

(@) (b)

F hooD 5:75?7 y

; ;

%,. ¢S~ LbLfim

Probe ODN

ML Tag ODN
iy Target sSsSDNA
o Donor dye

®  Acceptor dye

Figure 4.26 Schematic representation of the advantages offllim-coated surface (c) for
probe ODNs immobilisation and FRET detection coragato plain surfaces: donor
molecules in/on the substrate (a) and donor madsonth the probe ODNSs (b).
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Seradyn Inc. launched gjmagnetic particles (Sera-Mag™) for specificsgBapture, which
claimed to offer so far the highest binding capamitthe market: 200 pmol per mg of 1 um
magnetic particles (information available under wtinermo.com). This capacity was in the
range of 13° mole target ODN per particle (1 pm magnetic). @Qprto-date developed
LbL-A,; particles could capture 6 mole T per particle (4.3 pm, silica), which
corresponds to 5.4x18 mole target DNA per 1 pum silica particle. Therefoour LbL-ODN
particles exhibited similar binding capacity as tbe far best commercially available
particles.

The sensitivity of the LbL-ODN system for DNA detien measured by fluorometry was in
a comparable range to other fluorescein-based titmtesystems? **Abel et al. achieved
the highest detection limit of 2.0x1®M (24 fmol) of a fluorescein-labelled complementar
16-mer ODN by applying longer assay cycles, withremubation time of 60 min. However,
it was a heterogeneous assay based on avidin-biotaractions for the probe ODN
immobilisation; and their detection limit as a flfascence competitive assay was only 1.1x
10° M (132 pmol)?"?

Using advanced techniques such as CLSM and floanogtry, single LbL-ODN particles
carrying 10'°-10%" mol target DNA could be analysed, which presergetiuch superior
detection limit compared to other optical DNA deime systems?

Therefore, microparticles coated with LbL films e#d a unique platform for
bioconjugation and FRET detection of binding everfiee demonstrated advantageous
features recommend the developed LbL-ODN partiakesa novel efficient system for DNA

diagnostic.

4.1.5.2 LbL-ODN system with different FRET pairs (Hu-Rho vs. Cy3-Cy5)

In order to avoid several disadvantages of the FR&T Flu-Rho, the well-known FRET
system Cy3-Cy5 was also tested. However, problemseafrom the photophysical
properties of the cyanine dyes, such as small &orsidius and strong reduction of the
fluorescence quantum yield after coupling to pagsaiolytes and assemble by LbL on
surfaces. In order to solve these problems whamguSy3-Cy5 as the FRET pair in the
present LbL-ODN particle system, further investigaton the cyanine dyes and their

photophysical behaviour after coupling to polyelelgtes was conducted.
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4.1.5.3 LbL-ODN surface as a template for other fuctional structures

The LbL-ODN system was not only employed for nucktid sensing applications, but also
presented as a template for the specific assenfivigsicles modified with liphophilic ODNs
via DNA hybridisation. Intact liposomes were asskidlonto the LbL-ODN surfaces. By
addition of triggers such as melittin fusion ofdgmmes occurred’ Different types of
vesicles containing specific reactants can be asigeimonto LbL particles. Such LbL
particles carrying nanocontainers with reactantbaaeleased on demand can offer novel
attractive applications for the local delivery oflecules in microfluidic devices or for
signal enhancement by triggered fusion of two ahacdiposomes encapsulated with

reacting substances for chemi- or bioluminescence.
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4.2 Formation of H-aggregates of cyanine dyes coealtly

attached to polyelectrolytes

As mentioned in section 4.1.5.2, it was observed tthe fluorescence quantum vyield of Cy3
dye was reduced when coupled onto PMAA. This efféatiered the use of Cy3-Cy5 pair
for preparing LbL-ODN FRET systems. Therefore tipectroscopic behaviour of these
fluorophores in the free states and when covaleatbached to polyelectrolytes was
investigated. In particular, Cy5-PAH was selectedaamodel polymer for investigation
because Cy5 has a more extended conjugatddctron system and shows more pronounced
spectral changes in dependence on the environfieatcationic polyelectrolyte PAH is not
only an important material used in the LbL techggldut can also serve as a simple model
for proteins below the isoelectric point. The swdis of Cy5-PAH is a one-step process so it

can be better controlled and fine tuned than tlepamation of Cy3-PMAA.

4.2.1 H-aggregates of Cy5 dye molecules on polynwhains

The molecular structure of the Cy5 dye is showrFigure 4.27. The succinimide group
reacting with amine groups enables the covalerllialy of Cy5 on PAH. The reaction was
performed with a good yield (label degree of 1:)3%bwever, the absorption spectrum of
the dye coupled to the polymer (Cy5-PAH) was rerablk different from the spectrum of
the free dye Cy5 (Figure 4.28). Instead of showhegintrinsic absorption peak at 648 nm,
which is normally the case for Cy5, a new absorpband in the Cy5-PAH spectrum at 590
nm close to the vibrational transition of the dye6@82 nm was observed. The emission
spectra of the free dye and the dye-labelled potymad similar shape and peak wavelength,
while the free dye yielded almost 50% higher flsmence intensity (Figure 4.28).

Figure 4.27Molecular structure of a) Cy5, b) disulfo-Cy5.
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Figure 4.28 Absorption (solid lines) and fluorescence specttash lines) of Cy5-PAH
(label degree: 1: 350, blue lines) and Cy5 (blac&d). The fluorescence spectra were taken
at /ex= 638 nm close to the absorption maximum. The gltgor spectrum of the new

species was calculated (red line). For comparisertt-aggregate spectrum of Cy5/PSS was

shown (grey line§’® 2™

A control sample of PAH solution showed no absorpin the UV-Vis range above 300 nm,
therefore the peak at 590 nm could have two passibgins: 1. a new species was formed
by the labelling procedure; 2. the vibrational stane of the dye changed, which is known
for some dyes such as pyrefiIn order to verify this, the excitation spectrareveneasured

for the free and the immobillised dye moleculeg(Fe 4.29).

Figure 4.29 Excitation spectra of Cy5 (black line) and Cy5-Pfitiue line). Spectra were
taken at em = 655 nm, slits width: 5/10 nm.
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Both spectra were almost identical and showed wvety weak peaks around 590 nm. This
indicated that the absorption spectrum of Cy5-PA&$ whe superposition of the spectrum of
Cy5 molecule and a non-fluorescent species.

