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Abstract

Polyelectrolyte multilayers assembled by the Layer-by-Layer (LbL) technique exhibit unique
properties such as nano-thickness/roughness, semipermeability, tuneable physical properties
and the versatility of surface modification on a wide range of substrates.

The aim of this work was to exploit the outstanding properties of the LbL films for
construction of a novel nucleic acid detection system based on colloidal particles. LbL films
were deposited on particle surface where oligodeoxyribonucleotides (ODNs) were
covalently immobilised as probe molecules for selective binding of target DNA
(hybridisation assay). The detection of the hybridisation was realized by Fluorescence
Resonance Energy Transfer (FRET) between a fluorescent donor dye on the particle and an
acceptor dye on the target DNA sequence. This method allowed the determination of
hybridisation events without washing non-bound DNA away as it is normally necessary for
other DNA hybridisation assays. Further advantages of the LbL-ODN system over
conventional particle based DNA sensing systems as low non-specific binding and
extraordinary high target binding capacity were determined. This was thanks to the specific
surface properties of the LbL films such as roughness, flexibility and exact dye molecule
positioning in the nanometer scale.

An undesired decrease of fluorescence quantum yield as well as changes in the absorption
and emission spectra of certain FRET fluorophores were observed after the dye molecules
were coupled onto the polyelectrolytes due to formation of non-fluorescent H-aggregates. A
mechanism of the dye H-aggregate formation was proposed and a new synthesis route of dye
labelled polyelectrolytes was developed. As a result, the dye H-aggregates could be
minimised, allowing a better applicability of dye labelled polyelectrolyte in fluorescence
sensing structures.

Furthermore, when the stability of the LbL.-ODN system was tested against several external
parameters such as temperature, ionic strength and the presence of surfactants, it was
discovered that some LbL films were strongly responsive to cationic surfactants. The
structural changes of the LbL film upon interaction with several cationic surfactants were
investigated and a mechanism of the responsive behaviour was derived. By crosslinking the
polyelectrolyte layers, a strategy was developed to stabilise the film. On the other hand, it
was shown that cationic surfactants can be used as an efficient trigger for controlled release
of the LbL film encapsulated substances.

The aforementioned findings allowed successful exploitation of the LbL technology for the
preparation of a particle based nucleic acid detection system as a homogeneous diagnostic

assay.
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1 Introduction

The design of advanced functional materials with control in the micro/nanometer scale is
highly desirable in many applications, especially in the ever expanding and demanding
biomedical community. Due to the fast growing needs in rapid disease diagnosis, gene
sequencing, food and environmental analysis, specific detection of nucleic acids has drawn
great attention from researchers worldwide to develop nucleic acids diagnostic kits having
high detection speed, specificity and sensitivity.'™

Nucleic acid detection is usually based on hybridisation of a target DNA to synthetic probe
ODNs immobilised on a solid support, e.g. microarray slides,” gold nalnopau’ticles,s'7
quantum dots (QDs)* ° or other particle based systems.'® Detection of the hybridisation
events is mainly performed by optical'' or electrochemical methods.'> One advanced optical
method is based on FRET, in which the fluorescence from one fluorophore is transferred to
another of lower excitation energy when they are in close proximity within the Forster radius
(a few nanometers).'” '* FRET has been well recognised as a molecular ruler for studying
structure and conformational changes of nucleic acids," proteins'® and for numerous sensing
applications.'” Some FRET systems for DNA detection are applied in solution, such as the

18,1
d8,9

Molecular Beacon metho and the method of using water soluble conjugated polymers

2022 61 the super-quenching property.23 However,

as donor due to the light-harvesting effect
the sensitivity of single particle detection can hardly be achieved by these solution based
systems. Particle based FRET systems have the advantage as homogeneous assays without
the requirement of particle separation from the analyzing solution. Such systems based on
QDs have been prepared for nucleic acid detection, in which the QDs have been used as
substrates for biomolecules immobilisation and donor for FRET.'” 2428 However, QDs
require surface modifications with a relatively thick layer of polymers or other materials to
obtain stability against aggregation and enable immobilisation of probe molecules. This
enlarges the distance between the QD and the target molecules, which strongly restricts the
FRET efficiency.”” * In order to ensure a high FRET signal with a low background
fluorescence, the donor dye molecule needs to be located directly on the diagnostic particle
surface. For high sensitivity it might be promising to use only a few particles in the
micrometer range, on which the whole amount of probe molecules are attached. In contrast

to nanoparticles in solution such microparticles can be analyzed with high sensitivity by



1. Introduction

Confocal Laser Scanning Microscopy (CLSM) or Flow Cytometry. However, it is difficult
to couple simultaneously a high amount of donor dyes and probe ODNs on the surface
without using spacer molecules.

Polyelectrolytes represent water soluble polymers including biocompatible macromolecules
such as proteins, enzymes, nucleic acids, and carbohydrates etc.’ 3 They can be labelled
with fluorescent tags, and they have been intensively exploited in recent years for biosensing
and drug delivery applications. In 1991 a novel surface modification method has been
developed, enabling the exact deposition of nanometer-thick layers of polyelectrolyte on

3334 This so-called LbL technology uses the self-controlled

planar or colloidal surfaces.
adsorption of e.g. a polycation to a negatively charged surface. After deposition of a
polycation layer of 1-2 nm thickness the surface charge is reversed to positive and a
polyanion layer can be adsorbed sequentially in the same manner. Multilayer of
polyelectrolytes can be consecutively built up on the surface. A wide range of
macromolecules can be employed as the wall build-up materials and the property of the film
is tuneable after the assembly by external parameters.”> *

Inspired by the unique properties of the LbL films, it has been evaluated to exploit these
properties for the development of a novel DNA detection system based on microparticles
modified by the LbL films and covalently coupled with probe ODNs (LbL-ODN particles).

The scheme of one such particle is presented in Figure 1.1.
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Figure 1.1 Scheme of a single LbL particle with covalently bound probe ODN for ssDNA

Polyanion

hybridisation detection via FRET.



1. Introduction

Due to the versatility of the LbL process and coupling chemistry there are several
possibilities to construct such a system. Different parameters for the preparation have been
evaluated and optimised to achieve efficient binding to the target molecules with highest
specificity, sensitivity and stability. The developed system is characterised by different
methods and the properties as a nucleic acid detection system are evaluated from several key
perspectives. Stability and structural changes of the LbL films upon addition of disturbing
substances such as cationic surfactants are particularly investigated.

For the development of the detection system, fluorophore labelled polyelectrolytes are
prepared and intensively studied. The changes of the absorption spectra and fluorescence
quantum yield of the fluorophores upon covalent attachment to the polyelectrolyte are
investigated to improve their applicability in fluorescence sensing.

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

commercial systems.



2 Literature review

2.1 Polyelectrolytes

POlyeleCtrolyteS“» 32,37-39

are polymers bearing dissociated ionic groups; thus they have dual
character of electrolytes and macromolecules. They can be classified into natural (e.g.
DNA), modified natural (e.g. cellulose), and synthetic polymers (e.g.
poly(diallyldimethylammonium chloride (PDA)). In terms of their charge, they can be
divided into polycations, polyanions and polyampholytes (Figure 2.1). Depending on the
charge density and acidity of the functional groups, they are classified as strong and weak
polyelectrolytes. Strong polyelectrolytes have permanent charges and they are fully ionized

over the whole pH range in solution, whereas the degree of dissociation of the ionisable

groups on weak polyelectrolytes is highly dependent on the pH.

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

Figure 2.1 Classification of polyelectrolytes into polycations (a), polyanions (b), and

polyampholytes (c).*’

2.2 Polyelectrolyte complexes

One feature of polyelectrolytes is the formation of complexes with oppositely charged large

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

Mixing a polycation solution and a polyanion solution leads to the formation of
polyelectrolyte complexes.’" > ***? This process is entropy-driven because of the release of
counterions that are not restricted to the polymer backbone chain. The process is very fast
and mainly controlled by counterion diffusion. When polyelectrolytes with weak ionic
groups and large differences in molar mass are used and mixed in a non-stoichiometric ratio,
water soluble polyelectrolyte complexes can be formed (homogenous one phase system).
When polyelectrolytes with strong ionic groups and similar molar mass are mixed together
near 1:1 stoichiometry, complexes are precipitated (phase-separated system, including turbid
dispersions). The formation of polyelectrolyte complexes is dependent on the electrostatic
interactions of oppositely charged groups. Increase of the ionic strength of the solution leads
to a decrease of the ionic interactions between the polyelectrolytes due to screening of the
charges. A further increase of salt concentration can even result in complex dissolution. In
addition to electrostatic forces, inter-macromolecular interactions are also involved in
polyelectrolyte complex formation such as hydrogen bonding, Van der Waals forces,

hydrophobic and dipole interactions.

2.2.2 Polyelectrolyte complexes with oppositely charged surfactants

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

Generally, surfactants are amphiphiles due to possession of both hydrophobic chain and
hydrophilic head groups. They can be divided into non-ionic and ionic ones. The latter one
with charged head groups are of special interest for interaction with polyelectrolytes. The
interaction between polyelectrolytes and oppositely charged surfactants is mainly driven by
electrostatic and hydrophobic forces. Hence the interactions are mainly determined by the
properties of the polyelectrolyte such as chemical composition, linear charge density,
location of the charges and backbone flexibility (i. e. persistence length) of the polymers.***
It is well known that surfactant molecules associate at a critical concentration, the so-called
critical micellisation concentration (cmc), and form spherical micelles containing ten to
hundreds of surfactant molecules. It is observed that the presence of polyelectrolytes induces
aggregation of oppositely charged surfactants above a surfactant critical aggregation
concentration (cac) that is lower than the cmc. The surfactant aggregates formed in

polyelectrolyte solutions are structurally similar to free micelles (Figure 2.2).30- 4749
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Figure 2.2 Model of polyelectrolyte surfactant aggregates.

In general, the cac increases with increasing surfactant chain length. Adding salt reduces the
binding affinity between surfactants and oppositely charged polyelectrolytes, which also
increases the cac. A linear relationship between binding affinity and the ion strength has
been observed in several systems.’ ! Hydrophobic interactions also play an important role
in the complexation: for example, poly(styrenesulfonate) (PSS) leads to much smaller cac

than other flexible polyelectrolytes due to its hydrophobic backbone.*

For very
hydrophobic polyelectrolytes, where the most repeat units form microdomains, the number
of surfactant aggregation domains is proportional to the surfactant concentration. On the
contrary, hydrophilic polyelectrolytes bind surfactants cooperatively above the cac, and the
surfactant aggregation number is nearly independent on the surfactant concentration.
Therefore, a higher surfactant concentration is needed for a stronger binding of surfactants
with shorter chain length. Detailed description and investigation on polyelectrolyte-

. . 46, 53-54
surfactant complexes can be found in a few review papers. 6.53-3

2.3 Layer-by-Layer electrostatic self-assembly

2.3.1 Assembly of LbL thin films on substrates

Multilayers of polyelectrolytes can be assembled on charged surfaces by the so called Layer-
by-Layer (LbL) technology. The first report of the LbL technology can date back to 1966
when Iler prepared a multilayer structure by electrostatic interactions between colloidal

anionic and cationic particles.” The technology was however not systematically established
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until 1990. Decher and Hong started to prepare multilayers of oppositely charged
polyelectrolytes on charged substrates.” ™ As shown in Figure 2.3, when a substrate with
positive surface charge is immersed in the aqueous solution of an anionic polyelectrolyte for
several minutes, a thin layer of polyanions is adsorbed onto the substrate and the surface
charge of the substrate is reversed to be negative. When a defined surface charge is achieved,
no further polymers can be adsorbed. Hence, the self-limiting process leads to homogeneous
and well reproducible layers of defined thickness on charged surfaces. Non-adsorbed
polyelectrolytes are removed by washing the substrate with water. A polycation layer can be
assembled onto this negatively charged surface in the same manner. When this cycle is
repeated, a multilayer of polyelectrolyte thin film is formed. This process is normally
referred to as self-assembly of multilayer films based on electrostatic forces between
oppositely charged polyelectrolyte. There are other candidates that can be used besides the
polyelectrolytes for the LbL film assembly such as proteins,” nucleic acids,”’ lipids,™

59

viruses,” inorganic nanoparticles,”’ organic dye molecules etc.’ Moreover, interactions

beyond electrostatic forces such as hydrophobic interactions, hydrogen-bonding, covalent
bonding, DNA hybridisation and steric interactions between polymers can also be employed

for multilayer film assembly.®*®’

1. Polyanion

2. Wash

Figure 2.3 Scheme of self-assembly of LbL film on a planar surface.’
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2.3.2 The structure and growth pattern of the LbL film

When a multilayer film is composed of two simple polyelectrolytes, a pair of oppositely
charged homopolyelectrolyte, the film can be subdivided into three distinct zones as shown
in Figure 2.4.°® Zone 1 is comprised of one or a few polymer layers that are close to the
substrate. Zone III is comprised of one or a few layers that are close to the solution or to the
air. In this zone, the multilayer is highly influenced by the interface to the solution or to air.
Zone II represents the film in a range that is not influenced by either interface. In the simple
picture, Zone II is neutral and Zone I and Zone III are charged (with small gradients of
excess charges and neutralized by small counterions). Therefore, the physicochemical
behavior of the neutral and charged zones is distinguished different. Zone II is charge
compensated and thus can behave like a polyzwitterion, while regions of film where there is

an excess of charges should behave more like a polyelectrolyte.

Substrate Substrate Substrate Substrate Substrate

Increasing number of layers

Figure 2.4 The zone model of polyelectrolyte multilayer films.%

For LbL films composed of strong polyelectrolytes, such as the combination of
(Poly(allylamine hydrochloride)(PAH)/PSS), the film grows linearly with the number of
deposition layers. On the contrast, multilayer films composed of weak polyelectrolytes show
exponential growth. A model of polyions not being kinetically trapped in the position where
they have been deposited but diffusing inside the film has been proposed by Picart et al. to

explain the nonlinear growth behavior.”’
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2.3.3 Preparation of hollow capsules

In the similar way on planar surfaces, LbL films can be assembled onto colloidal particles by
using ultrafiltration or centrifugation to separate the coated particles from excessive
polyelectrolyte in the coating solution.”” ’' Freestanding polyelectrolyte multilayer films can
be prepared by dissolving the colloidal template particles after the LbL assembly. The film
keeps in the template shape as hollow capsules.’> " The LbL assembly on colloidal particles

as well as the core dissolution process is schematically presented in Figure 2.5.

Figure 2.5 Schematic presentation of LbL assembly on colloidal particles and preparation of

polyelectrolyte capsules by dissolving the core materials.”

The first hollow capsules were made templating on weakly crosslinked melamine
formaldehyde (MF) cores that are available in uniform diameters between 100 nm -10 pum,
spherical shape and smooth surface (Microparticles GmbH, Berlin).”® After the LbL film
assembly, the cores can be decomposed by 0.1 M HCI or treatment with DMF or DMSO
without destroying the polyelectrolyte shell. Polystyrene beads are also used as core material
for microcapsule preparation that can be dissolved in tetrahydrofuran (THF) or DMF.
However, there are fundamental disadvantages of using organic resins as template materials.
The rather large polymer or oligomer molecules induce high osmotic pressure during the
dissolution process, because they are only slowly diffusing out of the capsules. This leads to
a temporary strong swelling of the capsules.”* Although the capsules shrink back to the
original size, deformations of the shell or pore formation can not be avoided. Especially for
thicker LbL films, this process can lead to complete rupture of the shells. Furthermore, there
are residual polymers trapped in the shell, which affects the properties of the capsules,”” and

the dissolution in organic solvents can affect the property and stability of the polyelectrolyte
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shells.”® Alternatively, inorganic materials such as Si0,, CaCO3; or MnCOs3 can be adopted
as microcapsules templates. Silica particles, in particular, have the advantages of smooth
surface, spherical shape, monodispersity, biocompatibility and complete core dissolution by
HF treatment. Moreover, they are available in a wide size range with defined porosities.
Therefore, polyelectrolyte capsules obtained from SiO, template are widely employed for
studying the physical properties of freestanding polyelectrolyte multilayer films.”””

Other special types of core materials including blood cells, crystalline proteins, oil or even
gas are also encapsulated. In such cases, they are mainly used as functional materials being
protected by the LbL film, and the LbL films are often destroyed later to release the

functional core materials for the specific alpplicaltions.go'83

2.4 Multifunctional properties of the LbL films

2.4.1 Multifunctional LbL films

Thanks to the broad range of materials that are available to be incorporated into the
multilayer films and to the stepwise assembling process, multifunctional properties can be
introduced to the LbL film. A simple case is shown in Figure 2.6, where a bi-functional
polymer easily functionalizes the surface of the film with group -F. This —F group can
present a fluorescent label or some specific functional group. Besides, the —F groups can be
used in the next step to change the interaction of deposition; e.g. from ionic to covalent or to
donor/acceptor and etc.’® This can be very useful when a certain multifunctional materials

would be otherwise very difficult to prepare.