The spectrum of the new species was determinekeadifference between the spectrum of
the labelled polymer and that of the free dye (ned in Figure 4.28). This species had an
absorption maximum at 588 nm and a broad shoutdsoand 645 nm. Such hypsochromic
shift of absorption to higher energy is known frélvaggregate or dimer formation of dyes
caused by transition dipole interactioh$.Formation of H-aggregates of Cy5 has been
observed earlier by adsorption of the dye to PS@ atl dye to monomer ratf6> '
However the spectrum of Cy5 H-aggregate on PSH/ESE), had a quite different shape
compared to that of Cy5-PAH, pointing to a diffdararrangement and orientation of the dye
molecules to each other (Figure 4.28).

In the case of a statistically even distributiontlod dye molecules on the polymer chain, a
label degree of 1: 350 and a stretched polymemclhiagé chromophores are too far apart for
transition dipole interactions to occur. There t@ntwo possible ways in which dyes can
come close to each other, leading to formation-afggregates (Figure 4.30).

1. The dye molecules were not statistically distiéol along the PAH chain. This could be
due to a preferred attachment of the dyes in abesghbourhood on the PAH chains during
the reaction.

2. The dye molecules were statistically evenlyriisted. However, due to entanglement of
polyelectrolytes in the aqueous solution, even ohyeecules located far from each other

could form aggregates.

)
e

® cysdye —\_—~—_ PAH

molecule

Figure 4.30 Two possible arrangements of dye aggregates onP@yh 1) Cy5 dye
molecules are adjacent to each other on the polgign; 2) Cy5 dye molecues are evenly

distributed on the polymer chain.
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4.2.2 Spectral changes of Cy5-PAH in dependence external parameters

In order to find out the origin of the H-aggregatd#sCy5, absorption and fluorescence
spectra of Cy5-PAH in dependence on label degreeic istrength and solvent were

investigated.

4.2.2.1 Dependence on the label degree

In theory, the lower the density of Cy5 on the pady is, the less H-aggregates should form.
To verify this, Cy5-PAH with lower label degreesr@eynthesized. Absorption spectra of
Cy5-PAH of three different label degrees are showirigure 4.31. The aggregate band
decreased slightly with decreasing label degreéciwproved less dye-dye interactions and
aggregate formation at lower dye density on thermel chain. However, at the low label

degree of 1: 840, the H-aggregate effect was ajrpashounced; even at the label degree of
1. 1500, theoretically with less than half a dyelenale bound per polymer molecule, the

aggregates were still present.

Figure 4.31 Absorption spectra of Cy5-PAH with dye label degog 1: 1500 (green line),
1: 840 (blue line) and 1: 350 (black line).

4.2.2.2 Influence of the ionic strength

The entanglement level of polyelectrolytes depehidghly on the ionic strength of the
surrounding aqueous solution due to screening efdmarged’” ’® In pure water, the

polymer chains are stretched, which can keep statily distributed dye molecules far away
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from each other. The absorption spectrum of the-B48l solution in dependence on the
NaCl concentration in the range between 0 and M2&as investigated. No changes in the
absorption spectra were observed, which excludesl ghbssibility of through space

interactions between the dyes. Hence the dye mlelecuere obviously bound in close
proximity to each other on the PAH chain during slyathesis (Figure 4.30-1). This can be
ascribed to the fact that the labelling procedues werformed mainly in aqueous solution

that is the preferred medium of dye aggregatior®°

4.2.2.3 Influence of organic solvent

In order to find out the influence of solvent oe tH-aggregates formation, the spectra of the
Cy5-PAH were measured in solvent consisted of 7884 ©rganic solvent DMF and 25%
aqueous solution (50 mM borate buffer, pH 8.0).sThesulted in an increase of the
absorption in the monomer dye region at the cosh@fH-aggregate band. Simultaneously,

the fluorescence intensity increased by almosethirees (Figure 4.32).

Figure 4.32 Absorption (solid lines) and fluorescence spefti@shed lines) of Cy5-PAH
(1:840) in various solvent: DMF (25% water) (bluaek), HO (black lines) and PSS
solution Cpss= 5 mg/ml, monomer ratio between PAH and PSS wa2) {red lines). The
fluorescence spectra are taken Wigh= 638 nm and a slit width of 5/10 nm.
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4.2.2.4 Influence of the formation of complex with oppositely charged
polyelectrolytes

It was also observed that the interactions betw@gh-PAH and PSS yielded a strong
decrease of absorption near 588 nm, showing tleppéarance of the H-aggregate (Figure
4.32). However the fluorescence intensity decreasedell. This can be explained by the
formation of insoluble polyelectrolyte complexesading to an increase of dye density and
strong self-quenching. Furthermore, a bathochrostidt of absorption energy of the

monomer dye molecules was observed, caused byeiipatine charges of the surrounding
PSS molecules (Table 4.3). The same effect was falgnd on two sulfonate groups

modified Cy5. This shift by negative charges wasratated to the aggregation phenomena.

Table 4.3Shift of the main absorption peak,sof Cy5 in different environments.

abs abs abs
in water in DMF in PSS solution
Cy5 638 644 648
Cy5-PAH 638 644 652
disulfo-Cy5-PAH 644 650 655

The spectral changes of Cy5-PAH pointed to the losian that the dye molecules were
non-statistically attached on the PAH chain. Itlddae caused by the high dye concentration
during the labelling procedure in the aqueous emirent, leading to formation of H-

aggregates well before the covalent attachment/dth. P

4.2.3 Reduction of H-aggregates in Cy5-PAH

In order to minimize the formation of H-aggregabesthe PAH chain, attempts were made
to reduce the interactions between the Cy5 molecdigring the labelling reaction by

addition of different organic solvents such as raeth, acetone, DMSO and DMF. The
reaction in DMF yielded Cy5-PAH with remarkable lemwamount of H-aggregates and a
high label degree of 1:230. Figure 4.33 shows that H-aggregate peak of Cy5-PAH

synthesized mainly in DMF (PAHCYy5 Il) was much simatompared to that of Cy5-PAH

synthesized mainly in agqueous solution. Furthermtire fluorescence quantum yield was
significantly improved for PAHCy5 II. However, thileiorescence quantum vyield of the free
dye was still 20% higher compared to the immolati®nes in Cy5-PAH II.
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Figure 4.33 Absorption (solid lines) and fluorescence speti@shed lines) of Cy5-PAH
(blue), Cy5-PAH Il (green) and Cy5 free dye (black¢asured in aqueous solution. The
fluorescence spectra are taken wigh= 638 nm and slit widths of 5/5 nm.

For the labelling of biological molecules, Cy5 ftinoalised with two additional sulfonate
groups is often used to increase the solubilityvater (disulfo-Cy5). Hence, hydrophobic
interactions supporting the formation of dye aggteg were reduced. Disulfo-Cy5 was also
used for the labelling procedure in aqueous salufitne formation of H-aggregate was less
pronounced compared to the Cy5 without sulfonateigs (Figure 4.34). However, the H-

aggregates were still present and it also increastbddye label density.

Figure 4.34 Absorption spectra measured from disulfo-Cy5-PAithvabel degrees 1: 500
(green line), 1:320 (blue line) and the free dy®& Qylack line).
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4.2 .4 Discussion

4.2.3.1 Mechanism of H-aggregates formation and itminimisation

The formation of H-aggregates can be explainedhey Kasha-theory and the Davydov-
splitting (Figure 4.35%/® 281 222The hypsochromic absorption shift was caused ey th
transition dipole interactions between two or moneomophores arranged parallel to each
other with almost no slip to each ot he interactions between two transition dipoles M1
and M2 yield an energetic splitting of the excigdte in two components.mand m. In the
case of parallel alignment of dye molecules, thgogition and emission from one energy
level is forbidden because the resulting transittmment m= M1 - M2 = 0. Only the state
m, = M1 + M2 can be populated. In H-aggregates tlevald m. state has a higher energy
than the mstate and the monomer, leading to the observedobiipsmic shift of the
absorption energy with respect to the monomer. $taite shows no fluorescence due to fast
internal conversion process to the non-emittingstate, in which the radiative decay is
forbidden. In agreement with this, the Cy5 H-aggteg showed no fluorescence.

The two absorption bands for the Cy5-PAH could flaised by a slightly inclined
orientation of dye molecules to each other likeairherringbone aggregate. Then, both
transitions were permitted and can be observed asyddv-components at different
wavelengths. The intensity ratio between the peddgends on the angle between the
molecule axes (transition dipoles), which causedadtiserved shoulder at 642 nm.

The difference between the spectrum of Cy5/PSSCGytdPAH can be explained firstly by
the high 1:1 ratio of dye molecules to monomersumitthe dye-polymer complex Cy5/PSS,
and secondly by the less spatial constraints ofrdgéecules in Cy5/PSS compared to the
covalently linked Cy5-PAH. The concentration of e molecules adsorbed on PSS was
more than 600 times higher, resulting in the alnumshplete vanishing of the monomer
absorption and the fluorescence. The dye moleaudes obviously all in parallel alignment
l.e. the long wavelength absorption was not presentontrast, the large constraints of
covalently linked Cy5 on Cy5-PAH and the lower aymcentration resulted in a relatively
high content of non-aggregated dye molecules. Gigeegates consist of inclined molecules,

producing the shoulder around 640 nm as secondddavgomponent’®
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Figure 4.35 Left: scheme of Davydov splitting; Right: model miblecule orientation and
transition dipole interactions in dye H-aggregasesl their absorption and fluorescence
properties. The dumbbells model the dye molecwdeligl arrows, broken arrows and wavy
arrows show the absorption, the fluorescence amdiriternal conversion, respectively;
Crossed lines are forbidden transitions.

The decrease of the H-band by complexation betw@giPAH and a polyanion and by
transfer the polymer to organic solvents confirntieel inhomogeneous distribution of the
dye molecules on the PAH chain. This is becauseptmmtion as well as organic solvent
can change the conformation of the polymer and aisybdestruct the dye aggregates.
Based on these findings, the preparation of Cy5-RAHiigh content of organic solvent
instead of aqueous solution reduced the formatfad-aggregates, resulted in higher label
degree and led to a remarkably increased fluorescgmantum yield.

The findings concerning the photophysics of thenaya dyes on macromolecules can
contribute to the establishment of an improved qwok for the nucleic acid sensor
preparation based on the LbL-ODN system and the @Qy8 FRET pair. However, due to
the limited time frame of the project, further dimmment of LbL-ODN particles based on
the Cy3-Cy5 system was not carried out.

Beyond this, the fundamental aspects of cyaninelalyelled macromolecules, including
proteins or DNA/RNA, are of general importance fdt fluorescence based analytical

384, 285
k)

techniques such as fluorescence correlation specpy (FCS single molecule

spectroscopy (SMSJ® CLSM?*” FRET, fluorescence recovery after photobleaching
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(FRAPY® or time resolved spectroscopic methéds?®° It should be noted that cyanine
dyes are the mostly used fluorescent dyes in fueddahresearch as well as in applications

especially for diagnostics.
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4.3 Interaction of the LbL films with cationic surfactants

For the hybridisation between the probe ODN ands8i2NA, high salt concentration, heat
and also surfactants are applied. The presencertaic sufactants can prevent hydrophobic
interactions to non-target molecules. It is impottéhat the LbL-ODN particles remain
stable under these conditions. It is well knownt ttkee structure of the polyelectrolyte
multilayer films can be influenced by environmentakameters such as pH, ionic strength,
solvent, and temperatuf&*'® The structural changes are associated with threfioperties
such as layer density, permeability and morphologiiich might lead to swelling or
shrinking of polyelectrolyte films. It is also knovthat charged surfactants can interact with
oppositely charged polyelectrolytes under formatibcomplexe$® Recently, two research
groups reported that surfactants such as SDS aniatluce changes in the LbL film
morphology?®* ?** The influence of negatively charged surfactantsSSéuld not be
confirmed in our work, but it was found that catosurfactants induced a much faster and
stronger response even at low concentrations. iB1 gction, the influences of cationic
surfactants on the LbL films are studied in depths.