Substrate

Figure 2.6 Schematic presentation of a polycation with two different functional groups
(positive charges and functional groups —F) deposited onto a negatively charged substrate. In

the next layer one can either adsorb a polyanion or a polymer capable of binding to —F.*

10
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2.4.2 Responsive polyelectrolyte films

In dependence on the composition of the LbL films its structure can be influenced by
environmental parameters such as pH, ion strength, temperature, solvent and humidity etc.>*
"8 The structure changes are associated with a response of the multilayer films properties
such as layer density, permeability and morphology, which may lead to swelling or shrinking
of freestanding polyelectrolyte films. Such responses of the polyelectrolyte films have been
explored for encapsulation and release of drugs or other substances of interest (section
2.4.3). Polyelectrolyte films that contain weak polyelectrolytes respond to external pH.
Formation of pores induced by pH has been experimentally demonstrated for both hollow
weak polyelectrolyte capsules and weak polyelectrolyte films on a solid substrate.*® ® For
LbL films composed of at least one weak polyelectrolyte, reversible porosity can be created
if the pH is shifted from the pH of preparation.® By that excess charges are created which
increases the osmotic pressure in the film by adsorbed counterions. In consequence the water
content increases, the film swells and the permeability increases. The switching of
permeability has been utilized for binding and releasing low molecular weight compounds

90-92 encapsulation of water soluble polymers and proteins.g& 2 For

such as dyes and drugs,
example, Park et al. demonstrated that crosslinked weak polyelectrolyte films showed
reversible selective ion permeability for both cationic and anionic probe molecules by
adjusting external pH.93 Hiller and Rubner reported reversible swelling of (PAH/PSS) films
when large amount of charged groups were deposited during the self-assembly step.”* Later,
Mauser et al. prepared pH responsive (PAH/ Poly(methacrylic acid)(PMAA)) microcapsules
that were stable over a wide pH range (2.5-11.5) and exhibited reversible swelling and
shrinking properties.”®

Besides pH, ion strength is also a powerful parameter to control permeability of
polyelectrolyte films and it is not restricted to weak polyelectrolyte. Ibarz et al. showed that
capsules permeability could be reversibly switched from impermeable to permeable by
variation of ion strength in a low concentration range of 107 to 102 M.” Antipov et al.
showed that permeability of fluorescent dye to the (PAH/PSS) capsules was strongly
enhanced in 0.5 M NaCl solution.”

Earlier approach to prepare temperature responsive polyelectrolyte films was to use thermal

responsive polymers for the film assembly.””'"

Quinn et al. demonstrated that film
morphology of hydrogen bonded poly(N-isopropylacrylamide)(PNIPAM)/polyacrylic acid

multilayers underwent considerable changes at elevated temperatures, which highly

11
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enhanced the absorption of dye and release calpalbility.100 Leporatti et al. initially reported on
the swelling and shrinking behavior of (PDA/PSS) microcapsules in response to temperature
changes.'”" Ibarz et al. studied the influence of annealing of (PAH/PSS) capsules at different
temperatures and created a model of the influence on their permeability.'’* Later on, Kéhler
intensively investigated on thermal behavior of (PDA/PSS) microcapsules and developed it
into a versatile method for encapsulation based on the temperature induced rearrangement of
the shells.'”"'**

Interaction of microcapsules with electromagnetic waves such as ultrasound, microwaves
and light have also been investigated in order to achieve remote activation/opening of the
calpsules.los'108 Gold/silver nanoparticles or IR dyes have often been included in the
polyelectrolyte films to enable the optical responsiveness of the multilayer microcapsules.'*”
"2 Incorporation of magnetic particles into the polyelectrolyte multilayer films allows using

113, 114
3 Lu

magnetic field as another stimulus for delivery systems in biomedical applications.
et al. demonstrated using pulsed magnetic field to change the permeability of the
microcapsules. The magnetic field in this case induced the magnetic particles to rotate in the
film and irreversibly increase the permeability of film by damaging the shell.'"* Other

117-121 )
can be used to react with

specific stimuli such as enzyme115 biotin''® or other molecules
LbL films that are embedded or conjugated with DNA, avidin or other specific binding
substances, so that the structure and properties of the LbL film are changed. Enzyme-
mediated biodegradation of the LbL film is a highly promising method for biomedical

applications.

2.4.3 Encapsulation of substances and the controlled release

Encapsulation of drugs or biomolecules and triggered release of the substance at desired time
or location has high importance in biomedical applications. Polyelectrolyte microcapsules
show semi-permeable properties. They are permeable for small polar molecules but not for
macromolecules. The cutoff for molecular weight depends strongly on the material and the
layer number. Due to the special properties of the capsules, they have been intensively
studied during the last 11 years for encapsulation of various materials and their sustained or
controlled release by different triggers,® %% - 100 102-105. 115-129

Substances of interest can be encapsulated into polyelectrolyte microcapsules by different
strategies.”* The most widely applied ones are: 1. Preloading materials into the template

particles prior to LbL coating. Porous particles are often employed as templates in this

method.""*"?! So far various substances such as drugs, proteins or nucleic acids have been

12
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successfully encapsulated into the capsules in this manner.'?1% 2. Polymerization of
polymeric materials inside the capsules while the monomers can diffuse in but the resulting
polymers after the reaction are trapped inside.'”’ 3. Preparation of capsules with double
shells, whereas the inner shell can be selectively destroyed with the remaining materials
encapsulated.”> *® 4. Reversibly switching the permeability of the capsule shell via changing
environmental parameters as described in section 2.4.2, creating pores temporarily to allow
the inward diffusion of macromolecules for encapsulation.®?% 102104 115117

The various parameters that can change the permeability of the polyelectrolyte multilayer
films mentioned in 2.4.2 are generally employed for controlled or triggered release of the
encapsulated materials at desired conditions. The continuous rapid development of
exploiting the polyelectrolyte films as drug carriers with triggered release properties is
leading to new strategies in constructing LbL. microstructures that can respond to multiple

stimuli and deliver multiple active molecules in the controlled waly.m'147

2.4.4 Surface modification

Due to the easy manipulation of polyelectrolyte multilayer coatings on substrates, LbL films
have been used for surface modification, introducing versatile functionalities to a wide range
of surfaces.

Great efforts have been devoted towards the functionalisation of material surfaces that are
used in biomedical applications in order to provide biocompatibility or new functional
biological properties. For example, polyelectrolyte films containing collagen were used to
coat cytotoxic materials to provide biocompatibility.'*® Cell surfaces could be coated with
LbL films to modify and control the cell functions, such as viability, morphology and
proliferation.'” Bactericidal and virucidal LbL films were synthesized by using
polyelectrolyte with microbiocidal activity.'™

On the more technical side LbL films with superhydrophobic,”' anticorrosion,'”

153-155

antireflection or other functions®'® have been demonstrated. Due to the vast

development of polyelectrolyte multilayer films in varied applications, a number of reviews

were published concerning different aspects of the LbL films.’® 8% 14 147159170

13
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2.5 Nucleic acid detection systems

Due to the arisen demand in disease diagnostic and treatment, great attentions from
researchers worldwide are paid to the development of nucleic acid assays with high speed,

specificity and sensitivity.'”''"* The underlying methods are described in the next chapters.

2.5.1 Immobilisation methods

Probe ODN immobilisation on a surface is the first and critical step in DNA sensor
preparation. The attachment should be stable while the probes remain functional.
Adsorption, covalent immobilisation and avidin-biotin interactions are the frequently used
methods to immobilise probe molecules on the substrates in DNA sensors.' ">

To enable covalent immobilisation, probe ODN is modified with functional groups such as
thiol, amine or other groups. For example, thiol-modified probe DNA was covalently
attached onto gold surfaces due to the strong affinity of the thiol groups on noble metal
surfaces.'”” '™ Amine modified ODNs were coupled to carboxylic acid modified surfaces
via carbodiimide mediation."®" ' 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC)
reaction was found to be very efficient for ODN immobilisation on carboxyl-terminated

11, 183, 184

polymers. Further development can be found in covalent immobilisation of DNA

onto versatile substrates for wider applications.lgs'188

2.5.2 Nucleic acid hybridisation detection

Nucleic acid hybridisation can be detected by optical, electrochemical or gravimetric
methods.'* % 189 190 Among these methods, optical sensors are best suited for repetitive
analysis and continuous monitoring binding events in real time. Optical imaging methods,
based on fluorescence labelled molecules are widely adapted to measuring microarrays of

recognition events.

2.5.2.1 Fluorescence based DNA biosensors

When the DNA target is labelled with a fluorophore, its hybridisation with a probe can be
measured by an imaging fluorescence apparatus. For example, an optical fiber based nucleic
acid sensor was composed of single-stranded DNA (ssDNA) probes immobilised on the
surface of an optical fiber. Hybridisation with complementary target DNA was detected
through the use of fluorescently labelled target sequences191 or intercalating dyes that

exhibited enhanced fluorescence intensity upon hybridisaltion.192

14
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A significant disadvantage of a single labelled probe was that quantification and
visualization of the target was difficult by the strong fluorescence background of the
unbound probes, which required an extra step for the removal of unhybridised DNA.'"
Therefore, new generations of fluorescent probes emerged with interesting properties have
been exploited to develop DNA biosensors with higher detection limit, selectivity and
background discrimination.

The Molecular Beacons (MBs) are specifically designed DNA hairpin structures that are
widely used as fluorescent probes. MBs are ssODNs that possess a stem-loop structure in the
absence of a target. A fluorophore and a quencher are located at opposite ends of the MB.
The formation of the stem-loop structure brings the quencher and fluorophore in close
proximity that the fluorophore is quenched effectively. In the presence of a target DNA
molecule, hybridisation between the target and the loop sequence of the MB opens the stem
helix, which spatially separates the fluorophore and quencher, resulting in restoration of the
fluorescence (Figure 2.7). MB probes have the advantages of easy synthesis, molecular
specificity and structural tolerance to various modifications. They are better alternatives to
conventional linear probes for mismatch discrimination. Therefore they have been widely
used for DNA detection.'** ' Despite of the relevant advantages of MBs, when employed
in complex biological environments, they often give false signals most likely due to the
disruption of the hairpin structure from interaction with proteins, membranes or intercalating
agents in the cell cytoplasm. Another challenge is that it is not possible to visualize the

insertion process of MBs into the cell due to the dark state in the absence of the target.l%’ 197
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Figure 2.7 Scheme presentation of a MB structure before and after binding to the target.
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Quantum dots (QDs) are semiconductor nanocrystals that have broad absorption spectra
and exhibit narrow size tunable photoluminescence spectra. They can be excited by a single
excitation wavelength and are more photostable than most organic fluorophores. Due to their
unique electro-optical properties, QDs have been widely employed in bioassays and
biosensors development.27’ 198-202

The preparation of QD-ODN conjugate, using QDs not only as substrates for probe DNA
immobilisation but also as donor for FRET detection, has been reported by several groups
for DNA sensor applications.® ?” 2% 2™ Wang er al. prepared as pioneers a single QD based
DNA nanosensor, of which the detection limit was 100-fold higher than dye-based MBs.”
The novel DNA biosensor consisted of two target-specific probe ODNs, which contained a
reporter probe labelled with a fluorophore and a capture probe labelled with biotin, as well as
a QD conjugation with streptavidins (Figure 2.8). The QDs acted as both FRET energy
donor and target concentrator that amplified the target signal by confining several targets.
Sejdic et al. designed a simple DNA sensor based on FRET between blue luminescent CdTe
QDs and dye labelled ssDNA.** A cationic polymer was used as a linker to achieve efficient
energy transfer from QD donor to dye acceptor. The different interaction of single-stranded
and double-stranded DNA with CdTe resulted in different changes of FRET efficiency.
Recently, Fan er al. reported a quick preparation of compact QD-DNA probes for sensitive
DNA detection by FRET.?® The radius of final QDs was only around 3 nm after applying the
functional coating, resulting in a highly efficient energy transfer. Nearly 70% transfer
efficiency could be achieved with only a few DNA molecules on each QD and that the FRET
based DNA detection could be performed in a few minutes with a detection limit of 1.0-10”°
M. These findings presented the possibility of using QDs to construct a homogeneous DNA

assay.
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Figure 2.8 Scheme presentation of a single QD based DNA nanosensor prepared by Fang et
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Conjugated polymers (CPs) are characterised by a delocalized electronic structure. They
have been widely used in optoelectronic devices such as light emitting diodes, field effect
transistors and photovoltaic devices. In recent years, there is an increasing trend of using
water soluble conjugated polymers for optical biosensor development due to their ability to
gain signal in response to interactions with analytes by excitation energy transfers.® 20 204219
They are often referred to as amplifying fluorescent polymers or superquenching polymers.
Cationic conjugated polymers (CCPs), in particular, have been employed for strand-specific
DNA detection. The signal transduction mechanisms of CPs for biosensing are based on
FRET, electron transfer, analyte induced aggregation of CPs or analyte induced
conformational changes of CPs.

Whitten and coworkers have discovered fluorescence superquenching of conjugated
polyelectrolyte for biosensing applications in 1998.*°° The initial superquenching based
DNA hybridisation assay was a competition assay between a target ssDNA and a quencher
functionalized target ssDNA to form the dsDNA duplex with the probe ssDNA that was
immobilised on the fluorescent polyelectrolyte via biotin-avidin interactions.*”” A two step

assay in which the sensor was first incubated with the target ssDNA and ssDNA-quencher

was added in the second step resulted in a sensitive quench inhibition assay. An improved
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assay using the biotinylated PNA instead of the biotinylated probe DNA was reported by
their group with improved specific binding properties.208

Whitten et al. also intensively investigated the superquenching properties of J-aggregated
polymers.”” J-aggregate structure can be characterised by a sharp red-shifted absorption and
the similar red-shifted enhanced fluorescence intensity. They have been exploiting such
polymers in biosensing applications. Recently, they reported the preparation of a new label
free, real time sequence specific DNA detection based on supramolecular selfassembly. A
cationic phenylene ethinylene oligmer (OPE) formed a J-dimer or J-aggregate with DNA by
a combination of electrostatic and hydrophobic interactions. The self-assembled complexes
between OPE and dsDNA was characterised by the J-aggregate properties as the absorption
changes and increased fluorescence intensity. The complex of OPE/ssDNA was less readily
formed compared to OPE/dsDNA, but it showed a strong induced circular dichroism (CD)
signal. This signal decreased steadily with addition of the complementary ssDNA over time,
which allowed the monitoring of DNA hybridisation in real time. Introduction of
mismatches in the target sSDNA sequence slowed down the signal decrease process, which
enabled the system for SNP test without modification of the DNA.*'°

Leclerc et al. pioneered DNA detection with conjugated polymers based on the electrostatic
attraction between a CCP and DNA.*! They found that water soluble imidazolium
substituted poly(thiophene) was highly sensitive to the presence of ODNs by forming a
duplex structure and its color changing from yellow to red in 5 min. After adding the
complementary ssODN sequence, a triplex structure was obtained, and the color of the
solution changed back to red. This process could be followed by fluorometry and detect label
free specific ssDNA with high sensitivity and selectivity. However, the reaction must be
carried out at high temperature. This group has since then developed homogenous DNA
assays with improved sensing property in sensitivity, selectivity and applicability over years

by modified methods.*'?

In one of their latest work, they reported a detection limit of 5 target
DNA molecules in a 3 ml sample solution by tagging the capture ssDNA with a donor
fluorophore for FRET analysis.?'?

In contrast to the electron transfer based superquenching approach, Bazan et al. developed
an energy transfer based DNA sensor that possessed high signal amplification due to
efficient energy transfer from a cationic conjugated polymer to a dye labelled probe
molecule.”’ The method used the light harvesting luminescent conjugated polymer and a

peptide nucleic acid (PNA) probe labelled with a fluorescein reporter. Addition of the

solution of target DNA with the complementary sequence to the PNA yielded a duplex.
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Electrostatic interactions brought the cationic conjugated polymer and the PNA/ssDNA
duplex in close proximity so that the energy transfer from the conjugated polymer to the
fluorescein occured (Figure 2.9). The resulting fluorescence intensity was 25 fold enhanced
compared with that obtained from direct excitation of the PNA-fluorescein. DNA sensor
based on similar principle involving usage of dsDNA, intercalated dye ethidium bromide
(EB) as the acceptor or fluorescein as an intermediate signal enhancing ‘FRET gate’ have
been developed based on a signal amplification observed upon specific hybridisation to the
target DNA.?""2!" The group have modified the structure of their cationic conjugated

polymers for wider application and improved sensitivity and specificity.zlg'221
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Figure 2.9 Scheme presentation of using a water soluble CP with a specific PNA (labelled

with a fluorescent reporter C*) for DNA detection.”'

2.5.2.2 Other optical DNA biosensors

There are several other optical DNA sensing methods based on nonfluoresent detection such
as surface-enhanced raman scattering spectroscopy,”>> chemiluminescent detection,””
colorimetric detection,”* dual polarization interferometry*> and surface plasmon based
detection.””® The development for DNA sensing is a rapid growing field, in which tailored
methods should be applied in different application conditions. Progress in a diversity of

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

FRET is a quantum phenomenon occurring between two fluorescent molecules when the
emission energy of the donor overlaps with the absorption energy of the acceptor and the
molecules are in a close proximity (typically 10-100 A).'>?*7-?*® Energy is transferred from a
donor to an acceptor fluorophore through dipole-dipole interaction without emission of a
photon. As a result, the intensity of the donor fluorescence, lifetime and quantum efficiency
decrease, and the fluorescence intensity of the acceptor increase. Figure 2.10 illustrates the

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

The rate of FRET K, is related to several quantum mechanical and optical properties of the

donor and acceptor molecules and the distance between them. According to the theory of

Foster, Kt can be described by
2

_ Ok (90001n(10)] ()

7,r°\ 1287° Nn*

K, (Equation 2.1)

where k* is the factor describing the relative orientation of the transition dipoles of donor and
acceptor. For random orientation of the donor and acceptor, i.e. freely rotating dyes, k” is
2/3. n is the refractive index of the medium; Q is the quantum yield of the donor in absence
of the acceptor; 7p is the life time of the donor in the excited state in the absence of the

acceptor; r is the separation distance between the donor and acceptor; N is the Avogadro’s
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number and J describes the degree of spectral overlap between donor emission and acceptor

excitation:
J(A)= j: F,(A)e, (N)AtdA (Equation 2.2)

where Fp(A) is the donor emission as a function of the A, and & (A) is the extinction
coefficient of the acceptor.

The efficiency of energy transfer E,

E=K1/(Kt+ K1+K}) (Equation 2.3)
where K; is the donor emission. K, is the non-radiative relaxation process, which is
inversely proportional to the distance r between donor and acceptor. It is extremely sensitive
to distance changes described by:

1

F=——— Equation 2.4
1+(r/R0)X (Equation 2.4)

where Ry is the Forster distance between the donor and acceptor at which E is 50%. For a
single donor molecule transferring energy to a single acceptor molecule x is equal to 6.

Experimentally, E can be determined in a few different ways. It is often evaluated by: **°
E=1-1,,/I, (Equation 2.5)
where Ips and Ip are the donor fluorescence intensities in the presence and absence of the
acceptor respectively. E can also be estimated by comparing the ratio of emission from the
acceptor to the emission of the donor,”" or through the increase of acceptor emission in the
presence of the donor.”*® An evaluation and validation of the present vast number of FRET
efficiency strategies was performed by Danuser et al. based on a surface FRET system, in
which the absolute and relative fluorophore concentrations can be controlled. They classified
the different methods in terms of data, equipment requirements and their validity of applied
concentration range of the donor or acceptors.”"

However, accurate FRET quantification accounting for random distribution of donor and
acceptor positions with multiple donor-acceptor interactions is not simple to achieve. Several
models to analyse FRET in 2D systems such as membranes, lipid-protein complexes have
been proposed earlier already in 1980s,”* *** however such models can only allow for
interactions between one donor and multiple acceptors. Moreover, Monte Carlo simulation
has been used to calculate FRET efficiency for more complicated system.*'

The theory of FRET was first described by Forster in the late forties, its application to

measure distances between donor and acceptor molecules came decades later. FRET is now

widely utilized for a variety of applications. Conventional microscopy has a spatial
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resolution limit of 200 nm, which limits the direct observation of intra/inter-molecular
interactions in the nanometers range, e.g. protein-protein interactions, DNA conformational
changes and etc. The strong dependence of FRET on the distance between donor-acceptor
molecules in a few nanometers range enables researchers to use it as a ‘molecular ruler’.
Besides the mentioned utilization of FRET in DNA sensing applications, FRET can be
incorporated into chromatographic assays, electrophoresis, microscopy and flow cytometry
for sensitive and specific analysis to obtain information on biomolecules interactions,

conformational changes or structure information that are otherwise difficult to achieve.”**>*
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3. Experimental Part and Methods

In this chapter, the materials used are listed. The synthesis of dye labelled polyelectrolytes
and other sample preparations are described. The basic principles of the used techniques are
briefly explained with the emphasis on their practical applications, 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, M,=70 kDa),
sodium poly(vinylphosphate) (PVPho, M,=70 kDa), sodium styrene sulfonate (NaSS),
diallyldimethylammonium chloride (DACI, 65% w.t.%), Vazo44, potassium persulfate
(K»S,05), methanol, ethanol, dimethylformamide (DMF), hydrofluoric acid (HF), sodium
borate, sodium acetate, acetic acid, 4-(2-hydroxyethyl) piperazine-1-ethanesulphonic acid
(HEPES), tris(hydroxymethyl)methylamine (TRIS), hydrogen peroxide (H,O,) (30%),
ammonium hydroxide (NH4OH) (25%), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC), 1.1'-carbonyldiimidazol (CDI), N-hydroxysulfosuccinimide sodium
salt (sulfo-NHS), rhodamine B, tetramethylrhodamine isothiocyanate (TRITC) and
fluoresceinisothiocyanate-dextran (FITC-dextran) (M, =150 kDa), and were purchased from
Sigma-Aldrich (Germany). Polyvinylamine (PVA) (M, =45 kDa) was kindly supplied by
BASF (Weinheim, Germany under the product name Lupamin 5095). Poly(methacrylic acid
sodium salt) (PMAA) (M,,=100 kDa) was purchased from Polysciences Inc (Eppelheim,
Germany). Sodium hydroxide (NaOH), hydrochloric acid (HCl), sodium chloride (NaCl),
ethylenediaminetetraacetic acid disodium salt (EDTA) were obtained from Merck
(Darmstadt, Germany). Monodisperse silica particles of 4.3 pm were purchased from
microparticles GmbH (Berlin, Germany). Dodecyltrimethylammoniumbromide (DoTAB),
Alkyldimethylbenzylammonium chloride (BAC) and cetyltrimethylammonium bromide
(CeTAB) were purchased from Fluka (Steinheim, Germany). The lipophilic ODN modified
liposomes, i.e. large unilamellar vesicles (LUVs) were kindly provided by Professor

Herrmann (Department of Biology, Humboldt University of Berlin).
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All chemicals were used without further purification. Solutions were prepared with water
from a three stage Millipore Milli-Q Plus 185 purification system with a resistivity higher
than 18 MQ-cm. The structural formulas of polyelectrolytes are presented in Figure 3.1.

The ODNs used in this work and their suppliers are listed in Table 3.1. ODN stands for
single stranded DNA sequence in the present work unless specified as dSODN that stands for

double stranded DNA helix.

n
+ n
N Cl n
7N\ + - +
H;C” “CH; NH; Cl NH; Cl
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0 Na SO; Na PO3 ONa’
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.
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\ 4
N
—_ 2-6
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\
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Figure 3.1 Structural formulas of polyelectrolytes and cationic surfactants used.
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Table 3.1 Overview of ODNs used.

Probe ODN:s for covalent coupling Abbreviation | Supplier
5’-NH,-AAA AAA AAA AAA AAA AAA AAA-3 Aj BioTez"
5’-NH,-AAT(Flu)AAA AAA AAA AAA AAA AAA AAA-3 FluA,;
5’-NH,-Cy3-CACTACGGTGCTGAAGCGACAAA-3’ Cy30DN TIB**
ODN:s for DNA hybridisation Abbreviation | Supplier
5S-TTTTTTTTT TTT TTT TTT TT-3’ Tao

5’-T(Rho)TT TTT TTT TTT TTT TTT TT-3’ RhoT) BioTez
5-TTT TTT TTT TTT TTT TTT TT(Rho)-3’ T,Rho

5’-TTT TTG TCG CTT CAG CAC CGT AGT G-Cy5-3’ 3’Cy50DN TIB
ODN:ss for the single-nucleotide polymorphism (SNP) study Abbreviation | Supplier
5’ NH,-CACTACGGTGCTGAAGCGACAAA-3’ Probe
5’-TTTTTGTCGCTTCAGCACCGTAGTG-3’ Target’
5’-TTTTTGTCGCTTCAGCACCGTAGTG-Rho-3’ Target’Rho TIB
5S’-TTTTTGTCGCTTTAGCACCGTAGTG-Rho-3’ Target'Rho
5’-TTTTTGTAGCTTCAGCAGCGTAGTG-Rho-3’ Target’Rho

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

3.2 Synthesis of fluorescently labelled polyelectrolytes

Different polyelectrolytes with varied label degrees of defined dyes were self-synthesized
(the overview is given in Table 3.3). Fluorescent dyes involved in polymer labelling with

their abbreviation are listed in Table 3.2.

Table 3.2 Overview of fluorescent dyes involved in polymer labelling.

Fluorophore Mabs™ | Aem Abbreviation | Supplier
tetramethylrhodamine- isothiocyanate | 556 | 582 | TRITC Sigma-Aldrich (US)

methacryloxyethylthiocarbamoyl- )
) 548 | 570 | mRho Polyscience Inc (US)
rhodamine B

1-methyl-1’-(5-carboxypentyl)-Cy3 543 | 557 | Cy3

kindly provided by

NHS ester of 1-methyl-1’-(5- .

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 buffer (pH 7.0)
** Department of Chemistry, Humboldt-University of Berlin
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Table 3.3 Overview of self-synthesized fluorescent dye labelled polyelectrolyte.

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

Cys5 labelled PAH 70 Cy5-PAH 230/350/840/1500
disulfo-CyS5 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 monomer units/dye units on the polymer chain

3.2.1 Preparation of Flu-PMAA

200 mg PMAA was dissolved in 3.8 ml borate buffer (50mM, pH 8.0); thereafter 60 mg of
EDC and 30 mg of sulfo-NHS were added into the polymer solution. 30 min was allowed for
this reaction before 1200 ul fluorescein-amine (20 mM) in acetone was added to the
activated polymer solution. The reaction mixture was stirred for 24 hours at room
temperature. The molar extinction coefficient value of ep,= 80.000 M'lem™! 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: Cy3 carboxylate was converted to amine-

Cy3 in the first step before it was labelled onto PMAA to produce Cy3-PMAA.

3.2.2.1 Preparation of amine-Cy3

109 mg (0.2 mmol) Cy3 carboxylate was dissolved in 2.5 ml DMSO followed by addition of
64.8 mg (0.4 mmol) CDI. The activation step was carried out at room temperature for one
hour. Thereafter, 600 mg (10 mmol) ethylendiamine was added to the activated dye solution.

The reaction mixture was stirred at 70 °C for 24 hours overnight.

3.2.2.2 Preparation of Cy3-PMAA

6 mmol PMAA was dissolved in 3 ml borate buffer (50mM, pH 8.0) before addition of 1.2
mmol freshly prepared EDC. 30 min was allowed for this reaction and amine-Cy3 solution

was added to the activated polymer solution. Varied molar ratio between monomer unit of
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the polymer and dye molecules was used for producing Cy3-PMAA with different label
degrees. The reaction mixture was stirred for 24 hours at room temperature. The molar
extinction coefficient value of ecy3= 134.000 M 'em™ 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 PAH or PVA was dissolved in 10 ml borate
buffer (50 mM, pH 8.5) and mixed with a solution of 120 mg (0.3 mmol) TRITC in 20 ml of
DMEF. The reaction mixture was stirred for 24 hours at room temperature. The extinction

coefficient for TRITC etrirc was taken as 100.000 M em™! at 556 nm.

3.2.4 Preparation of Cy5-PAH

PAH was dissolved in borate buffer (5S0mM, pH 8.0) to a final concentration of 1.0 M and
the NHS ester of Cy5 (or disulfo-Cy5) was dissolved in DMF to a final concentration of 0.1
mol/l. A mixture solvent consisted of 75% borate buffer and 25% DMF was used to
synthesize Cy5-PAH and disulfo-Cy5-PAH. A mixture of 25% borate buffer and 75% DMF
was used to synthesize PAH-Cy5 II. Varied molar ratio between monomer unit of the
polymer and dye molecules was used for producing Cy5-PAH with different label degrees.
The reaction was performed under stirring at room temperature for 24 hours. The extinction
coefficient for Cy5, &cys was determined and taken as 230.400 Mlem™ at 640 nm, while

EdisulfoCys Was taken as 187.000 M'lem™! (FEW Wolfen) at 645 nm in water.

3.2.5 Preparation of Rho-PSS and Rho-PDA

Because of the difficulty for coupling substances to sulfonate and quaternary amine groups
Rho-PSS and Rho-PDA were synthesized by copolymerisation of dye molecules and
monomers. 1 M of monomer solution NaSS and DACI in water and 40 mM mRho in
methanol were prepared. 1 M Vazo44 or 0.15 M K,S,0s initiator was prepared in water. The
rhodamine dye and monomers were mixed in a molar ratio of 1:100. The mixture was
flushed with nitrogen for 15 min before incubation in the oven for 24 hours at 60 °C. The
extinction coefficient for mRho gnrno Was taken as 100.000 M lem™ at 550 nm.

The labelled polymers were dialyzed against MilliQ water using a cellulose membrane
(Mwco= 15 kDa) for one week and thereafter filtered and lyophilized. The label degree of
dye molecules on the polymer chain was determined by UV-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 templates for coating with polymer layers.
Alternating layers of positively charged polycations and negatively charged polyanions were
adsorbed on the particles from solution (1 g/l polyelectrolyte, 0.2 M NaCl, 50 mM acetate
buffer pH 6.2) respectively. After 20 min of each adsorption step, the particles were washed
with deionized water for three times to remove the non-adsorbed polyelectrolyte. 1 min of
centrifugation at 3000 rpm was applied for the separation of particles from the solution

during each coating/washing cycle.

3.3.2 Coupling of probe ODNs onto LbL particles by EDC activation

Amine modified ODNs were covalently bound to carboxylic groups on the LbL particles by
EDC alone or with sulfo-NHS (Figure 3.2).**’ In a one-step coupling process, amine-ODN,
EDC, sulfo-NHS and the LbL particles were mixed at the same time. In a two-step coupling
procedure, as the first step 10 ul EDC (50 mg/ml) and 10 pl sulfo-NHS (50 mg/ml) was used
to activate 50 pul silica particles (2 w.t.%, 4.3 um) coated with two double layers of PDA and
PMAA. 30 min was allowed for the activation before amine-ODNs were added to the LbL.
particle suspension as the second step. The reaction concentration of ODNs was kept at 1.5
uM and the mixture was incubated at room temperature for 1 hour before thoroughly washed

with water. 50 mM borate buffer (pH 8.0) was used in the coupling step.
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Figure 3.2 Scheme of coupling mechanism of amine-ODNs to PMAA in aqueous solution:

a) by crosslinker EDC only; b) by EDC plus sulfo-NHS.

3.3.3 Coupling of probe ODNs onto LbL particles by CDI activation

Amine-ODNs were also covalently bound to carboxylic groups on the LbL particles by
mediation of CDI in organic solvent DMSO (Figure 3.3).** The LbL particles were washed
by water free DMSO five times for solvent exchange. 10 pl of CDI solution (100 mg/ml
dissolved in water free DMSO) was used to activate 50 ul silica particles (2 w.t.%, 4.3 pm)
coated with two double layers of PDA and PMAA. 60 min at 35 °C (oil bath) was allowed
for the activation of the LbL particles before addition of amine-ODNs (dissolved in DMSO
and water mixture due to poor solubility of the ODNs in water free DMSO). The reaction
concentration of ODNs was kept at 1.5 uM and the mixture was incubated at room

temperature for two hours before thoroughly washed with water.
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Figure 3.3 Scheme of coupling mechanism of amine-ODNs to PMAA in organic solvent by

crosslinker CDI.

3.3.4 Hybridisation of complementary ODNs onto the LbL-ODN particles

For polyadenosine/polythymidine (poly dA/T) ODNs, the dsODN was obtained by mixing
complementary ODNSs and the LbLL.-ODN particles in 10 mM HEPES buffer (pH 7.4, 500
mM NaCl) at room temperature (Cparicie= 2.5%). The hybridisation time allowed was 30
min. When ODN sequence from Escherichia coli (E. coli.) DNA was used, the same
hybridisation buffer was used but temperature of 60 °C was applied for 15 min before
cooling down to room temperature.

For storage of the LbL.-ODN particles, 10 mM TRIS buffer containing 0.1% EDTA (pH 7.0)
was used to prevent cleavage of ODN sequence by DNases that might be present in the

suspension.

3.3.5 LbL-ODN particles for single-nucleotide polymorphism (SNP)

The ODN sequence used in SNP test as probe DNA (Probe) and hybridisation sequence as
target DNA with different mismatch numbers (Target") are listed in Table 3.1. LbL-
ProbeODN particles were prepared and hybridised with Target-ODNs firstly. Then the
fluorescence of the LbL-Probe/Target(Rho) particles (Cparicies=1 mg/ml) as a function of
base pair mismatch were measured at 25 °C and 60 °C respectively by fluorometry in order
to establish whether mismatch in the target sequence can be detected by fluorescence spectra
changes. The temperature of the particle suspension was controlled 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 ODNs hybridised onto the LbL.-ODN particles were removed by heating
up the particles above the melting temperature of the duplex so that the probe ODN on the
particle was again single stranded. This was achieved by incubating the LbL.-dsODN particle
suspension in water bath at 75 °C for 15 min. Thereafter, the particles were centrifuged at
5000 rpm for 30 seconds, and the supernatant containing the free complementary ODNs was
removed. Then the LbL-ssODN particles were washed with 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 (PAH/PSS), (PVA/PSS), (PDA/PSS) and
(PAH/PMAA) were prepared by dissolving the templates after the LbL film assembly. After
polyelectrolytes were deposited on the surface, the silica particles were dissolved in 0.1 M
hydrofluoric acid. For pH sensitive (PAH/PMAA) capsules, the particles were dissolved in
0.2 M ammonium fluoride in acetate buffer (pH 5.0). The 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 performed during or after LbL coating on the
template particles prior to the core dissolution. Freshly prepared 2.5% glutaraldehyde
solution was added to particles suspension (after each PAH coating layer or after complete 8
polyelectrolyte layer coating) yielding a final concentration of around 0.2% glutaraldehyde.
30 min of incubation time was allowed for the crosslinking 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 via hybridisation, complementary lipophilic
ODNs were incorporated into lipid membranes.***  I-palmitoyl-2-oleoyl-sn-
glycerophosphocholine (POPC) was used to prepare the liposomes and adenosine/thymidine
based ODNSs conjugated with two tocopherol moieties were incorporated into the outer
leaflet of the lipid vesicles. The size of the liposomes is approximately 100 nm controlled by
filters.

The hybridisation between the ODNs on the liposomes (LUVs-ODN) and the probe ODNs

on the LbL surface was carried out in the same condition as described in 3.3.4; and for the
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hybridisation of LUVs-ODNs on the LbL-ODN particles, 20 min of centrifugation at 500
rpm was applied instead of 1 min at 3000 rpm to separate the particles from the unhybridised
LUVs-ODN and water in the washing cycles.