Freestanding LbL films without solid support reeisa flexible system for investigation
because they respond to the environmental changgslimensions. Such LbL films can be
prepared as hollow polyelectrolyte microcapsuleslisgolving the template core of the LbL
particles. Four types of microcapsules consistedlifiérent polyelectrolyte combinations
were prepared to obtain a deeper insight intoritexactions between the cationic surfactants
and the LbL films.

4.3.1 Preparation of polyelectrolyte capsules

Microcapsules consisted of 4 double layers of (F2$8), (PVA/PSS), (PDA/PSS) and
(PAH/PMAA) were prepared on 4.3 um negatively cledrgilica templates. To enable
visibility for investigation of the changes in tlapsules wall structure, thé®3and %'

polycation layers of the LbL film were labelled wiRho unless specified otherwise.
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4.3.2 (PAH/PSS) capsules and surfactant DoTAB

4.3.2.1 Interactions between (PAH/PSgrapsules and DoTAB
Firstly, the interaction between the cationic scidat DoTAB and (PAH/PS$)apsules

was investigated. Addition of 200 mM DoTAB solutiona 1:1 volume ratio to the capsule
suspension induced a fast swelling of the capsumes few seconds (Figure 4.36). The
capsules swelled continuously until the diameteraased approximately by a factor of 1.5.
At the same time, an increase in the fluorescentansity of the capsules was observed.

Also, the capsules were found to be filled witroflescent polyelectrolyte (Figure 4.36 b).

Figure 4.36 CLSM micrographs of (PAH/PSSEapsules in 50 mM DoTAB (pH 7.0) with
incubation time Os (a), 30s (b), 60s (c), 120s G@Ps (e) and 4 days (f). (PMV=750; the
blue colour represents very high fluorescence sitgn

Some PAH-Rho molecules diffused out of the polytetdgte film into the interior and also
to the exterior of the capsules; the fluorescehtrpers in the exterior can not be detected by
CLSM due to fast dilution. Thereafter, with contius increase in the diameter of the
capsules, the fluorescence intensity of the capsslewly decreased until the maximal
swelling was reached. The resulting swollen capsutenained spherical and stable up to
weeks. This process induced a strong increaseeiriltlorescence intensity of the capsule
suspension by a factor above four as measuredubyofinetry (Figure 4.37). This ‘turning-
on’ signal was used for studying the kinetics of 8welling process. It showed that the
capsules were swollen approximately from 4 um tov6in a short time of 60 seconds.
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Figure 4.37 Kinetic response of (PAH/PSSgapsules to 50 mM DoTAB by fluorescence
intensity of the suspension (black squares, leff)aand by diameter of individual capsules
(blue circles, right axis, 8 capsules were meaushyeCLSM for each point).

4.3.2.2 Influence of the capsule surface charge

It was expected that the interaction with the catiosurfactants was mainly caused by
adsorption to the negatively charged surface of dlesules. Therefore, the experiments
were repeated after assembling an additional datitayer of PAH to the capsules.
Surprisingly, both the kinetics and the swellingh&@our were almost identical to the

negatively charged capsules.

4.3.2.3 Interaction between DoTAB and the outermogiolyelectrolyte layer

The outermost polyelectrolyte layer of the capsiddsghly charged and it reacts as the first
part with environmental changes. Hence, the intemacbetween this layer and the
surfactants can be different from the internal tayén order to study the influence of the
surfactant to the outermost layer of the capsuP&S-Rho was used as the outermost and
only fluorescent layer for preparation of (PAH/PS&psules. It was observed by CLSM
that after addition of 50 mM DoTAB, the capsulesreveswollen and became non-
fluorescent. The outermost PSS layer was completprbed from the capsule. In a second
experiment, the influence to the PAH layer undettmeeas studied using PAH-Rho as the
only fluorescent layer (the”?layer). The CLSM images show that the fluorescentansity
was significantly reduced after addition of DoTABthe capsules. However, the fluorescent

layer partially remained in the shell (Figure 48®).
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Figure 4.38 CLSM micrographs of (PAH/PS&Eapsules in a) water (pH 7.0) and b) in 50
mM DoTAB (pH 7.0) after 300s. Théh7|ayer of the LbL film was labelled with TRITC.
(PMV= 850)

4.3.2.4 Permeability changes of the (PAH/PSS)apsules

Controlled release of the encapsulated materiatd tagh interest for pharmaceutical and
biomedical applications. The release behaviouhefrmhicrocapsules is mainly determined by
the permeability of the capsule wall. The influemdehe surfactant to the permeability of
the capsules was investigated in a solution of ¥mhdrITC-dextran (150 kDa). After

incubation for 30 min, the confocal images showt tha dextran did not enter the interior of
the capsules (Figure 4.39 a). After addition of Elel AB solution, the capsules swelled and
the permeability of the capsules increased. Thius, RITC-dextran entered the capsules

within 30s (Figure 4.39 b, c).

Figure 4.39 CLSM micrographs of (PAH/PS&gapsules in 1 mg/ml FITC-dextran solution
in the presence of 50 mM DoTAB (pH 7.0) with inctiba time 0Os (a), 30s (b), and 600s
(c). PMV= 750 for (a) and 800 for (b) and (c).
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4.3.2.5 Stabilisation of the capsule wall by crossking

In order to make the LbL capsules resistant agdimstdecomposing influence by the
surfactant DoTAB, the PAH layers were crosslinkegd dtutaraldehyde either after each
Rho-PAH layer or only at the end of the completd. lfbm assembly. The fluorescence

intensities of the crosslinked (PAH/P$8®)ultilayers after incubation for 15 min in DoTAB

solution at different concentrations are shown igufFe 4.40 a. As described earlier, the
capsules without crosslinking showed a more théoldlincrease in fluorescence intensity.
In contrast, the fluorescence remained constaninwthe capsules were crosslinked after
each deposited PAH layer. When the crosslinking pexformed only once after the final

layer of the LbL film was assembled, the fluoreseemcreased intermediately by a factor
of 1.6. The strongly crosslinked capsules remathedsame size and impermeable to FITC-
dextran (150 kDa) after addition of DOTAB (Figurd@ b).

b)

10 pm

Figure 4.40a) Fluorescence intensity of (PAH/P$8apsules after 15 min incubation in
DOoTAB solution at different concentrations. The saps without crosslinking in the LbL
film are shown as black squares; the capsules lotksd after the 8 layers are shown as
green triangles; the capsules crosslinked at e#dt IRyers are shown as red circles; the
lines are fitted for visual guidance. b) CLSM imagehe capsules crosslinked at each PAH
layer, after 15 min incubation in 50 mM DoTAB andnfy/ml FITC-dextran (PMV= 800).

4.3.3 Other polyelectrolyte capsules and DoTAB

4.3.3.1 Interaction between other polyelectrolyteambinations and DoTAB

Microcapsules consisted of other polyelectrolytergpavere also incubated in 50 mM
DoTAB and the kinetic of changes in fluorescendensity was studied (Figure 4.41). The
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most substantial changes were observed for (PAHPSE® (PVA/PSS)capsules, while
(PDA/PSS) and (PAH/PMAA), exhibited negligible changes.

Figure 4.41Kinetic of fluorescence changes of (PAH/PS®)ack line), (PVA/PSS)(red
line), (PDA/PSS) (green line) and (PAH/PMAA)(blue line) capsules in the presence of 50
mM DoTAB measured by the fluorescence spectrometry.

The investigation by CLSM showed remarkable diffieess for all capsules. For

(PVA/PSS) capsules, the fastest swelling took place, whidchs veonsistent with the

fluorescence data. The diameter of the capsulesased drastically from 4 um to above 7
pm within 1 min. The capsules became highly ingtadotd collapsed after 5 min (Figure
4.42, Figure 4.43).

Figure 4.42Changes of capsules diameter in the presence oivb@oTAB. Measurement
on (PAH/PSS)capsules are presented as black squares and (B8Méhes as red circles.
The lines are fitted for visual guidance.
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Figure 4.43CLSM images of (PVA/PSgxapsules in presence of 50 mM DoTAB a) 0s, b)
10s, c) 15s, d) 30s, e) 60s, f) 300s. (PMV=850).

For (PAH/PMAA), capsules, slight deformation was observed instdaswelling. After
addition of DoTAB, they were partially deformedard ‘boat’ shape and remained stable in

this form (Figure 4.44).

Figure 4.44CLSM images of (PAH/PMAA)capsules in the presence of 50 mM DoTAB at
a) 0s, b) 30s and c) 600s. (PMV=1000).

The (PDA/PSS)capsules dissolved instantaneously after adddfoDoTAB; therefore no
CLSM images could be obtained to follow the process

4.3.3.2 Dependence on the DoTAB concentration

The changes in fluorescence intensity of the Lbin fassociated with structural changes
were investigated as a function of the DoTAB com@ion. DoTAB of different
concentrations were added to the four types of dapsthen the fluorescence intensities

were measured after 15 min (Figure 4.45). Below 4 DOTAB, all capsules showed
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negligible changes in fluorescence intensity. Betw® mM and 20 mM the fluorescence of
all capsules except (PDA/PSQShrongly increased, whereas it became almost inmtkgre to

the concentrations above 20 mM.

Figure 4.45 Dependence of fluorescence intensity of the capsubkpension on DoTAB
concentration. Black circles represent data for HAFSS), red squares for (PVA/IPSS)
green triangles for (PDA/PSSAnd blue triangles for (PAH/PMAAXapsules. The lines are
fitted for visual guidance.

The dependence of swelling of the capsules on thEAB concentration was also studied
by CLSM. The diameter of the capsules remained simochanged at 5 mM DoTAB, while
it increased drastically when they were dispersed3d mM and 25 mM DoTAB solution.

Initially, the swelling was faster at higher DoTA&ncentration. However, it reached

similar steady state after 60 s (Figure 4.46).

Figure 4.46 Changes in the diameter of (PAH/PS&psules in the presence of DOTAB at
different concentrations: 5 mM (green trianglesd, M (red circles) and 25 mM (black
squares). The lines are fitted for visual guidance.
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4.3.3.3 Interaction of surfactants with the polyeletrolytes

Experiments showed that no interaction was fourtd/éen the cationic surfactant DoTAB
and the polycations Rho-PVA and Rho-PAH in a 1:hrgh ratio in solution. On the
contrary, precipitation of complexes between DoT#®l the polyanions PSS or PMAA was

observed, while the precipitation was less in et PMAA.

4.3.3.4 Stability of polyelectrolyte complexes agast DoTAB

In order to compare the stability of complexes B#H/PSS, Rho-PDA/PSS and Rho-
PAH/PMAA with the DoTAB/polyanion complex, polyelgclyte complexes were prepared
in a 1:1 charge ratio. The polyelectrolyte comptexeere washed with water until the
supernatant was colourless. Thereafter they werabated in 50 mM DoTAB solution
overnight under shaking. The suspension was cegatf to separate the precipitates and the
supernatant. The colour of the precipitates andstipernatant was visually analysed (Table
4.4).

Table 4.4Colour of the supernatant and precipitates ofpibigelectrolyte complexes after
treatment with 50 mM DoTAB.

polyelectrolyte complex

colour of precipitates

eolof supernatant

Rho-PDA/PSS

almost colourless

strong red

Rho-PAH/PSS

red (weaker than before

red

Rho-PAH/PMAA

red (same as before)

almost colourless

The results showed that DoTAB substituted the palgos in different extents. This
revealed that the DOoTAB/PSS complex was more stdida Rho-PDA/PSS because the
PDA was completely removed. A similar behaviour vadserved for the Rho-PAH/PSS
complex, although there was still Rho-PAH presanthie precipitate, pointing to stronger
interactions between PAH and PSS than that of PB&/Rn contrast, the Rho-PAH/PMAA
was more stable than DoTAB/PMAA, because there neaselease of the PAH-Rho in the

supernatant.

4.3.4 Interaction between (PAH/PSSQ) capsules and other cationic
surfactants

The influence of other cationic surfactants on (PRSS) capsules was also investigated
with CeTAB and BAC (see Figure 3.1). Compared toTBB, CeTAB has a larger
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hydrophobic part that is bended and more bulkytdue cis-double bond in the alkyl chain.
Its cmcis approximately 10 times lower than that of DoTAlhe CeTAB treatment caused
swelling of the capsules and the increase in femgace intensity at a lower concentration
below 1 mM (Figure 4.47 a). Although the swellingswinitially slower when compared to
DoTAB, the diameter of the capsules finally reacmsdrly 1.8 times the original ones
(Figure 4.47 b). The fluorescence intensity of thpsule suspension increased strongly in a
small range of CeTAB concentration between 0.5 MM mM after incubation for 15 min.
Below and above this range the fluorescence waspentent on the CeTAB concentrations
(Figure 4.47 a).