Gold coated quartz crystals were used as the substrate for assembly of polyelectrolyte films,
ODN conjugation system and specific binding of liposomes 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 of the electromagnetic spectrum (A = 200 —
800 nm), most organic molecules absorb photons and undergo electronic transitions. The
absorption spectroscopy measures transitions from the ground state to the excited states of
the molecules. The method is often used to quantitatively determine concentrations of an
absorbing species in solution, following the Beer-Lambert law:
A=-log,,(I/I,)=€cL (Equation 3.1)
where A is the measured absorbance, Iy is the intensity of the incident light at a given
wavelength, [ is the transmitted intensity, L the pathlength through the sample, and ¢ the
concentration of the absorbing species. For each species and wavelength, ¢ is a constant
known as the molar absorptivity or extinction coefficient.**

The absorption spectra were recorded by a Cary 50 Scan UV-VIS spectrometer (Varian Inc.,

USA). Quartz cuvette with a path-length of 1 cm was used for determination of ODNs

concentration.

3.4.2 Fluoresence spectroscopy

Fluorescence spectroscopy measures the emission of radiation of the molecules from their
electronic excited states to the ground state. In the fluorescence spectrometer (often called
fluorometer), the species is firstly excited by absorbing a photon from its ground electronic
state to one of the vibrational states in the excited electronic state. The energy of the
electronic transition can be lost either by non-radiative relaxation or by the emission of a
photon (fluorescence). The wavelength of this photon depends on the vibrational state of the
electronic ground state where the transition finishes. Some energy is lost through the

relaxation process so that the emission wavelength is always longer than the excitation
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wavelength. The difference between the excitation and emission wavelength is called the
Stokes shift. Figure 3.4 illustrates the different processes of energy relaxation after

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

1
energy decay processes. '

The main advantage of fluorescence detection compared to absorption measurement is the
higher sensitivity and the ability to separate compounds on the basis of their excitation and
emission spectra as opposed to a single spectrum. This advantage is further enhanced by
commercial fluorescence dyes that have narrow and distinctly separated excitation and
emission spectra. A typical fluorometer contains an excitation light source, two

monochromators, sample cell, fluorescence detector and recorder (Figure 3.5).

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

Figure 3.5 Scheme of the set-up of a fluorometer.
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In the present study, fluorescence was recorded by a Cary Eclipse spectrometer (Varian Inc.,
USA) for one of the following purposes: 1. determination of ODNs immobilised on the
substrates by recording the fluorescence in the supernatant; 2. kinetic measurement of
fluorescence intensity changes of fluorescent capsules upon addition of surfactants; 3. the
fluorescence quantum yield comparison of free dye molecules and dye molecules
immobilised on polymers; 4. determination of FRET by simultaneous collection of emission
data at desired excitation and emission wavelength. The program of ‘Advanced Read’ was
used with 5 nm monochromator slit width for excitation and 10 nm for emission light.
Quartz cuvettes with a path length of 1 cm were used for measurement of particle based

samples. Magnetic stirrer of 8 mm length was used to prevent particle sedimentation.

3.4.3 Confocal laser scanning microscopy (CLSM)

Confocol laser scanning microscopy (CLSM) is a fluorescence based technique for obtaining
high-resolution optical images. The key feature of confocal microscopy is its ability to
acquire in-focus images from selected depths with a resolution of the fluorescence
wavelength, a process known as optical sectioning through the specimen that have a
thickness ranging up to 50 pm or more. Images are acquired point-by-point and

reconstructed with a computer. A scheme of the CLSM is shown in Figure 3.6.
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Figure 3.6 Scheme of the set-up of a confocal laser scanning microscopy.>*®
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In the confocal laser scanning microscopy, a laser beam passes through a pinhole aperture
situated in the confocal plane with a scanning point on the specimen and a second pinhole
aperture positioned in front of the detector (usually a photomultiplier tube (PMT)). As the
laser is reflected by a dichromatic mirror and scanned across the specimen in a defined focal
plane, scattered and reflected laser light as well as any fluorescent light from the illuminated
spot is then re-collected by the objective lens, passes through the dichromatic mirror and is
directed to the second pinhole. Only the lights at points on the focal plane are confocal with
the pinhole and will pass the pinhole aperture. After passing the pinhole, the light intensity is
detected by the PMT, transforming the light signal into an electrical one that is recorded by a
computer. In this way, the out-of-focus light is prevented from detection by the PMT and
does not contribute to the resulting image. Thus sharper images can be obtained than those
from conventional fluorescence microscopy techniques. Refocusing the objective shifts the
excitation and emission points on a specimen to a new plane that is confocal with the pinhole
apertures.”!’

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

Quantification of the fluorescence intensity of LbL particles by CLSM can be conducted
either by profile or by area analysis (Figure 3.7). The analysis by profile is simple and fast.
However, it only measures two points on the particle surface, which is a drawback in case
the fluorophore distribution on the particle is inhomogeneous. Therefore, analysis by area
was used in the present work (Figure 3.7 b). A table such as Figure 3.6b was automatically
given when the region of interest (ROI) was defined. The mean chain value was taken as the
fluorescence intensity of each individual particle; e.g. the fluorescence intensity of the
particle defined by ROI 1 was 53.08 (note that the particles need to be uniform in size for
valid comparison of mean chain values). A minimum of 10 particles were analysed to give
an average value for each sample. Note that the fluorescence intensity of the background
must be negligible, otherwise the background intensity has to be deducted from the value

obtained on the particles (e.g. the intensity of ROI 4 was 0).
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Figure 3.7 Quantification of fluorescence intensity by CLSM: a) profile method, the
fluorescence intensity along the profile is shown in the graph; b) area method, the
fluorescence intensity sum in the region of interest and average value divided by the area are
listed in the table.

The CLSM images were taken at different photomultiplier voltage (PMV) values for
obtaining optimal visual brightness. In order to compare the fluorescence of the particles, the
conversion factors between different PMVs of fluorescence intensities were determined. The
amplification factor between PMVs normalised at PMV 450 is shown in Figure 3.8.

At each PMV, the CLSM has a display limit of fluorescence intensity. Above this limit, a
different colour (e.g. blue colour in Figure 4.36) is shown instead of the emission colour of
the fluorophore, indiciting that the fluorescence intensity of the sample is well above the
display range by the CLSM at the defined PMV. Therefore, for the quantification of
fluorescence intensity, PMV should be adjusted in a range 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 of different PMVs. The factor of 450
PMYV was set to 1.

3.4.4 Flow cytometry

Flow cytometry, or Fluorescence Activated Cell Sorting (FACS), is a technology that
simultaneously measures multiple physical characteristics of single particles or cells as they
flow in a fluid stream through a beam of light (Figure 3.9). It uses the principles of light
scattering and fluorescence to generate specific multi-parameter data from particles or cells
in the size range of 0.5 um to 40 um. Lasers are often used as the light source in the flow
cytometry. One unique feature of flow cytometry is that it measures signals per particle or
cell. This is in contrast to the spectrophotometry, where the measurement is based on a bulk
volume of sample.

A flow cytometer is made up of three main systems: fluidics, optics, and electronics. The
fluidics system transports particles in a stream to the laser beam for interrogation. The optics
system consists of lasers to illuminate the particles in the sample stream and optical filters to
direct the resulting light signals to the appropriate detectors. These detectors collect different
information of the particles: the forward scatter (FSC) intensity, correlated with the particle
volume; the side scatter (SSC) intensity, depending on the internal and external structure of
the particles; fluorescence intensity at specific wavelengths. The electronics system converts

the detected light signals into electronic signals that can be processed by the computer.248
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Figure 3.9 Scheme of the key features in a flow cytometer.

Flow cytometry was performed on LbL-dsODN particles to measure the fluorescence
intensity using a FACScan (Becton Dickinson, San Jose, USA). It is equipped with an argon
(488 nm) laser and can provide three fluorescent and two scatter properties. It has emission
band filters of 530+30 nm, 585+42 nm and a long-path filter of > 670 nm, of which the first
has been used in this work for the donor intensity measurement and the second for acceptor
intensity both at A= 488 nm. For each data point 10.000 particles were measured. Data
were analyzed using Cyflogic software (Cyflo Ltd), and they can be shown as dot plots with
FSC and SSC intensity, out of which the population of single particles can be selected for
exclusive fluorescence intensity analysis (Figure 3.10). Therefore, fluorescence signals from

aggregates of particles were excluded from the FRET analysis.
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Figure 3.10 Dot plot of fluorescent LbL.-dsODN particles by flow cytometry, of which the
population of single particles are presented in the red circle and most of the doublets or

multipletes population are presented in the blue circle.

3.4.5 Quartz crystal microbalance (QCM)

Quartz crystal microbalance (QCM) is an ultra-sensitive weighing device that measures a
mass per unit area in the nanogram range.”*’ It uses the principle that a piezoelectric quartz
crystal changes its oscillation frequency when mass is deposited or removed from the crystal
surface. In the most common configuration, a thin (~200-400 pm) circular crystal disc is
sandwiched between a pair of circular metal electrodes (usually gold). When a thin film is
attached to the crystal the resonance frequency decreases. If the deposited film is thin and
rigid the decrease in the frequency is proportional to the mass of the film according to the

. 250
Sauerbrey equation: >

Af = —%Am (Equation 3.2)

where C= 17.7 ng Hz'em™ for a 5 MHz quartz crystal, and n =1, 3, 5, 7 is the overtone

number. The thickness of the adhering film can also be estimated as below:

dy =Am/p,, (Equation 3.3)

where p,is the effective density of the thin film.
By collecting the resonance frequency of a quartz crystal, QCM technology can be used
to characterise the formation of thin films (nm) such as proteins, polymers and cells onto

surfaces, in liquid.25 1-253
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A Q-Sense E4 apparatus from Q-Sense (Vistra Frolunda, Sweden) was used in all
experiments. All measurements were taken at 25 °C at the fundamental frequency as well as
at the 3", 5™ and 7™ harmonic including the frequency shift and the dissipation. In this work
only the results of the frequency changes at the 3™ harmonic (15 MHz) were used for
calculation. The resonance frequencies of the crystal were measured with a precision of 1
Hz. QCM crystals with a fundamental frequency of 5 MHz were used in all experiments. In
the present work, the QCM was used to quantify the assembly of LbL films, coupled ODNs
and the built up of liposomes on the planar surface.

The crystals were cleaned by freshly prepared piranha solution that consisted of 3:1 H,SOy:
H,0, at room temperature for 20 min three times before being thoroughly rinsed with water.
The measurement cell was cleaned with flowing water for half an hour at room temperature.
Afterwards they were rinsed with water and dried with nitrogen. The polymer solutions (0.5
mg/ml) were injected into the system with a peristaltic pump for 30 min with a velocity of
0.5 ml/min for each layer and rinsed with water/buffer solution for 10 min before the
following polymer coating solution. The ODN (1 mM) and liposome solution (2 mM) were
injected into the chamber and incubated for 60 min before washing. Borate buffer (50 mM,
pH 8.0) was used for washing before EDC activation step and during ODN coupling process.
HEPES buffer (10 mM, pH 7.4) was used during the liposome assembly. Changes of the

frequency and dissipation were continuously monitored and recorded.

3.4.6 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very high
resolution type of scanning probe microscopy. For ideal samples (crystals) the AFM
resolution is in the nanometer scale, more than 1000 times better than the optical diffraction
limit.”

The AFM measures the forces acting between a fine tip and a sample. It consists of a
piezocrystal that develops an electrical potential in response to mechanical pressure and the
probe that is a cantilever with a fine tip at its end to scan the specimen surface. The
cantilever is typically silicon or silicon nitride with a tip radius of curvature on the order of
nanometers. When the tip is brought into proximity of the sample surface, forces between the
tip and the sample lead to a deflection of the cantilever. Typically, the deflection is measured
using a laser spot reflected from the top surface of the cantilever into an array of

photodiodes. The principle of AFM is shown in Figure 3.11.
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Figure 3.11 Schematic presentation of the AFM principle.*>

AFM is operated as contact mode, non-contact mode or tapping mode. In contact mode, the
tip makes a soft ‘physical contact’ with the surface of the sample. The deflection of the
cantilever Az is proportional to the force AF acting on the tip according to Hooke’s law,

Az = AF/k, (Equation 3.4)
where k. is the spring constant. By using contact mode AFM, even ‘atomic resolution’
images can be obtained. The use of non-contact mode allows scanning without influencing
the shape of the sample by the tip-sample forces. In tapping mode AFM the cantilever is
oscillating close to its resonance frequency. An electronic feedback loop ensures that the
oscillation amplitude remains constant, so that a constant tip-sample interaction is
maintained during scanning. The advantage of the tapping mode is the elimination of a large
part of permanent shearing forces and it causes the least damage to the sample surface.
Tapping mode AFM can reach a lateral resolution as high as 1 nm.

AFM can image the non-conducting and conducting surfaces in various environment (air,
liquid, vacuum), which enables its application on different types of materials. Nowadays
AFM has been widely used as a technique leading to new discoveries in many fields
including life science, materials science, polymer science, nanotechnology and

biotechnology.256'259
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AFM measurement was performed in air on LbL film coated planar surfaces (coupled with
ODNSs or without) using a Nanoscope III multimode AFM (Digital Instruments Inc., USA)
operating in tapping mode. The AFM tip (PPP-NCH-W) from Nanosensors (Wetzlar,
Germany) with a resonance frequency of 302-354 kHz and a stiffness of 25-42 Nm™ was

used.

3.4.7 Zeta potential measurement

Particles in a colloidal suspension or emulsion are usually electrically charged. The amount
of charges on the particle surface determines the stability of the colloids, and therefore it is
an important particle characteristic. It can be measured by the electrophoretic mobility of the
particles in suspension. The suspension is in an electroneutral state because the charge on the
surface of each particle is counterbalanced by opposite charges (ions) in the surrounding
solution.”® The charges on the particle surface are considered to be attached firmly to it, and
they are so called bound ions that make the Stern layer. The surrounding charges are loosely
attached in the diffuse layer. Within the diffuse layer, there is a notional boundary, where the
ions and particles form a stable entity. Ions within this boundary move with the particles,
whereas ions beyond this boundary do not travel with the particles. This boundary is called
the surface of hydrodynamic shear or slipping plane, and the potential at this boundary is
known as zeta potential ({). The model of surface charge layers and zeta potential is shown
in Figure 3.12.

Zeta potential indicates the potential stability of a colloidal system. Particles with a zeta
potential above 130mVI| generally have no tendency to aggregate due to the electrostatic
repulsion to each other, and they are considered stable. Zeta potential is highly dependent on
the pH value and the ion strength.*®' Therefore, a zeta potential value needs to be measured
at a known pH and ion strength.

The determination of Zeta potential { is based on the electrophoresis measurement according
to the Henry equation:
_2ef f(ka)

= T

where Ug is the electrophoretic mobility, ¢ is the dielectric constant, # is the viscosity of the

U, (Equation 3.5)

medium and f{ka) is Henry’s function that equals to 1.5 when the measurement is in aqueous
media and at moderate electrolyte concentration.
Zeta potential measurement was performed on LbL film coated particles using a Malvern

Zetasizer Nano-Z (Malvern Instruments Ltd., Worcestershire, UK). Each obtained value was
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an average value of 30 measurements. | mM TRIS buffer (pH 7.0) was used in all zeta-

potential measurements.
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Figure 3.12 Schematic model of zeta potential.

3.4.8 Calculation of Iyt

In this work, fluorescence intensity of the acceptor molecules induced by the ‘energy
transfer’ from the near-by donor, denoted as Irrgr is used to evaluate the FRET efficiency in
our LbL-ODN system. Iprer Was analyzed by fluorometry and flow cytometry; both methods
allowed simultaneous fluorescence collection at different wavelength. The data were
corrected for crosstalk between the dyes as described below. Crosstalk controls were 1) Irpo,

2) Ip]u, (Aex =488 nm, Aem = 580 nm).

I'rrer=1—1 Fru—1 Rio (Equation 3.6)
I riu = 1o Fiu(emss0)/ 1o Fluems18) ™ I Fluems1s) (Equation 3.7)
I Rho = 1o Rho(ex488)/ 10 Rho(ex555) ™ I Rho(exs55) (Equation 3.8)

where [ is the fluorescence at 580 nm in the presence of donor and acceptor for Aex = 488
nm; /o Fiu Ems1s) and Iy Fluemsso) 1S the donor fluorescence at 518 nm and 580 nm respectively

in the absence of acceptor for Jdex = 488 nm. Iy rho (exass) and Iy rho (exss55) 1S the acceptor
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fluorescence at 580 nm in the absence of donor for Aex = 488 nm and 555 nm respectively; /
Flu ems18) 1S the donor fluorescence at 518 nm in the presence of acceptor for Aex = 488 nm and
I Rrno (exss5) 18 the acceptor fluorescence at 580 nm in the presence of donor for Aex = 555 nm.
(Note: 1. In order to minimize the influence of light scattering of particles on the
fluorescence signal, Aex = 480 nm was used in particles based fluorometry measurement; 2.
Due to a single laser excitation source (488 nm) availability in the flow cytometer used,

crosstalk control of Irp, was neglected in the measurement by flow cytometry.)
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4 Results and Discussion

This chapter is composed of three sub-sections: 1. the preparation and characterisation of the
LbL-ODN system for DNA detection by FRET; 2. the investigation of photophysics of the
FRET donor dye Cy3 covalently coupled to polyelectrolytes; 3. the stability of the LbL films
to several cationic surfactants. In addition to the emphasis on their contribution to the
development of the FRET-based DNA diagnostic system by the LbL technology, each
section is discussed individually both from the fundamental 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 modified microparticles covalently coupled with
ODNs (LbL-ODN particles) is reported. The properties as a FRET based nucleic acid
detection system are evaluated from several key perspectives. In addition to the application
in nucleic acid diagnostics, the possibility of specific assembly of other biomolecules or

nanocontainers on the LbL.-ODN structure was also demonstrated.