The cationic surfactant BAC is widely used in phaceutical applications as preservatives.
It has mixed even-numbered alkyl chain lengths f&mo 18. BAC caused changes in the
diameter of the (PAH/PSS)apsules in a remarkably different way comparedttoer
cationic surfactants (Figure 4.47 b). Addition oft®M BAC to the capsules also caused
initial swelling of the capsules in the first fewimates, thereafter they started to shrink
slowly to around half of their original diametehd shape of the capsules was similar as the
(PAH/PMAA) capsules in the presence of DoTAB (se&pife 4.44 c).

Figure 4.47 a) Fluorescence intensity of a suspension of (&%) capsules in
dependence on the CeTAB concentration (black squalg Kinetic change of capsule
diameter (PAH/PSQ)n the presence of 25 mM DoTAB (red circles), 1 mMTAB (black
squares) and 5 mM BAC (green triangles), respdgtivEhe lines are fitted for visual
guidance.
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4.3.5 Discussion

4.3.5.1 Mechanism of capsule swelling by cationiardactant

Based on the experimental results, a schematiemiason of the responsive behaviours of
different polyelectrolyte microcapsules upon inti@n with the cationic surfactant DOTAB

is drawn (Figure 4.48).
ey (PDA/PSS),:  (PAH/PSS)y _omRq

ol o~ free PDA + swollen + 'r,{f Y
o 1. PSS/surfactant some 5\ //);
*t®._1e precipitate free PAH -

AN A

¥ R

72y (PAH/PMAA),: Crosslinked 2ty
7\ . 4 (PAHPSS),: & %
& ) weak influence, ' 4 3‘ »
dwd” slight deformation no influence “ea

Figure 4.48 Schematic representation of response of diffgpehtelectrolyte capsules upon

addition of cationic surfactant DoTAB.

The mechanism explaining the reaction is firstlppgwmsed for the mostly investigated
(PAH/PSS) and (PVA/PSS) capsules (Figure 4.49).drtggnal LbL film of (PAH/PSS)is
internally in a charge balanced state. After additof DoTAB, the small surfactant
molecules diffuse into the film and complex the P@&tially by electrostatic and
hydrophobic forces. The partial substitution frome tPAH-PSS ionic bonds to PSS-
surfactant ionic bonds leads to an excess of pesitharges and a high concentration of
chloride counterions in the film due to the eleototrality. This creates a high osmotic
pressure leading to the swelling of the wall. Tlweanost PSS layer with a high negative
charge is completely complexed with the surfactardt removed from the capsule surface,
whereas the internal layers of the (PAH/PSS) renmaatt.
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Figure 4.49 Interaction of cationic surfactant DoTAB with til@AH/PSS) or (PVA/PSS)
LbL films.

In contrast to the (PDA/PSS) capsules, of which mlebte disintegration of the film
occurred, the (PAH/PSS) and (PVA/PSS) film remaiasdspherical capsules. The reason
for the higher stability of (PAH/PSS) film could bee additional hydrogen bonding between
the sulfonate groups of PSS and the primary aminaps, which is not possible with the
quaternary amine groups of PDA due to the misgieg &lectron pair. Despite the hydrogen
bonding in (PAH/PSS) capsules, some polycation oubds were also released from the
wall, which could be detected initially inside tbapsules due to their high concentration
compared to the released molecules outside. Dtieetimcreased permeability of the swollen
capsules, the polycations in the capsule intefsw diffused out within a few minutes (see
Figure 4.36 and Figure 4.43). Furthermore, the routst PSS layer was removed by
formation of insoluble PSS-surfactant complexesals® observed for (PDA/PSS). A
comparable swelling effect is known from multilaydims composed of weak
polyelectrolytes, when free charges are createa bfift of the pH valu&® However, in
contrast to the reversible protonation/deprotomagéiect, which relies on the use of weak
polyacids or polybases, the interaction between ltbe film and the surfactants is
irreversible and is determined by the ratio of themplex stability between the
polyanion/polycation and the polyanion/cationicfaatant.

Only for PMAA as the polyanion, the capsules wer@nty intact because the stability of
DoTAB/PMAA was smaller than that of (PAH/PMAA). Thiifference between PSS and

PMAA in terms of the interaction with cationic sactants mainly lies in the different
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hydrophobicity and the high tendency of hydrogendiog between PMAA and primary or
secondary amines. In contrast to the hydrophilicARVIPSS has a hydrophobic backbone
due to the phenyl rings, which play an importaré rfor the formation of complexes with
the surfactant$> >

Moya et al. have employed the low stability of the (PDA/PSi8)h fas a protective layer for
(PAH/PSS) layers underneath to cationic surfactZftShey claimed that the (PAH/PSS)
layers were not influenced by the surfactant, whigs not confirmed by our experiments.
However, the changes in swelling and permeability difficult to analyse on thin and
supported LbL films used by Moyt al The recently published work from Rahehal. on
surfactant-LbL-film interactions presented differeesults’® In contrast to the response
within seconds observed by us, they investigatedfitms in the hour and day scale and
observed much smaller changes. The reason coultbbéheir detection method was based
on the spectroscopic determination of released iR3ISe supernatant. At least for cationic
surfactants their method is not applicable, bectlusdormation of insoluble PSS/surfactant

complexes prevents the detection of released PBiShwan result in wrong conclusions.

4.3.5.2 Fluorescence intensity changes of the Lbilm

The strong changes in fluorescence intensity ofnthidtilayer films arise from transition
dipole interactions between the dye moleculesdéhtical dye molecules are assembled in
close distance within the Forster radius, self-gherg of the fluorescence can occur.
(PAH/PSS) films contain in aqueous environment apipnately 30% water and 70%
polymer?® For a label degree of 1: 100, the average disthateeen the dye molecules on
Rho-PAH in a completely interpenetrated (PAH/PS8) fis calculated to be 2.3 nm.
Assuming that the dye molecules are preferentlattated in the PAH layer, the distance is
even smaller to less than 1 nm. In both cases idtande between the dye molecules is
remarkably below the Forster radius, leading torgjrself-quenching of the dyes.

The three dimensional swelling of the polyelecttelfim after addition of surfactants led to
an increase of the average distance between thendjecules and to an increase in the
fluorescence intensity. In addition, the releasee Rho-PAH molecules also contributed to
the increase in fluorescence of the capsule suspernfowever, the constant fluorescence
intensity during the complete desintegration of (RBA-Rho/PSS) can hardly be explained.
It could be ascribed to the high persistence lengthe PDA polyelectrolyte and the relative
low label degree of the dye molecules, which resbin negligible self-quenching of Rho on
PDA.
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4.3.5.3 Permeability changes of the capsules and firevention

The cationic surfactants induced a fast and stpmrgeability increase of (PAH/PS$nd
(PVA/PSS) capsules at a low concentration, e.g. below 1 m&TAB. This can be
employed as an instantaneously triggered releasaadpsulated compounds. However, for
some applications e.g. encapsulation of drugss itmiportant to control or prevent this
sensitivity to cationic surfactants. The LbL filmeuld be stabilised by crosslinking of the
polyelectrolyte layers. As demonstrated on the stmdsed (PAH/PSS) capsules,
fluorescence changes and wall opening for macrornt#se permeation was effectively
prevented after crosslinking. The grade of cro&sim can be controlled, which enables a

fine tuning of the LbL film response to the surtaut

4.3.5.4 Influence of the surfactant concentration

There was a threshold concentration of DoTAB (ado6nmM) and CeTAB (around 0.5
mM) for an effective interaction between the suidat and the microcapsules (see Figure
4.45 and Figure 4.47 a). In the concentration raofge20 mM for DoTAB and 0.5-2 mM
for CeTAB, strong increase of the interactions whserved. No further effect was observed
at higher surfactant concentrations. It is well\wndhat surfactant molecules associate at the
so called critical micellisation concentratioei(@ to large micelled® ** However, in the
presence of oppositely charged polyelectrolyteg, shrfactants form small aggregates
already at a concentration below ttmg which is referred to as the critical aggregation
concentration dac).>® *® Obviously, the cationic surfactants start to interavith the
multilayer film above itscag and the interaction increases at the surfactantentration
range between theacandcmc Above thecmg which is >15 mM for DoTAB and >0.8 mM
for CeTAB® ?®the interactions between the surfactant and tipsutes remain almost
constant, because the excess free surfactant nedeftrm micelles that can not enter the

multilayer film.

4.3.5.5 Influence of the surfactant structure

The structural changes induced by CeTAB were sloe@npared to that by DoTAB.

However, it yielded similar final state or even m@welling of the capsules (Figure 4.47).
The CLSM investigation revealed that the interactmyocess was almost identical apart
from the kinetics. Obviously the longer and bendd#éin of CeTAB caused a slower
diffusion into the LbL film but induced more pronmed structural changes due to higher

hydrophobicity.
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In contrast, BAC only caused initial swelling oktbhapsules in the first 2 min; thereafter the
capsules shrank to smaller diameters. BAC is aurexbf molecules with different alkyl
chain lengths. Therefore tlwencof BAC is in a range between 0.34-3.8 mM. The d&on

in the capsule behaviour could be caused on oneé yathe mixture of different alkyl chain
length$®* and on the other hand by the additional phengsiim BAC, which contribute to
further hydrophobic op-p interactions with the phenyl rings in PSS.

It is important to control the strong influence BAC for applications of LbL film
encapsulated drugs in pharmaceutical or dermatabfprmulations, because BAC is often
used as preservatives. Therefore, one need toeetisalr either no such preservatives are
present in the formulation or the capsules areil&at by crosslinking the polyelectrolyte

wall as demonstrated so that undesired releaseeafrigs does not occur prior to use.
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An ODN bioconjugation system based on the LbL finodified microparticles for the
detection of DNA hybridisation was developed. Ewdilon of multiple parameters including
the selection of polyelectrolytes, coupling agesalyent and activation time enabled stable
covalent coupling of probe ODNs onto the partidesigh density and with homogeneous
distribution. The system exhibited a higher bindagacity to specific target sequences than
most of the commercially available particles on timarket. Moreover, non-specific
interactions with non-complementary DNA were almuasnpletely suppressed.

For detection of the binding events, a FRET-bag#ttal method was employed, where the
donor fluorophore was either pre-labelled on thebpr ODNs (system 1) or covalently
coupled to the polyelectrolyte prior to LbL coati(gystem 2). The acceptor dye was tagged
on the target DNA sequence. In this way, the dalyer molecules were located exclusively
on the outermost few nanometers on the particliaseirso that the donor-acceptor distance
was minimized, which was highly advantageous foEFRietection. Because of the special
properties of the LbL films, this LbL-ODN systemndenstrated several advantages over
other conventional DNA hybridisation assays. Théedion limit of the developed LbL-
ODN sensing system by conventional fluorometry W&s nM of target ODNs. Moreover,
this microparticle-based system allowed analysisinfgle particles by flow cytometry and
CLSM. A single LbL-A; particle could capture 16 mole of T, ODNs. When 1% target
molecule is capturedss little as10™° mole target ODNs can be detected. This detection
limit is superior compared to the hybridisationagsson the market.

The LbL-ODN particles were also successfully appiie single-nucleotide polymorphism
(SNP) detection as a mutation assay. A single ntidmia a 25-mer target ssSDNA could be
distinguished by the FRET method. The sensitivitycomparable other established SNP
assays.

The LbL-ODN particles could be recycled several esmby melting/washing cycles,
although the efficiency of the hybridisation dec® for every cycle. Hence, use of fresh
LbL-ODN particles for diagnostic applications ighly recommended. However, for other
applications such as specific DNA extraction frormixture, subsequent reuse of the LbL-

ODN patrticles can be applied.
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Beside the promising application of the LbL-ODN tpaes for nucleic acid sensing, it was
demonstrated that liposomes as nanocontainers imbdifith complementary ODNs could
be assembled onto the LbL-ODN particle surface ifipalty via DNA hybridisation. The
liposomes stayed intact on the particle surface fasdd only upon trigger. Such specific
assembly of filled containers on planar or collbidarfaces can be broadly varied and
widely applied. Especially in the fast developimgld of microfluidic and delivery systems,
such structures as specific targeted cargos offieeat potential for exploitation.