4.1.1 Preparation of the LbL-ODN particles

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

During initial characterisation of the system, a 21-mer amine modified polyadenosine ODN
with or without fluorescent dye label (i.e. 5’-NH,-Flu-A;;-3’ (FluA;;) and 5°-NH;-A;-3’
(Az;) respectively) was used as probe ODN. Accordingly, the polythymidine ODN T,
complementary to Ajj, labelled with Rho either at 5” or 3" end, namely RhoT, or TypRho

respectively, were used as the target DNA models for the hybridisation test. By measuring
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the fluorescence intensity of the ODN solution before and after the coupling to the activated

LbL particles the amount of coupled ODNs was determined.

4.1.1.1 One-step or two-step coupling process

In one-step coupling, the LbL particles, crosslinking agent EDC and the probe ODN FluA;
were mixed together at the same time. However, using this simple method the coupling
efficiency was low. In a parallel control experiment, it was observed that pure FluA;; in
solution reacted already with EDC in the absence of the particles causing a strong reduction
of fluorescence intensity of FluA;; solution. This could be caused by activation of the
carboxylate group in fluorescein or the phosphate groups from the ODNs by EDC leading to
a self-crosslinking of the ODN via the amine group reducing the coupling efficiency.
Therefore, a two step coupling process was developed, in which the probe ODNs were added
as a second step after washing away the excess EDC when the activation on the particle
surface was completed.

It is well known that EDC and the EDC-activated intermediate groups are hydrolysed

quickly in aqueous solution.**?

Thus freshly prepared EDC was used and the time between
activation and ODN addition in the two-step process was kept as short as possible. It is
reported that in the presence of sulfo-NHS with EDC, the more stable NHS-ester is formed
(Figure 3.2 b). However, the present study showed that the use of sulfo-NHS resulted in
lower coupling efficiency and caused severe problems of non-specific binding (see section

4.1.1.3).

4.1.1.2 Selection of polyelectrolytes

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

1. Allowing maximal coupling efficiency of probe ODNs

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

3. Stability of polyelectrolyte layers under the hybridisation conditions

For the selection of polycations, PAH and PDA, which are commonly used in the LbL film
assembly were tested. PDA consists of quaternary amine groups that do not react with
activated carboxylate groups. Also the charge density of PDA is independent on pH.
However, LbL films containing PDA showed lower thermal stability as reported by Kohler
et al.'® PAH consists of primary amine groups that generally yield more stable LbL films

262

due to additional hydrogen bonding. However, due to the interpenetration of
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polyelectrolytes in the LbL films, there is competition between the amine groups on PAH
and the amine-modified probe ODNs to react with EDC-activated carboxylate groups.
Hence, the influence of primary amine groups on the coupling efficiency of the probe ODN
was studied (Figure 4.1). 100 pmol of FluA,; was used to couple on 1 mg of LbL particles
coated with four polyelectrolyte layers of (PAH/PMAA),, (PAH/PMAA/PDA/PMAA) and
(PDA/PMAA), respectively. After identical coupling process, only one third of FluA;; was
coupled onto the particles coated with (PAH/PMAA), compared to particles coated with
(PDA/PMAA),. This is consistent to the measurement of fluorescence intensity by CLSM,
which shows that the fluorescence intensity of (PAH/PMAA),-based LbL-FluA,; particles
was remarkably lower than the (PDA/PMAA),—coated ones.
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Figure 4.1 Amount of FluA;; that can be coupled onto the particles coated with different
polyelectrolyte combinations (left) and the fluorescence intensity of the respective LbL-
FluA;, particles measured by CLSM (right). PMV= 600.

The remarkably reduced coupling efficiency of FluA;; onto the PAH containing LbL film
can be ascribed to the consumption of activated carboxylic groups due to crosslinking
between PAH and PMAA within the LbL layers. This effect can be especially pronounced
for the two step coupling process used, because the NH,-ODNs were added after the EDC
activation process when the crosslinking of LbL film already took place. It is worth
mentioning that, even when PAH was assembled 3 layers underneath (i.e. only used as the
first coating layer) the effect was still remarkable, pointing to a rather strong interpenetration
of the layers. Due to the strong decrease in activated carboxylate groups available for
covalent linkage to probe ODNs, PAH was not suitable to be employed in the LbL film

assembly.
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For selection of polyanions, the following polyelectrolyte combinations were investigated as
LbL film for covalent coupling of probe ODNs: (PDA/PMAA),, (PDA/PSS/PDA/PMAA),
(PDA/PSS),, (PDA/PVPho),. The last two were used in the first instance as control samples.
500 pmol of FluA,; was used for coupling on 1 mg of each type of LbL particles under
identical coupling process. Surprisingly, FluA;; was coupled on all four types of LbL
particles including (PDA/PSS), and (PDA/PVPho),-coated ones, though there have been so
far limited reports on reactivity between polymeric sulfonate or phosphate groups and the

carbodiimide crosslinker (Figure 4.2). All four samples yielded similar coupling efficiency

(250 pmol per mg particles). The fluorescence intensity of each sample was quantified by the

CLSM (method described in section 3.4.3).

Figure 4.2 CLSM images of FluA;; coupled onto LbL particles coated with four
polyelectrolyte layers of a) (PDA/PVPho),, (PMV=500); b)(PDA/PSS),, (PMV=600); c)
(PDA/PSS/PDA/PMAA), (PMV=550); d) (PDA/PMAA),, (PMV=600). The fluorescence
intensities of each sample normalised at 600 PMV are: a) 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 kit is negligible non-specific binding, i.e.
no non-target molecules bind onto the sensor. The non-specific binding test of LbL-ODN
particles was carried out in 3 ways: 1) Affinity of ODNs to the LbL particles without EDC
activation; 2) Affinity of ODNs (without amine-linker modification) to the LbL particles
after EDC (plus sulfo-NHS) activation; 3) Affinity of non-complementary ODNs to the LbL
particles coupled with probe ODNs by EDC (plus sulfo-NHS). All these tests were carried
out under hybridisation conditions described in section 3.3.4.

Firstly, affinity of RhoT,y (without amine-linker) to the LbL particles without any
crosslinking agents was tested. No adsorption of ODNs on LbL film was expected due to the
electrostatic repulsion between the negatively charged ODN and the LbL particles with a
polyanion as the outermost coating layer. However, non-specific binding of RhoT,y on

(PDA/PVPho), coated particles was observed (Figure 4.3 a), while no binding was found on
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other polylelectrolyte combinations tested. Therefore, polyanions containing phosphate

groups should be avoided in the LbL film for specific coupling of ODNss.

Figure 4.3 Non-specific binding of RhoT,y on particles coated with a) (PDA/PVPho),
without EDC activation (PMV=700); b) (PDA/PSS), after EDC (plus sulfo-NHS activation
(PMV=700); c) (PDA/PMAA), after EDC (plus sulfo-NHS) activation (PMV= 650). The
fluorescence intensities of the particles normalised at 600 PMV are: a) 44.5; b) 47.5; c) 38.1.

Secondly, the affinity test of RhoT,p (without amine linker) on particles coated with
(PDA/PSS), or (PDA/PMAA), after EDC (plus sulfo-NHS) activation was tested by CLSM.
Strong affinity of RhoT,y was found on both surfaces (Figure 4.3 b, ¢). This can be ascribed
to the positive charges on the surface produced by the crosslinking intermediate groups.
Thirdly, the affinity of RhoA,y (without amine-linker) and RhoT,; to the LbL-ODN
particles, i.e. particles coated with (PDA/PSS), or (PDA/PMAA), and covalently coupled
with FluA,; was tested (Figure 4.4).
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Figure 4.4 Amount of RhoT,y (mainly specific via DNA hybridisation, black line) or
RhoA;y (non-specific, red line) bound onto LbL-A,; particles coated with polyelectrolyte
layers of (PDA/PMAA), (solid line) and (PDA/PSS), (dashed line) and activated by EDC
plus sulfo-NHS.
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Figure 4.4 shows that RhoAjy non-specifically bound onto the LbL-A,; particles, which
indicats that the binding of RhoT,( onto the LbL-A;; particles was not only via specific DNA
hybridisation but also partially non-specific. This strong non-specific affinity of ODNs on
LbL particles after EDC plus sulfo-NHS activation was mostly caused by remaining
activated groups that were not used by specific coupling to probe ODNs. It is known that the
EDC active intermediates undergo hydrolysis in aqueous solutions slowly and return to
carboxylate groups. But even after several days, non-specific binding was still observed for
the particles activated by EDC plus sulfo-NHS. Therefore, efforts were made to accelerate
this process and to reverse the activated groups back to carboxylate groups after sufficient
probe ODNs were coupled.

A range of substances were tried to deactivate the EDC/sulfo-NHS ester groups on LbL
particles. The efficacy of deactivation was investigated by affinity test of NH,-FluA,; onto
the LbL particle surface after the deactivation. 100 pmol FluA,, was used for coupling onto
1 mg of particles coated with certain polyelectrolyte combinations, activated by EDC (with
or without sulfo-NHS) and then treated by different solutions (shown in Table 4.1). for
deactivation. The amount of FluA,; coupled onto each type of LbL particles after treatment

was analysed.

Table 4.1 Amount 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 0.5M 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 EDC (alone or with sulfo-NHS) and then treated with
the listed solution overnight. (Cparicies = 0.5 mg/ml)

As shown in Table 4.1, complete quenching of the activated carboxyl groups was only found
on NHS-ester free (PDA/PMAA), particles which were treated with acetate buffer (0.1 M
CH3COOH , pH 3.0). Further test revealed that one hour treatment with the acetic acid
solution was sufficient to achieve complete deactivation. Therefore, in order to avoid non-
specific binding, the LbL-A;; particles were treated with 0.1 M acetate buffer at pH 3.0 for

one hour and washed with water and hybridisation buffer. Later their affinity to RhoT, and
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RhoA;,y was tested. After addition of the LbL-A,, particles to the solution of a non-
complementary ODN (RhoA;¢), the supernatant fluorescence was the same as that of the
corresponding RhoA;( solution, meaning that almost all RhoA,; molecules remained in the
supernatant without binding onto the LbL-A;; particles. In contrast, addition of the
complementary ODN RhoT,y to 1 mg LbL-A;; particles resulted in negligible fluorescence
of the supernatant up to 100 nM RhoTy, indicating efficient specific binding via DNA
hybridisation (Figure 4.5).
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Figure 4.5 Fluorescence intensity of supernatant after addition of different concentrations of
RhoAy (red line) or RhoTyy (black line) to LbL-A,; particles (Cparicie = 1 mg/ml). The
corresponding calibration curves of RhoA,y or RhoT,( 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/PMAA) yielded the least non-specific
binding, which is essential for the LbL.-ODN system, aggregation of the particles during the
LbL film assembly was observed. The aggregation level increased with increasing number of
(PDA/PMAA) layers coated on the particle surface. Since sufficient amount of probe ODNs
can be coupled already onto particles coated with four layer 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 procedure including the EDC activation time,
concentration of EDC and the reaction time of probe ODNs with activated particles were
carried out in order to obtain 1) LbL-ODN particles with the highest binding capacity to

target molecules; 2) good stability; and 3) homogeneous ODN distribution. The optimal
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coupling conditions were determined and used throughout this work (section 3.3.2). The

amount of probe ODNs coupled on LbL particle was evaluated (section 4.1.2.2).

4.1.1.6 Stability of the LbL-ODN particles

The DNA hybridisation assay usually includes an intial incubation step above 60 °C in order
to ensure complete melting of any existing dimer or duplex DNAs. High salt concentration
(500 mM) is also used for efficient shielding of the repulsive ODN charges. In addition,
other substances such as surfactants like SDS and proteins like BSA are often added in
hybridisation buffers in order to prevent non-specific binding. The LbL-ODN particles
should remain stable under these conditions. LbL films are known to be responsive to
environmental changes such as temperature, ionic strength and surfactants, with possible
conformational changes or partial dissolution of the polyelectrolyte layers in the film 3 '1®

Therefore the stability of the LbL particles was investigated under different hybridisation
conditions by varying the following parameters: room temperature/70 °C, HEPES buffer (pH
7.4), 0.5 M NaCl, 0.1% SDS and 1 mg/ml BSA. The LbL-ODN particles remained stable
during hybridisation at room temperature under aforementioned parameters; whereas for
particles incubated at 70 °C and in the presence of SDS, a partial release of the
polyelectrolyte PMAA from LbL-ODN particles coated with (PDA/PMAA), was observed.
Different treatments were performed on the LbL particles prior to the ODN-coupling process
in order to achieve most stable LbL films. The most effective method was incubation of the
LbL particles in 50 mM borate buffer (pH 8.0) at 70 °C for 2 hours, by which all the excess
PMAA was released during the treatment and a leakage of polyelectrolytes in the
hybridisation step was not observed anymore. The treatment of the LbL particles did not
influence the coupling efficiency for probe ODNs. However, heating for a longer time and at
a higher temperature caused further loss of polyelectrolyte from the film and induced
aggregation of the particles (see section 4.1.4.7). Furthermore a strong influence of cationic
surfactants already at low concentration on the LbL films 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 used for the coupling of amine-containing
compounds to carboxyl groups such as N, N’-carbonyldiimidazole (CDI) and diisopropyl
carbodiimide (DIC).”** Both coupling agents require water free solvent to avoid almost

instant hydrolysis or insolubility in water. LbL particles were washed with water free DMSO
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five times and LbL-FluA,; particles were successfully prepared by CDI activation (see
section 3.3.3). This method has the advantage that deactivation of excess esters is not
necessary because the activated esters undergo fast hydrolysis when the solvent is shifted
back to aqueous solution. However, the coupling efficiency was slightly lower than that
achieved by EDC activation in aqueous solution, most likely due to the presence of
remaining water molecules in the LbL films that are highly hydrated due to the remaining
chalrges.36 Therefore, the solvent exchange inside the layers was not complete. Hence,
covalent coupling of ODNs on LbL particles in the present 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 surface reverses the surface charge. Therefore, zeta
potential measurement of the particles was employed to monitor the formation of each
polyelectrolyte layer deposited sequentially on the particles (Figure 4.6).

The particles had an average zeta potential of +39.3 mV and —47.3 mV after PDA and
sequential PMAA coating, respectively. This alternation of zeta potential quantitatively
demonstrated a successful recharging of the particle surface by the deposition of each
polyelectrolyte layer, indicating the step-wise layer growth on the particle surface. The
surface charge of the particles with the outermost layer PMAA remained almost unaltered

after covalent coupling of the negatively charged probe ODN:s.
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Figure 4.6 Zeta potential of the LbL particles after each layer of coating or coupling of the
probe ODNSs. (*: measurement from the LbL-ODN particles with ODN coupling density of
100 pmol/mg).
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4.1.2.2. Coupling and hybridisation efficiency of ODNs

Coupling efficiency

The optimal amount of ODNs for coupling was analyzed by measuring the fluorescence of
the supernatant solution after the coupling process using varing amount of probe ODNs
(Figure 4.7). Up to 250 pmol FluA;; ODN molecules were all covalently coupled onto 1 mg
of the LbL particles, i.e. 2x10""” mole ODNs (i.e. 1.2x10" ODN molecules) per particle. 250
pmol FluA,; was the threshold vaule above which there was no further increasing coupling
amount. By increasing the amount of EDC used for activation, the coupling capacity of
probe ODNSs can be further increased. However, this led to pronounced aggregation of the
LbL particles during the activation step, which can be explained by loss of negative charges
on the particle surface due to the creation of the positively charged active intermediate
substance o-acylisourea (refer to Figure 3.2). Such aggregation remained even after the
coupling of the ODNS5 and the deactivation of the acylisourea groups. Besides, for such high
density of probe ODNs on the particle surface (approximately one ODN molecule per 5 nm?’
if neglecting the LbL film roughness) the hybridisation efficiency decreased, which was
most likely caused by steric hindrance for DNA hybridisation (a double stranded DNA helix
has a diameter of 2 nm).263

During further work unlabelled probe ODNs were also coupled onto the particles. When
relative large batches were prepared, the amount of ODNs coupled could also be determined
by UV/Vis due to the distinctive absorption of ODNs at 260 nm. The coupling efficiency for
the unlabelled ODNs was consistent with the value obtained by the fluorescence method for
the labelled ones. Hence, the label on the ODNs had no influence on the coupling efficiency.
However, the fluorescence measurement offers much higher sensitivity than the absorption
method and requires less amount of sample. Therefore, it was preferentially used in this

work for quantification of the immobilised ODN:ss.
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Figure 4.7 a) Fluorescence spectra of supernatant solution after coupling procedure. Amount
of FluA;; used for coupling: 125 pmol (cyan line), 250 pmol (blue line), 300 pmol (green
line) and 400 pmol (red line). Fluorescence of 250 nM FluA;; solution is shown as dashed
line as reference. b) Supernatant fluorescence (black squares, left) and the coupled amount of
FluA;; (blue circles, right) in dependence on the amount of FluA;; used. (Note: a constant

amount of 1 mg LbL particles was used for each sample.)

Hybridisation efficiency

ssDNA containing the complementary sequence to the probe ODN can form double helices
on the LbL-ODN particles via DNA hybridisation. The hybridisation efficiency is defined as
the ratio between the amounts of ssDNA hybridised to the coupled ODNSs per particle. When
Aj; was used as the probe ODN, RhoT,y or T,oRho was used as target ssDNA to test the
hybridisation. The amount of hybridised ODNs was determined in the same manner as for
the coupling efficiency, by measuring the fluorescence or absorption intensity in the
supernatant. As mentioned, a single 4.3 um LbL particle can carry up to 2x10™"” mole probe
ODNs. However, at such a high ODN density, the hybridisation efficiency of the
complementary ODNs was less than 50%. To optimise the hybridisation efficiency of the
LbL-ODN particles, the coupling amount of probe ODNs was reduced to 125 pmol per mg
particles, resulting in a hybridisation yield of approximately 80% both for RhoT,, and
T,oRho (100 pmol T,y per mg LbL-A,; particles).