The preparation of the LbL-ODN structures on plasuanface enabled further investigation
of the system by AFM. AFM images showed that thegfmess of the LbL surface increased
drastically after the probe ODNs were coupled. Ttweghness increase of the LbL-ODN
surface was beneficial to achieve a higher FREIEieffcy due to reduced overall distance
between the FRET pairs.

The assembly process of the LbL-ODN structure &edspecific binding of liposomes were
also monitored and investigated by QCM. Multilayefdiposomes were assembled on the
planar LbL-ODN surfaces. The amount assembled wetsrmined from the mass gain on
the surface by QCM. The obtained data was in a gampdement with the results obtained
from the particle based system.

For target binding detection, the FRET pair Flu-Rias mainly used in this study. Two
different systems were constructed: in systeméd dibnor dye Flu was on the probe ODN in
a 1:1 ratio; and in system 2, the donor was orothermost PMAA layer and its amount was
independent on the amount of probe ODNs. Whiledthveor and acceptor ratio and distance
is fixed in system 1, the excess and even distabutf the donor dyes in system 2 resulted
in a superior FRET efficiency, benefiting from thegher donor density and the multi-
interaction between the donor and acceptor dye ¢utds. In addition, system 2 can be
prepared less expensively, since it is not requiodtiiorescently label all the ODNs.

In contrast, the alternative and widely applied FRiair Cy3-Cy5 with lower excitation
energy showed opposite results: system 2, usingRBYABA, yielded remarkably less FRET
efficiency than system 1, even if a high excesthefdonor dye Cy3 was used (label degree
of Cy3-PMAA 1: 130). This can be explained as fo#o 1. the fluorescence quantum yield
of Cy3ODN was higher than that of the free dye @y8-PMAA; 2. with increased labelling
density of Cy3 on PMAA, the fluorescence quantueidyof Cy3-PMAA decreased further;
3. the Cy3-Cy5 has a shorter Forster radius condparé-lu-Rho, which required a smaller
separation distance between the dye pairs in dodebtain sufficient FRET. These factors
contributed to the quite different behaviours & flu-Rho and Cy3-Cy5 FRET pairs.
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The fluorescence quantum vyield of cyanine dyesftsnoreduced after they are covalently
coupled to polyelectrolytes. The effect was morenpunced for Cy5, whose conjugate
structure is more extended than Cy3. The decreasbei quantum yield arose from the
partial formation of dye H-aggregates that showedluorescence but a hypsochromic shift
of the absorption wavelengths, as described byKdsha-theory’® In order to improve the
quantum vyield of the dye-labelled materials for lgieal methods, the origin of the H-
aggregates formation was determined. It was fohat the aggregates were formed during
the labelling reaction by interactions between dyaecules, leading to an inhomogeneous
distribution along the polymer chain. The formatiminH-aggregates on the polymer could
be remarkably reduced by a newly developed symthretite in organic solvents. At the
same time, this improved synthetic approach prodiyc#ymers with higher label degrees.
These findings can enable a more efficient use y&-Cy5 as the FRET pair in the LbL-
ODN particle system.

A well known drawback in the application of LbLrfik is their lower stability against
certain environmental parameters such as high texye, salt concentration or pH
compared to covalently linked polymers. Under tk&atively harsh conditions used for
hybridisation (0.5 M salt, 70°C, 0.1% SDS, 1 mgB3A) some polyelectrolyte molecules
were released from the particle surface. The ‘legikiwas successfully prevented by
treatment of the LbL particles with borate buff&® mM, pH 8.0, 0.5 M NaCl) at AT for
two hours prior to the coupling process.

During the stability study, it was surprisingly fudi that certain polyelectrolyte films as
microcapsules showed strong changes in diameteparmdeability in the presence of low
concentrations of cationic surfactants (<5 mM). dapendence on the polyelectrolyte
composition, the behaviour of the capsules variednfnegligible changes to complete
disintegration via strong swelling. For exampleAKPPSS), microcapsules swelled with a
five-fold volume increase and became permeabléafge molecules. In the case of fluores-
cently labelled films their fluorescence intensitbcreased by four times. A mechanism
explaining the interactions between the cationiastiants and polyelectrolyte capsules was
derived from the experiments: the cationic surfatstadiffused into the LbL film, formed
complexes with the polyanion and then replacedpiblgcation partly or completely. The
extent of the interaction depended on the relastability of the polycation/polyanion
complex and the surfactant/polyanion complex. Tinectural shape of the surfactants and
theircmcor cag determined the kinetics and the threshold ofitkeraction due to different

diffusion rates inside the LbL film, respectively.
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The sensitivity of the LbL films to traces of catio surfactants can limit their applicability,
for example in drug encapsulation for pharmaceltfocamulations that often contain
cationic detergents such as BAC. In this work itswiemonstrated that such undesired
changes in the capsule properties can be effegtprelvented by crosslinking. On the other
hand, the remarkable strong and fast responselypélpotrolyte films to cationic surfactants
can be exploited for a range of applications suctriggered and fast release of encapsulated
materials, sensor development based on strongeaence changes or micromechanical
devices like valves.

In summary, the LbL-ODN particles exhibited sevemdlvantageous features that
recommend them for cost effective and versatile FReystems for DNA diagnostic.
Moreover, several other functions can be introduced the present system for wider
applications such as:

1. Incorporating additional tags such as QDs iht ltbL structure to distinguish between
different target sequences in library high throughgpproaches.

2. Using magnetic particles as the core for faslection of particles and signal
amplifications.

3. Bioconjugation of antibodies or antigens on LBIRET patrticles for diagnostic analysis.

4. Chemi/bioluminescent sensors based on the fusicadjacent liposomes assembled by
selective hybridisation on the LbL-ODN particlesgocontaining the luminescent substance
and the other the biocatalyst.

5. Specific assembly of other ODN modified system® the LbL-ODN particles via DNA
hybridisation.
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