4.1.2.3 Comparison of LbL particles with conventional carboxylated particles

The LbL particles were compared with commercially available carboxylated polystyrene
particles from Polyscience Inc. (4 pm) and MagSense Inc. (1.6 pm), respectively. By
identical coupling procedure (section 3.3.2), only up to 20% FluA,; was immobilised on the
commercial particle surface without multilayer polymer modification. This was in agreement

with the analysis by CLSM: the fluorescence of the Polyscience-ODN particles and the
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MagSense-ODN particles was much weaker compared to the LbL-ODN ones (Figure 4.8).
(Note that the PMV of 700 (used for Polyscience-FluA,; particles) and 800 (used for and
MagSense-FluA;; particles) yields a 3.6 and 10.0 fold signal amplification compared to 600
PMV (used for LbL-FluA;; particles). The uneven distribution of fluorescence on the
Polyscience-FluA,; particles revealed that the ODNs were inhomogeneously immobilised

onto the particle surface.

Figure 4.8 CLSM images of FluA,; coupled onto a) carboxylated polystyrene particles from
Polyscience Inc., PMV: 700; b) MagSense Inc., PMV: 800; c) LbL particles, PMV: 600.

4.1.2.4 LbL-ODN system on planar surfaces

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

QCM is an advanced method that can quantitatively and time-dependently monitor the
deposition of layers on surfaces. As the frequency of a QCM crystal is inversely proportional
to the increase of the deposited mass on the crystal surface, the amount of polyelectrolyte
and ODNs A,; immobilised on the surface was estimated (Figure 4.9). The polyelectrolytes
PDA and PMAA were assembled in stepwise manner onto the crystal surface, and the
thickness of each polyelectrolyte layer was determined to be between 1-3 nm corresponding
to a mass of 105-315 ng cm™. The amount of A,; coupled onto the LbL film investigated by
the QCM was approximately 180 ng cm™ (1.8 mg m™). This number was in the same range
as the amount coupled onto spherical particles. Full coupling capacity of ODN A;; on LbL

particles was approximately 250 ng cm™,
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Figure 4.9 Plot of mass (black line, left Y-axis) and thickness (blue squares, right Y-axis) of
the polyelectrolyte layers and the coupled A;; on planar substrate determined by QCM. Each

data point was the average value from four measurements in parallel.

The morphology of the multilayer structure on the planar surface was further analyzed by
AFM. The roughness of the multilayer surface changed drastically before and after the
coupling of ODN onto the LbL surface (Figure 4.10 a<>b). The LbL film consisting of
(PDA/PMAA), showed a rather smooth surface with the roughness in the range below 10
nm. Whereas after covalent coupling of A;; onto the surface, the roughness of the LbL-ODN
surface was in the range of approximately 100 nm, ten-fold bigger than before. This revealed
that the ODN coupling process induced substantial conformational changes of the

polyelectrolyte layers.

100 nm
50 nm

0 nm 0Onm

Figure 4.10 AFM images of (a): (PDA/PMAA), film and (b): (PDA/PMAA), film

covalently coupled with Aj;.
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4.1.3 Controlled assembly of liposomes on LbL-ODN surfaces

The advantages of DNA sequence specific hybridisation for supramolecular assembly are
well recognized. For example, DNA hybridisation was recently used for programming
biomolecular self-assembly pathways, building crystals of nanoparticles and supramolecular

polyhedra.264'267

Based on the intrinsic property of dsDNA Watson-Crick pair formation,
liposomes (i.e. LUVs) as nanocontainers were assembled on the LbL-ODN particles via
DNA hybridisation.268 This was achieved by utilizing complementary lipophilic ODNs that
were incorporated into the lipid membranes.*** Intact liposomes containing lipophilic ODN
Ty were assembled onto the LbL-A;; particles and the resulting structure enabled further
assembly of A,y modified liposomes as the second layer.

Such specific assembly of multilayer liposomes on LbL.-ODN surface was also characterised
by QCM. An obvious mass increase was observed as the solution of liposomes incorporated
with Typ (LUVsT,p) was pumped through the QCM chamber on the crystal surface that was
pre-assembled with LbL-A;, films (Figure 4.11). The behaviour of pure LUVs without
inserted ODNs and LUVsA;y on LbLA;; films were also studied as control samples.
Negligible amounts of LUVs without ODNs or LUVsA,, were attached onto the LbL-Ay;
film; whereas an average amount of 22 mg m™” LUVs containing the complementary
sequence T,o was assembled (Table 4.2). The quartz crystal has a diameter of 14 mm. Taking
the surface area of the crystal as the effective area for binding of LUVs, the density of the
LUVsT, specifically bound on the surface was calculated. An adsorbed film consisting of a
considerably high amount of water was sensed as mass uptake by the QCM. Liposomes were
considered as vesicles of 100 nm in size (controlled during preparation) containing only
water; the mass of the lipid wall was negligible compared to the mass of the water contained

inside the vesicle.

Table 4.2 Density of liposomes assembled on the LbL-ODN surface via DNA hybridisation.

Mass/ (mg m™) No. of LUVs/ 10* nm?
coupled ODN Ay 1.77 --
1 Layer LUV Ty 22 0.4
2" Layer LUVs Ay 5.2 0.1
3 Layer LUVSs Ty 4.4 0.08
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The amount of the second liposome layer (LUVA;p on the first LUVT,y layer via DNA
hybridisation) was substantially lower compared to the first layer. This might be due to the
softness of the liposome assembled onto the surface. As mentioned, the estimation of mass
adsorbed on the crystal by Sauerbrey equation only applies to ‘rigid film’. The structure of
additional liposome layer assembled via DNA hybridisation between the lipophilic ODNs
anchored to the membrane might not be rigid enough to be detected by the QCM.
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Figure 4.11 Assembly of liposomes on the planar LbL surface measured by QCM.

4.1.4 Target DNA hybridisation detection by FRET

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

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

demonstrated.
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4.1.4.1 Flu-Rho FRET pair

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

Figure 4.12.
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Figure 4.12 Spectra overlap between Rho absorption and Flu emission as a FRET pair: the
absorption and emission spectra of Flu are shown as black and green lines, respectively; the
absorption and emission spectra of Rho are shown as blue and red lines, respectively. TRIS

buffer (10 mM, pH 7.0) was used as the solvent for the measurement.

4.1.4.2 FRET of dsODNs free in solution
As the first step to study the FRET between Flu-Rho, the behaviour of the dye pair-labelled

ODNs free in solution was investigated. By using the combination of ODN FluA;; and
To0Rho/RhoT),, the distance between the FRET pair was well defined for a convenient FRET
analysis. To take into account the possible quantum yield changes of the fluorophores by
DNA hybridisation, FluA,; was also hybridised with unlabeled ODN T,y and Ty)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 dsSODNs solution with varing dye position on the

ODN sequence are shown in Figure 4.13.
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Figure 4.13 Fluorescence spectra of ODN hybrids free in solution (Cgopys = 50 nM).
FluA21—T20 ( ), F]uAZl—TzoRhO (—), FlllAz]-RhOTzo (—), Az]-TzoRhO (----). Spectra
were taken at Aex = 480 nm, slits width: 5/10 nm.

The evaluation of the spectra showed a decrease of donor emission by 26.0% when Flu and
Rho dye molecules were 20 bps apart (i.e. 6.8 nm separation distance) on FluA;;-RhoTyg

hybrids (approximately 130% of the Forster radius of Flu-Rho).*®

As comparison, when the
FRET pair was directly close to each other (i.e. on FluA;;-T>o0Rho hybrids), the quenching of
the donor increased to 87.5%. Simultaneously with decreasing donor emission, an increase
of fluorescence signal was observed at 580 nm, which clearly indicated occurrence of FRET.
The spectrum of A;;-T,oRho hybrid in solution was used as control value for FRET

calculation. The detailed FRET characterisation is described 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 support, the behaviour of the ODNs and the

fluorophores can be very different from that in solution. For example, when probe ODNs
FluA,, are coupled onto the particle surface with a density of 125 pmol/mg particles, the Flu
molecules are brought into a close distance below 4 nm, which can lead to self-quenching of
the donor prior to hybridisation.

Two FRET systems based on LbL-ODN particles were prepared (Figure 4.14): in system 1,
probe ODN was labelled with donor dye (FluA;;) and the outermost PMAA layer on the
LbL particles was non-labelled; in system 2, the dye was coupled to the outermost

polyelectrolyte layer (Flu-PMAA) and unlabelled probe ODN A,; was used. The latter
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system is preferred for DNA diagnostics due to the possibility of using inexpensive
unlabelled probe ODNSs.

For FRET analysis, ODNs RhoT,y or Ty)Rho were hybridised on the LbL-(Flu)-Ay;
particles. In its most common conformation, the DNA helix has 10 base pairs (bps) per turn
and a pitch of 3.4 nm.2% Therefore, in system 1, upon hybridisation with T,oRho the distance
between donor and acceptor on each dsODN is smaller than 2.5 nm, which is below the
Forster radius of Flu-Rho FRET pair: high FRET efficiency is expected (system 1B).
Whereas upon hybridisation with RhoTj, the distance is approximately 7 nm, which exceeds

the Forster radius: lower FRET efficiency is expected (system 1A).
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Figure 4.14 Scheme of two FRET systems based on LbLL.-ODN particles: 1) donor dye Flu
coupled on probe ODN A;;; 5’RhoTyy (A) and 5°T,oRho (B) were used as model target
ssDNA to form ds-DNA; 2) donor dye coupled onto outermost polyelectrolyte layer, probe
ODN unlabelled.

The fluorescence spectra of LbL.-ODN particles from system 1 were firstly measured (Figure
4.15). The FRET difference caused by the Rho position (i.e. ODN hybrids FluA;;-RhoTyg
and FluA;;-T>0Rho) was much less pronounced for the ODN hybrids immobilised on the
LbL surface than for the hybrids free in solution (refer to Figure 4.13). This effect can be
explained by the nanoroughness and flexibility of the LbL surface resulting in multiple

donor-acceptor interactions.
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Figure 4.15 Fluorescence spectra of ODN hybrids coupled to the LbL particle surface
(Cparticle =1 mg/ml with 50 nM TZORhO/RhOTZO). FluA21—T20 (—), FluAZl—TQQRhO (—),
FluA;;-RhoT,y (—), A1-T20Rho (----). Spectra were taken at lex= 480 nm, slits width: 5/10

nm.

In system 2, unlabelled A;; was used as probe ODN and the donor dye Flu was integrated
within the LbL films. dsODNs of Aj; hybridised with Ty, RhoT,y or T;oRho on the LbL
particles (coated with Flu-PMAA as the outermost layer) were prepared. Surprisingly, the
FRET difference caused by the position of Rho was almost negligible (Figure 4.16). This is
ascribed to the random distribution of the donor dye molecules over the particle surface
using the polyelectrolyte Flu-PMAA. The flexibility and nanoroughness of the outermost
layer leads to a random distance between the FRET pair in the nanometer range, independent

on using TroRho or RhoT, (see Figure 4.26).
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Figure 4.16 Fluorescence spectra of ODN hybrids coupled to the LbL(Flu-PMAA) particle
surface (Cparicle = 1 mg/ml with 50 nM T;0Rho/RhoTyg). (Flu-PMAA)-A3-Ty (—), (Flu-
PMAA)-A;-T,0)Rho (—), (Flu-PMAA)-A;;-RhoTyy (—), (PMAA)-A;;-TyoRho (----).
Spectra were taken at Aex = 480 nm, slits width: 5/10 nm.

Comparing the two FRET systems from Figure 4.15 and Figure 4.16, it is apparent that the
fluorescence intensity was remarkably higher when the donor dyes were linked to the
polymer (system 2). Not only was the expected donor fluorescence higher, but also the
fluorescence intensity collected at 580 nm with Aex = 480 nm, I.ms80, @ rough estimation of
FRET, was almost three times higher than in system 1. In the presence of the same amount
of acceptor dye molecules (i.e. same amount of target ODN T,,Rho/RhoT, on the particle
surface), the higher density of donor dye on the particle surface in system 2 by using the
polymer Flu-PMAA (label degree of 1: 350) yielded higher FRET. As this system allows
variation of donor density independent on the amount of probe ODNs, one can adjust the
ratio between donor and acceptor dyes by using PMAA with varying label degrees.

CLSM images of LbL-A;;-TyoRho particles using Flu-PMAA as the outermost layer in the
LbL film are shown in Figure 4.17. The monodisperse LbL-Flu-PMAA-A;; particles
exhibited almost homogenous fluorescence intensity (Figure 4.17 a) pointing to an even
distribution of the donor dye on the particle surface. After T,o)Rho was hybridised on the
particles, the fluorescein intensity decreased drastically (Figure 4.17 b), indicating donor
quenching due to FRET. The presence of fluorescence in the red channel (dem = 554-619 nm,
Figure 4.17 c) was mainly due to FRET, with a small contribution from the tail of the donor
fluorescence, which was only recognizable before hybridisation with 5 times amplification

of the PMV.
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Figure 4.17 CLSM images of LbL-ODN particles (system 2): (a) LbL-Flu-PMAA-A;,
particles at green channel (lem = 500-534 nm) before hybridisation, no acceptor present; (b)
LbL-Flu-PMAA-A;;-TxRho particles after hybridisation at green channel (quenched donor
signal) and (c) red channel (Aem= 554-619 nm) (mainly FRET signal). All images were taken
at Aex =488 nm under identical PMV setting of 600.

4.1.4.4 Characterisation of FRET

FRET efficiency can be characterised from two points of view: 1. decrease of fluorescence
of the donor dye; 2. increase of fluorescence of the acceptor dye induced by the excitation of
the donor. The former one is widely used as a simple and basic method (Equation 2.7).%”
However, in realistic application, a decrease of donor fluorescence (‘signal off’) can occur
due to other parameters rather than FRET, and the analysis from signals of acceptor
fluorescence (‘signal on’) is more reliable.

In this work, the fluorescence intensity of the acceptor molecules induced by the ‘energy
transfer’ from the near-by donor, denoted as Igrer Was used to evaluate the FRET efficiency
for our LbL-ODN system. The calculation of Igggr is described in section 3.4.8.

Data of quenched donor intensity and Irrgr obtained from (a) flow cytometry and (b)
fluorometry shows that in system 1B, having donor dye directly close to the acceptor on each
dsODN, the quenching of the donor was remarkably more pronounced than in system 2,
having a random distribution of donor on the surface (Figure 4.18). In the latter system, not
all of the donor molecules were in sufficiently close neighbourhood of an acceptor molecule,
and the percentage of quenching was therefore smaller. However, in absolute values, more
donor molecules were quenched in system 2 compared to system 1, resulting in a higher
Irrer. Evaluation of FRET by fluorometry and flow cytometry yielded slightly different
results. The flow cytometry data showed a higher donor quenching and Igrgr for the same

samples than that measured by fluorometry. This is due to that flow cytometry can
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distinguish the fluorescence from singlet, doublet or other multiplets of particles, allowing
for evaluation to be carried out exclusively on single particles. In the case of bulk
measurements by fluorometry, the fluorescence spectra of particles in solution include some

uncertainties due to light scattering and the presence of aggregated particles.
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Figure 4.18 FRET comparisons between two systems. Igonor and Igonor+ represents the donor
fluorescence in the absence and presence of acceptor, respectively. Data collected from (a)
flow cytometry, (b) fluorometry. The data of (a) were based on the average value measured

from 10.000 particles of each sample. The standard deviation of data was negligible.

4.1.4.5 Detection limit by fluorometry

A low detection limit is one of the most important criteria for a successful and competitive
nucleic acid assay. The sensitivity of our LbL-ODN system was investigated by fluorometry.
To 1 ml of 1 mg LbL-Flu-PMAA-A;, particle suspension, with constant A;; coupling
amount of 125 pmol, varied amounts of Ty)Rho (0 nM-200 nM T,pRho) were added for
hybridisation. The fluorescence spectra are shown in Figure 4.19. Occurrence and changes in
FRET were revealed by the gradual decrease of the donor intensity and increase of acceptor
intensity. At 1 nM of T,oRho, a small change in the spectrum was already detected and at 5
nM a distinct decrease of fluorescence at 520 nm by 5.6% and an increase of fluorescence at
580 nm by 19.0% was measured. Hence, the detection limit using a conventional fluorometer
is ~1-5 nM target DNA.

The change was initially almost linear with the concentration of ToRho. Then it levelled off
when the hybridisation was saturated at 100 nM T,oRho, at which the T,¢/A;; ratio was 0.8.
This confirmed that 80% of the A;; ODNs coupled to the LbL particles were available for
hybridisation. The analysis by Irger showed that the FRET efficiency increased with
increasing amounts of T,oRho until the hybridisation was saturated (Figure 4.20). Above the

threshold concentration, /gy was even decreased apparently because free TooRho molecules
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in the solution did not contribute to the FRET signal but they were considered in the
crosstalk correction. The FRET efficiency E analyzed by donor quenching (Equation 2.7)

revealed the same trend as the method by Irger.
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Figure 4.19 Fluorescence spectra of the LbL-A;;-TyoRho particles at different T,oRho

concentrations. (Cparicle = 1 mg/ml). Spectra were taken at Aex = 480 nm, slits width: 5/10 nm.
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Figure 4.20 FRET efficiency evaluated by Ipggr (circles) and E (hollow squares) in
dependence on the T;oRho concentration.
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4.1.4.6 Single nucleotide polymorphism (SNP) test

Nowadays, nucleic acid diagnostic systems have been mainly developed in two directions:
specific detection of target by hybridisation assay and SNP for study of mutation.””"?”" The
applicability of the LbL.-ODN system in SNP assays was therefore investigated.

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

In the SNP study, the LbL-ODN particles were firstly hybridised with target ssDNA having
increasing number of mismatches. Then the hybridised particles were heated to defined
temperatures and the melting of the dsODN duplex was detected by decrease of the FRET
signal. At 25 °C near room temperature, the differences in fluorescence spectra were
negligible in dependence on the number of mismatches (Figure 4.21 a). In contrast, at 60 °C,
near the melting point 7y, for the fully matched DNA hybrids, hybrids containing base pair
mismatches were denatured. The increasing number of mismatches led to the decrease of the
hybrid’s stability; the donor fluorescence restored its intensity as the acceptor dye-labelled
Target ODN was separated from the probe ODN, i.e. the donor and acceptor molecules were
no longer in the Forster radius (Figure 4.21 b). The donor intensity gradually increased as the
mismatch number increased from O to 1 and 2. The results revealed that the nucleic acid

detecting system based on LbL particles can also be applied in SNP studies.
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Figure 4.21 Fluorescence spectra of LbL-Flu-PMAA-Probe-Target" (Rho) at a) 25 °C and
b) 60 °C, in which Target ODN without fluorescent label is presented as black line; target
ODN (Rho-labelled) containing 0, 1 and 2 mismatches are presented as red, green and blue

lines, respectively. Spectra were taken at A.x = 480 nm, slits width: 5/10 nm.

68



4. Results and Discussion

4.1.4.7 Reusability of the LbL.-ODN particles

dsDNA denatures above its melting point, meaning that the target DNA that hybridised onto
the LbL-ODN particles can be released when heated up above the melting temperature.
Hence, the LbL-ODN particles could be in principle ‘recycled’ and reused. Therefore, the
reusability of our LbL-Aj; particles was investigated (Figure 4.22). The removal of RhoTyg
that was bound onto the particle surface was conducted at 75 °C, so that the probe ODNs
became again single stranded. After removal of the supernatant and cooling down the
particles were again hybridised with RhoT,y. However, the binding capacity of LbL-A,;
particles decreased approximately 25% for each binding cycle. One problem was the
complete removal of released RhoT,, because it involved centrifugation at high temperature
and separation of the supernatant as quickly as possible to avoid rehybridisation.
Simultaneously, irreversible aggregation of particles occurred during heating at 75 °C which
became a severe problem after two heating and cooling cycles. Therefore, the LbL.-ODN
particles should not be used more than twice for nucleic acid detection. However, for DNA

extraction purposes, reuse of the LbL-ODN particles is still feasible.
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Figure 4.22 Amount of RhoT,y hybridised on LbL-A;; particles in dependence on the
number of hybridisation cycles LbL-A;; being used.

4.1.4.8 Cy3-CyS FRET pair

Flu-Rho as a FRET pair has been intensively studied by researchers. However, there are
several problems in using fluorescein for consistent signal evaluation in serum samples. For
example, the fluorescence intensity of fluorescein is highly dependent on the pH, and the dye

often undergoes fast photobleaching. Moreover, in serum samples, auto-fluorescence often
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exists for excitation at short wavelengths, which hinders a reliable fluorescence reading.
Cyanine dyes Cy3-Cy5 are another commonly used FRET pair that offers the advantage of
smaller crosstalk between the donor and acceptor as well as longer absorption and emission

wavelengths than the Flu-Rho system (Figure 4.23).
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Figure 4.23 Spectra of the FRET pair Cy3 and Cy5: the absorption and emission spectra of
Cy3 are shown as black and green lines, respectively; the absorption and emission spectra of
Cy5 are shown as red and blue lines, respectively. TRIS buffer (10 mM, pH 7.0) was used as

the solvent for the measurement.

For construction of the systems 1 and 2 with Cy3 as the donor, Cy30ODN and Cy3-PMAA
were used. As target DNA, the complementary ODN sequence to the probe ODN labelled
with Cy5 at the 3’ end was used. Similarly to the study based on Flu-Rho pair, two FRET
systems, of which donor dye either on the probe ODN (by use of Cy3ODN) or on the
polyelectrolyte layer (by usage of Cy3-PMAA) were prepared. However, in contrast to the
results obtained from Flu-Rho system, the FRET system 2 (Cy3 on PMAA) yielded a lower
FRET efficiency than system 1 (Cy3 on probe ODN), even with a high density of Cy3 on the
PMAA layer (Figure 4.24).

70



4. Results and Discussion

100 -
I / donor
[ 1/ donor*
25 B FRET

Fluorescence/(a.u.)
N (3]
()] o

system 1 system 2a system 2b system 2c

Figure 4.24 Comparison of FRET between system 1 and 2 based on Cy3-Cy5 pair by
fluorometry. Ijonor and lgonor+ represents the donor fluorescence in the absence and presence
of acceptor, respectively. In system 2, Cy3-PMAA with different label degrees of a) 1: 130;
b) 1: 260; and ¢) 1: 500 were used as the outermost layer on LbL particles, respectively.

In system 1, at a coupling density of 100 pmol Cy3ODN per mg LbL particles, the density of
Cy3 molecules was estimated to be approximately 120 nmol m%; whereas in system 2 it was
240 nmol m™” using Cy3-PMAA with a label degree of 1: 130, which was double than in
system 1. However, the fluorescence intensity of LbL.-Cy3-PMAA particles was remarkably
lower.

This can be due to the smaller Forster radius of Cy3-Cy5 (approximately 20% smaller than
Flu-Rho), which means a higher demand for a close distance between the two dyes for
efficient FRET. In system 1, the Cy3 and Cy5 were labelled at the same end of each dsODN
hybrid, which yielded higher FRET than in system 2, where the Cy3 dyes were in a random
distance to Cy5 dyes.

Besides, it was found that the fluorescence quantum yield of Cy3 was reduced after
immobilisation on the polymer chain or particle surface. Figure 4.25 shows that with the
same excitation wavelength and amount of absorbed photons, the quantum yield of Cy3-
PMAA was approximately 58% lower than for the free dye Cy3; whereas the quantum yield
of Cy3ODN was almost twice as much as for the free dye. In order to clarify the origin of
this decreased fluorescence quantum yield of Cy3-PMAA, a deeper investigation of the
photophysics of cyanine dyes covalently coupled to polyelectrolytes was carried out (section
4.2).
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Figure 4.25 Absorbance (dashed lines) and fluorescence (solid lines) spectra of Cy3 dye
(black), Cy3ODN (red) and Cy3-PMAA (green) solution with their peak absorption

normalised at 1. TRIS buffer (10 mM, pH 7.0) was used as the solvent for the measurement.

4.1.5 Summarising Discussion

4.1.5.1 Advantages of the LbL-ODN particles for DNA detection

A DNA bioconjugation system based on microparticles modified by polyelectrolyte
multilayer films has been prepared, which can detect nucleic acids and base pair mismatches
by FRET with high sensitivity. A high density of probe molecules could be homogenously
immobilised onto the LbL surface by covalent linkage. The system exhibited specific and
high binding capacity to a complementary model ssDNA. The covalent coupling of
fluorophores to the outermost polyelectrolyte layer yielded a very efficient FRET detection
system for which no removal of other DNA molecules from the supernatant by an additional
washing step was required.

The LbL-ODN particle system presented several advantages compared to the conventional
particle systems thanks to the specific features of the multilayer polyelectrolyte film

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

2. The use of donor dye-labelled polymer as outermost coating layer offered a high
donor density that was independent on the amount of ODNs coupled on the particles.
Therefore inexpensive label-free probe ODNs can be applied for detection.

3. With the donor dye conjugated to the most flexible outermost polymer layer, the
average distance between donor and acceptor was reduced, increasing the sensitivity
of the FRET system and allowing the detection of longer DNA chains.

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

sequences in a particle library.
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Figure 4.26 Schematic representation of the advantages of LbL film-coated surface (c) for
probe ODNs immobilisation and FRET detection compared to plain surfaces: donor

molecules in/on the substrate (a) and donor molecules on the probe ODNs (b).
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Seradyn Inc. launched dT,4 magnetic particles (Sera-Mag™) for specific dAjz capture, which
claimed to offer so far the highest binding capacity in the market: 200 pmol per mg of 1 um
magnetic particles (information available under www.thermo.com). This capacity was in the
range of 107" mole target ODN per particle (I um magnetic). Our up-to-date developed
LbL-A;; particles could capture 107 mole Ty per particle (4.3 pm, silica), which
corresponds to 5.4x10™" mole target DNA per 1 um silica particle. Therefore, our LbL-ODN
particles exhibited similar binding capacity as the so far best commercially available
particles.

The sensitivity of the LbL-ODN system for DNA detection measured by fluorometry was in
a comparable range to other fluorescein-based detection systems.lo’ ' Abel et al. achieved
the highest detection limit of 2.0x10™"* M (24 fmol) of a fluorescein-labelled complementary
16-mer ODN by applying longer assay cycles, with an incubation time of 60 min. However,
it was a heterogeneous assay based on avidin-biotin interactions for the probe ODN
immobilisation; and their detection limit as a fluorescence competitive assay was only 1.1x
10° M (132 pmol).*"?

Using advanced techniques such as CLSM and flow cytometry, single LbL-ODN particles
carrying 10"°-10""" mol target DNA could be analysed, which presented a much superior
detection limit compared to other optical DNA detection systems.11

Therefore, microparticles coated with LbL films offered a unique platform for
bioconjugation and FRET detection of binding events. The demonstrated advantageous
features recommend the developed LbL-ODN particles as a novel efficient system for DNA

diagnostic.

4.1.5.2 LbL-ODN system with different FRET pairs (Flu-Rho vs. Cy3-CyS5)

In order to avoid several disadvantages of the FRET pair Flu-Rho, the well-known FRET
system Cy3-Cy5 was also tested. However, problems arose from the photophysical
properties of the cyanine dyes, such as small Forster radius and strong reduction of the
fluorescence quantum yield after coupling to polyelectrolytes and assemble by LbL on
surfaces. In order to solve these problems when using Cy3-Cy5 as the FRET pair in the
present LbL-ODN particle system, further investigation on the cyanine dyes and their

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

The LbL-ODN system was not only employed for nucleic acid sensing applications, but also
presented as a template for the specific assembly of vesicles modified with liphophilic ODNs
via DNA hybridisation. Intact liposomes were assembled onto the LbL.-ODN surfaces. By
addition of triggers such as melittin fusion of liposomes occurred.”®’ Different types of
vesicles containing specific reactants can be assembled onto LbL particles. Such LbL
particles carrying nanocontainers with reactants to be released on demand can offer novel
attractive applications for the local delivery of molecules in microfluidic devices or for
signal enhancement by triggered fusion of two adjacent liposomes encapsulated with

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

attached to polyelectrolytes

As mentioned in section 4.1.5.2, it was observed that the fluorescence quantum yield of Cy3
dye was reduced when coupled onto PMAA. This effect hindered the use of Cy3-CyS5 pair
for preparing LbL-ODN FRET systems. Therefore the spectroscopic behaviour of these
fluorophores in the free states and when covalently attached to polyelectrolytes was
investigated. In particular, Cy5-PAH was selected as a model polymer for investigation
because Cy5 has a more extended conjugated m-electron system and shows more pronounced
spectral changes in dependence on the environment. The cationic polyelectrolyte PAH is not
only an important material used in the LbL technology but can also serve as a simple model
for proteins below the isoelectric point. The synthesis of Cy5-PAH is a one-step process so it

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

4.2.1 H-aggregates of CyS dye molecules on polymer chains

The molecular structure of the Cy5 dye is shown in Figure 4.27. The succinimide group
reacting with amine groups enables the covalent labelling of Cy5 on PAH. The reaction was
performed with a good yield (label degree of 1: 350). However, the absorption spectrum of
the dye coupled to the polymer (Cy5-PAH) was remarkably different from the spectrum of
the free dye Cy5 (Figure 4.28). Instead of showing the intrinsic absorption peak at 648 nm,
which is normally the case for Cy5, a new absorption band in the Cy5-PAH spectrum at 590
nm close to the vibrational transition of the dye at 602 nm was observed. The emission
spectra of the free dye and the dye-labelled polymer had similar shape and peak wavelength,
while the free dye yielded almost 50% higher fluorescence intensity (Figure 4.28).
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Figure 4.27 Molecular structure of a) Cy5, b) disulfo-CyS5.
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Figure 4.28 Absorption (solid lines) and fluorescence spectra (dash lines) of Cy5-PAH
(label degree: 1: 350, blue lines) and Cy5 (black lines). The fluorescence spectra were taken
at A= 638 nm close to the absorption maximum. The absorption spectrum of the new

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

shown (grey line).”">*7*

A control sample of PAH solution showed no absorption in the UV-Vis range above 300 nm,
therefore the peak at 590 nm could have two possible origins: 1. a new species was formed
by the labelling procedure; 2. the vibrational structure of the dye changed, which is known
for some dyes such as pyrene.””” In order to verify this, the excitation spectra were measured

for the free and the immobillised dye molecules (Figure 4.29).
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Figure 4.29 Excitation spectra of Cy5 (black line) and Cy5-PAH (blue line). Spectra were
taken at Aey, = 655 nm, slits width: 5/10 nm.
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Both spectra were almost identical and showed only very weak peaks around 590 nm. This
indicated that the absorption spectrum of Cy5-PAH was the superposition of the spectrum of
Cy5 molecule and a non-fluorescent species.

The spectrum of the new species was determined as the difference between the spectrum of
the labelled polymer and that of the free dye (red line in Figure 4.28). This species had an
absorption maximum at 588 nm and a broad shoulder at around 645 nm. Such hypsochromic
shift of absorption to higher energy is known from H-aggregate or dimer formation of dyes
caused by transition dipole interactions.”’® Formation of H-aggregates of Cy5 has been
observed earlier by adsorption of the dye to PSS at a 1:1 dye to monomer ratio.?’> 2
However the spectrum of Cy5 H-aggregate on PSS, (Cy5/PSS), had a quite different shape
compared to that of Cy5-PAH, pointing to a different arrangement and orientation of the dye
molecules to each other (Figure 4.28).

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

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

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

could form aggregates.
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Figure 4.30 Two possible arrangements of dye aggregates on Cy5-PAH: 1) Cy5 dye
molecules are adjacent to each other on the polymer chain; 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 on external parameters

In order to find out the origin of the H-aggregates of Cy5, absorption and fluorescence
spectra of Cy5-PAH in dependence on label degree, ionic strength and solvent were

investigated.

4.2.2.1 Dependence on the label degree

In theory, the lower the density of Cy5 on the polymer is, the less H-aggregates should form.
To verify this, Cy5-PAH with lower label degrees were synthesized. Absorption spectra of
Cy5-PAH of three different label degrees are shown in Figure 4.31. The aggregate band
decreased slightly with decreasing label degree, which proved less dye-dye interactions and
aggregate formation at lower dye density on the polymer chain. However, at the low label
degree of 1: 840, the H-aggregate effect was already pronounced; even at the label degree of
1: 1500, theoretically with less than half a dye molecule bound per polymer molecule, the

aggregates were still present.
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Figure 4.31 Absorption spectra of Cy5-PAH with dye label degree of 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 depends highly on the ionic strength of the
surrounding aqueous solution due to screening of the charges.”’” *’® In pure water, the

polymer chains are stretched, which can keep statistically distributed dye molecules far away
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from each other. The absorption spectrum of the Cy5-PAH solution in dependence on the
NaCl concentration in the range between 0 and 0.25 M was investigated. No changes in the
absorption spectra were observed, which excluded the possibility of through space
interactions between the dyes. Hence the dye molecules were obviously bound in close
proximity to each other on the PAH chain during the synthesis (Figure 4.30-1). This can be
ascribed to the fact that the labelling procedure was performed mainly in aqueous solution

that is the preferred medium of dye aggregation.*”**

4.2.2.3 Influence of organic solvent

In order to find out the influence of solvent on the H-aggregates formation, the spectra of the
Cy5-PAH were measured in solvent consisted of 75% (v/v) organic solvent DMF and 25%
aqueous solution (50 mM borate buffer, pH 8.0). This resulted in an increase of the
absorption in the monomer dye region at the cost of the H-aggregate band. Simultaneously,

the fluorescence intensity increased by almost three times (Figure 4.32).
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Figure 4.32 Absorption (solid lines) and fluorescence spectra (dashed lines) of Cy5-PAH
(1:840) in various solvent: DMF (25% water) (blue lines), H,O (black lines) and PSS
solution (Cpss = 5 mg/ml, monomer ratio between PAH and PSS was 1:12) (red lines). The

fluorescence spectra are taken with Aex = 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 between Cy5-PAH and PSS yielded a strong
decrease of absorption near 588 nm, showing the disappearance of the H-aggregate (Figure
4.32). However the fluorescence intensity decreased as well. This can be explained by the
formation of insoluble polyelectrolyte complexes, leading to an increase of dye density and
strong self-quenching. Furthermore, a bathochromic shift of absorption energy of the
monomer dye molecules was observed, caused by the negative charges of the surrounding
PSS molecules (Table 4.3). The same effect was also found on two sulfonate groups

modified Cy5. This shift by negative charges was not related to the aggregation phenomena.

Table 4.3 Shift of the main absorption peak, 4,5 of Cy5 in different environments.

Aabs Aabs Aabs

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 conclusion that the dye molecules were
non-statistically attached on the PAH chain. It could be caused by the high dye concentration
during the labelling procedure in the aqueous environment, leading to formation of H-

aggregates well before the covalent attachment on PAH.

4.2.3 Reduction of H-aggregates in CyS5-PAH

In order to minimize the formation of H-aggregates on the PAH chain, attempts were made
to reduce the interactions between the Cy5 molecules during the labelling reaction by
addition of different organic solvents such as methanol, acetone, DMSO and DMF. The
reaction in DMF yielded Cy5-PAH with remarkable lower amount of H-aggregates and a
high label degree of 1:230. Figure 4.33 shows that the H-aggregate peak of Cy5-PAH
synthesized mainly in DMF (PAHCyS5 II) was much smaller compared to that of Cy5-PAH
synthesized mainly in aqueous solution. Furthermore, the fluorescence quantum yield was
significantly improved for PAHCyS5 II. However, the fluorescence quantum yield of the free

dye was still 20% higher compared to the immobillised ones in Cy5-PAH II.
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Figure 4.33 Absorption (solid lines) and fluorescence spectra (dashed lines) of Cy5-PAH
(blue), Cy5-PAH II (green) and Cy5 free dye (black) measured in aqueous solution. The

fluorescence spectra are taken with Aex = 638 nm and slit widths of 5/5 nm.

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

aggregates were still present and it also increased with dye label density.
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Figure 4.34 Absorption spectra measured from disulfo-Cy5-PAH with label degrees 1: 500
(green line), 1:320 (blue line) and the free dye Cy5 (black line).
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4.2.4 Discussion

4.2.3.1 Mechanism of H-aggregates formation and its minimisation

The formation of H-aggregates can be explained by the Kasha-theory and the Davydov-
splitting (Figure 4.35).2’% 28!- 282 The hypsochromic absorption shift was caused by the
transition dipole interactions between two or more chromophores arranged parallel to each
other with almost no slip to each other.'” The interactions between two transition dipoles M1
and M2 yield an energetic splitting of the excited state in two components m, and m.. In the
case of parallel alignment of dye molecules, the absorption and emission from one energy
level is forbidden because the resulting transition moment m. = M1 - M2 = 0. Only the state
m; = M1 + M2 can be populated. In H-aggregates the allowed m, state has a higher energy
than the m. state and the monomer, leading to the observed hypsochromic shift of the
absorption energy with respect to the monomer. This state shows no fluorescence due to fast
internal conversion process to the non-emitting m. state, in which the radiative decay is
forbidden. In agreement with this, the Cy5 H-aggregates showed no fluorescence.

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

The difference between the spectrum of Cy5/PSS and Cy5-PAH can be explained firstly by
the high 1:1 ratio of dye molecules to monomer units in the dye-polymer complex Cy5/PSS,
and secondly by the less spatial constraints of dye molecules in Cy5/PSS compared to the
covalently linked Cy5-PAH. The concentration of the dye molecules adsorbed on PSS was
more than 600 times higher, resulting in the almost complete vanishing of the monomer
absorption and the fluorescence. The dye molecules were obviously all in parallel alignment
i.e. the long wavelength absorption was not present. In contrast, the large constraints of
covalently linked Cy5 on Cy5-PAH and the lower dye concentration resulted in a relatively
high content of non-aggregated dye molecules. The aggregates consist of inclined molecules,

producing the shoulder around 640 nm as second Davydov-component.*’®
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Figure 4.35 Left: scheme of Davydov splitting; Right: model of molecule orientation and
transition dipole interactions in dye H-aggregates and their absorption and fluorescence
properties. The dumbbells model the dye molecules; solid arrows, broken arrows and wavy
arrows show the absorption, the fluorescence and the internal conversion, respectively;

Crossed lines are forbidden transitions.

The decrease of the H-band by complexation between Cy5-PAH and a polyanion and by
transfer the polymer to organic solvents confirmed the inhomogeneous distribution of the
dye molecules on the PAH chain. This is because complexation as well as organic solvent
can change the conformation of the polymer and probably destruct the dye alggregates.283
Based on these findings, the preparation of Cy5-PAH in high content of organic solvent
instead of aqueous solution reduced the formation of H-aggregates, resulted in higher label
degree and led to a remarkably increased fluorescence quantum yield.

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

Beyond this, the fundamental aspects of cyanine dye labelled macromolecules, including
proteins or DNA/RNA, are of general importance for all fluorescence based analytical

284, 285

techniques such as fluorescence correlation spectroscopy (FCS), single molecule

spectroscopy (SMS),286 CLSM,287 FRET, fluorescence recovery after photobleaching
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(FRAP)**® or time resolved spectroscopic methods.*** 2

It should be noted that cyanine
dyes are the mostly used fluorescent dyes in fundamental research 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 and the ssDNA, high salt concentration, heat
and also surfactants are applied. The presence of certain sufactants can prevent hydrophobic
interactions to non-target molecules. It is important that the LbL-ODN particles remain
stable under these conditions. It is well known that the structure of the polyelectrolyte
multilayer films can be influenced by environmental parameters such as pH, ionic strength,
solvent, and temperature.>''® The structural changes are associated with the film properties
such as layer density, permeability and morphology, which might lead to swelling or
shrinking of polyelectrolyte films. It is also known that charged surfactants can interact with
oppositely charged polyelectrolytes under formation of complexes.46 Recently, two research
groups reported that surfactants such as SDS can also induce changes in the LbL film
morphology.”®* *' The influence of negatively charged surfactants SDS could not be
confirmed in our work, but it was found that cationic surfactants induced a much faster and
stronger response even at low concentrations. In this section, the influences of cationic
surfactants on the LbL films are studied in depths.

Freestanding LbL films without solid support represent a flexible system for investigation
because they respond to the environmental changes in 3 dimensions. Such LbL films can be
prepared as hollow polyelectrolyte microcapsules by dissolving the template core of the LbL.
particles. Four types of microcapsules consisted of different polyelectrolyte combinations
were prepared to obtain a deeper insight into the interactions between the cationic surfactants

and the LbL films.

4.3.1 Preparation of polyelectrolyte capsules

Microcapsules consisted of 4 double layers of (PAH/PSS), (PVA/PSS), (PDA/PSS) and
(PAH/PMAA) were prepared on 4.3 pm negatively charged silica templates. To enable
visibility for investigation of the changes in the capsules wall structure, the 3 and 5™

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

4.3.2.1 Interactions between (PAH/PSS), capsules and DoTAB

Firstly, the interaction between the cationic surfactant DoTAB and (PAH/PSS)s capsules
was investigated. Addition of 100 mM DoTAB solution in a 1:1 volume ratio to the capsule
suspension induced a fast swelling of the capsules in a few seconds (Figure 4.36). The
capsules swelled continuously until the diameter increased approximately by a factor of 1.5.
At the same time, an increase in the fluorescence intensity of the capsules was observed.

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

Figure 4.36 CLSM micrographs of (PAH/PSS), capsules in 50 mM DoTAB (pH 7.0) with
incubation time Os (a), 30s (b), 60s (c), 120s (d), 600s (e) and 4 days (f). (PMV=750; the

blue colour represents very high fluorescence intensity.)

Some PAH-Rho molecules diffused out of the polyelectrolyte film into the interior and also
to the exterior of the capsules; the fluorescent polymers in the exterior can not be detected by
CLSM due to fast dilution. Thereafter, with continuous increase in the diameter of the
capsules, the fluorescence intensity of the capsules slowly decreased until the maximal
swelling was reached. The resulting swollen capsules remained spherical and stable up to
weeks. This process induced a strong increase in the fluorescence intensity of the capsule
suspension by a factor above four as measured by fluorometry (Figure 4.37). This ‘turning-
on’ signal was used for studying the kinetics of the swelling process. It showed that the

capsules were swollen approximately from 4 um to 6 pm in a short time of 60 seconds.
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Figure 4.37 Kinetic response of (PAH/PSS), capsules to 50 mM DoTAB by fluorescence
intensity of the suspension (black squares, left axis) and by diameter of individual capsules

(blue circles, right axis, 8 capsules were meausured by CLSM for each point).

4.3.2.2 Influence of the capsule surface charge

It was expected that the interaction with the cationic surfactants was mainly caused by
adsorption to the negatively charged surface of the capsules. Therefore, the experiments
were repeated after assembling an additional cationic layer of PAH to the capsules.
Surprisingly, both the kinetics and the swelling behaviour were almost identical to the

negatively charged capsules.

4.3.2.3 Interaction between DoTAB and the outermost polyelectrolyte layer

The outermost polyelectrolyte layer of the capsules is highly charged and it reacts as the first
part with environmental changes. Hence, the interaction between this layer and the
surfactants can be different from the internal layers. In order to study the influence of the
surfactant to the outermost layer of the capsules, PSS-Rho was used as the outermost and
only fluorescent layer for preparation of (PAH/PSS), capsules. It was observed by CLSM
that after addition of 50 mM DoTAB, the capsules were swollen and became non-
fluorescent. The outermost PSS layer was completely desorbed from the capsule. In a second
experiment, the influence to the PAH layer underneath was studied using PAH-Rho as the
only fluorescent layer (the 7™ layer). The CLSM images show that the fluorescence intensity
was significantly reduced after addition of DoTAB to the capsules. However, the fluorescent

layer partially remained in the shell (Figure 4.38 a, b).
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Figure 4.38 CLSM micrographs of (PAH/PSS), capsules in a) water (pH 7.0) and b) in 50
mM DoTAB (pH 7.0) after 300s. The 7™ layer of the LbL film was labelled with TRITC.
(PMV=850)

4.3.2.4 Permeability changes of the (PAH/PSS), capsules

Controlled release of the encapsulated materials is of high interest for pharmaceutical and
biomedical applications. The release behaviour of the microcapsules is mainly determined by
the permeability of the capsule wall. The influence of the surfactant to the permeability of
the capsules was investigated in a solution of 1 mg/ml FITC-dextran (150 kDa). After
incubation for 30 min, the confocal images show that the dextran did not enter the interior of
the capsules (Figure 4.39 a). After addition of the DoTAB solution, the capsules swelled and
the permeability of the capsules increased. Thus, the FITC-dextran entered the capsules

within 30s (Figure 4.39 b, ¢).

Figure 4.39 CLSM micrographs of (PAH/PSS),4 capsules in 1 mg/ml FITC-dextran solution
in the presence of 50 mM DoTAB (pH 7.0) with incubation time Os (a), 30s (b), and 600s
(c). PMV= 750 for (a) and 800 for (b) and (¢).
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4.3.2.5 Stabilisation of the capsule wall by crosslinking

In order to make the LbL capsules resistant against the decomposing influence by the
surfactant DoTAB, the PAH layers were crosslinked by glutaraldehyde either after each
Rho-PAH layer or only at the end of the complete LbL film assembly. The fluorescence
intensities of the crosslinked (PAH/PSS)4 multilayers after incubation for 15 min in DoTAB
solution at different concentrations are shown in Figure 4.40 a. As described earlier, the
capsules without crosslinking showed a more than 4-fold increase in fluorescence intensity.
In contrast, the fluorescence remained constant when the capsules were crosslinked after
each deposited PAH layer. When the crosslinking was performed only once after the final
layer of the LbL film was assembled, the fluorescence increased intermediately by a factor
of 1.6. The strongly crosslinked capsules remained the same size and impermeable to FITC-

dextran (150 kDa) after addition of DoTAB (Figure 4.40 b).

Fluorescence/(a.u.)

0 10 20 30 40 50
C /mM

DoTAB

Figure 4.40 a) Fluorescence intensity of (PAH/PSS), capsules after 15 min incubation in
DoTAB solution at different concentrations. The capsules without crosslinking in the LbL
film are shown as black squares; the capsules crosslinked after the 8 layers are shown as
green triangles; the capsules crosslinked at each PAH layers are shown as red circles; the
lines are fitted for visual guidance. b) CLSM image of the capsules crosslinked at each PAH
layer, after 15 min incubation in 50 mM DoTAB and 1 mg/ml FITC-dextran (PMV= 800).

4.3.3 Other polyelectrolyte capsules and DoTAB

4.3.3.1 Interaction between other polyelectrolyte combinations and DoTAB

Microcapsules consisted of other polyelectrolyte pairs were also incubated in 50 mM

DoTAB and the kinetic of changes in fluorescence intensity was studied (Figure 4.41). The
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most substantial changes were observed for (PAH/PSS)s and (PVA/PSS), capsules, while
(PDA/PSS)4 and (PAH/PMAA), exhibited negligible changes.
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Figure 4.41 Kinetic of fluorescence changes of (PAH/PSS), (black 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 differences for all capsules. For
(PVA/PSS)4 capsules, the fastest swelling took place, which was consistent with the
fluorescence data. The diameter of the capsules increased drastically from 4 um to above 7

um within 1 min. The capsules became highly instable and collapsed after 5 min (Figure

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

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

this form (Figure 4.44).

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

The (PDA/PSS), capsules dissolved instantaneously after addition of DoTAB; 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 LbL film associated with structural changes
were investigated as a function of the DoTAB concentration. DoTAB of different
concentrations were added to the four types of capsules; then the fluorescence intensities

were measured after 15 min (Figure 4.45). Below 5 mM DoTAB, all capsules showed
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negligible changes in fluorescence intensity. Between 5 mM and 20 mM the fluorescence of
all capsules except (PDA/PSS), strongly increased, whereas it became almost independent to

the concentrations above 20 mM.
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Figure 4.45 Dependence of fluorescence intensity of the capsule suspension on DoTAB
concentration. Black circles represent data for (PAH/PSS)., red squares for (PVA/PSS),,
green triangles for (PDA/PSS)s and blue triangles for (PAH/PMAA), capsules. The lines are

fitted for visual guidance.

The dependence of swelling of the capsules on the DoTAB concentration was also studied
by CLSM. The diameter of the capsules remained almost unchanged at 5 mM DoTAB, while
it increased drastically when they were dispersed in 13 mM and 25 mM DoTAB solution.
Initially, the swelling was faster at higher DoTAB concentration. However, it reached

similar steady state after 60 s (Figure 4.46).
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Figure 4.46 Changes in the diameter of (PAH/PSS)4 capsules in the presence of DoTAB at
different concentrations: 5 mM (green triangles), 13 mM (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 polyelectrolytes

Experiments showed that no interaction was found between the cationic surfactant DoTAB
and the polycations Rho-PVA and Rho-PAH in a 1:1 charge ratio in solution. On the
contrary, precipitation of complexes between DoTAB and the polyanions PSS or PMAA was

observed, while the precipitation was less in the case of PMAA.

4.3.3.4 Stability of polyelectrolyte complexes against DoTAB

In order to compare the stability of complexes Rho-PAH/PSS, Rho-PDA/PSS and Rho-
PAH/PMAA with the DoTAB/polyanion complex, polyelectrolyte complexes were prepared
in a 1:1 charge ratio. The polyelectrolyte complexes were washed with water until the
supernatant was colourless. Thereafter they were incubated in 50 mM DoTAB solution
overnight under shaking. The suspension was centrifuged to separate the precipitates and the

supernatant. The colour of the precipitates and the supernatant was visually analysed (Table

4.4).

Table 4.4 Colour of the supernatant and precipitates of the polyelectrolyte complexes after

treatment with 50 mM DoTAB.

polyelectrolyte complex colour of precipitates colour of 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 polycations in different extents. This
revealed that the DoTAB/PSS complex was more stable than Rho-PDA/PSS because the
PDA was completely removed. A similar behaviour was observed for the Rho-PAH/PSS
complex, although there was still Rho-PAH present in the precipitate, pointing to stronger
interactions between PAH and PSS than that of PDA/PSS. In contrast, the Rho-PAH/PMAA
was more stable than DoTAB/PMAA, because there was no release of the PAH-Rho in the

supernatant.

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

The influence of other cationic surfactants on (PAH/PSS), capsules was also investigated

with CeTAB and BAC (see Figure 3.1). Compared to DoTAB, CeTAB has a larger
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hydrophobic part that is bended and more bulky due to a cis-double bond in the alkyl chain.
Its cmc is approximately 10 times lower than that of DoTAB. The CeTAB treatment caused
swelling of the capsules and the increase in fluorescence intensity at a lower concentration
below 1 mM (Figure 4.47 a). Although the swelling was initially slower when compared to
DoTAB, the diameter of the capsules finally reached nearly 1.8 times the original ones
(Figure 4.47 b). The fluorescence intensity of the capsule suspension increased strongly in a
small range of CeTAB concentration between 0.5 mM -1.0 mM after incubation for 15 min.
Below and above this range the fluorescence was independent on the CeTAB concentrations
(Figure 4.47 a).

The cationic surfactant BAC is widely used in pharmaceutical applications as preservatives.
It has mixed even-numbered alkyl chain lengths from 8 to 18. BAC caused changes in the
diameter of the (PAH/PSS), capsules in a remarkably different way compared to other
cationic surfactants (Figure 4.47 b). Addition of 5 mM BAC to the capsules also caused
initial swelling of the capsules in the first few minutes, thereafter they started to shrink
slowly to around half of their original diameter. The shape of the capsules was similar as the

(PAH/PMAA) capsules in the presence of DoTAB (see Figure 4.44 ¢).
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Figure 4.47 a) Fluorescence intensity of a suspension of (PAH/PSS), capsules in
dependence on the CeTAB concentration (black squares); b) Kinetic change of capsule
diameter (PAH/PSS), in the presence of 25 mM DoTAB (red circles), 1 mM CeTAB (black

squares) and 5 mM BAC (green triangles), respectively. The lines are fitted for visual

guidance.
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4.3.5 Discussion

4.3.5.1 Mechanism of capsule swelling by cationic surfactant

Based on the experimental results, a schematic presentation of the responsive behaviours of

different polyelectrolyte microcapsules upon interaction with the cationic surfactant DoTAB

is drawn (Figure 4.48).
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Figure 4.48 Schematic representation of response of different polyelectrolyte capsules upon

addition of cationic surfactant DoTAB.

The mechanism explaining the reaction is firstly proposed for the mostly investigated
(PAH/PSS) and (PVA/PSS) capsules (Figure 4.49). The original LbL film of (PAH/PSS), is
internally in a charge balanced state. After addition of DoTAB, the small surfactant
molecules diffuse into the film and complex the PSS partially by electrostatic and
hydrophobic forces. The partial substitution from the PAH-PSS ionic bonds to PSS-
surfactant ionic bonds leads to an excess of positive charges and a high concentration of
chloride counterions in the film due to the electroneutrality. This creates a high osmotic
pressure leading to the swelling of the wall. The outermost PSS layer with a high negative
charge is completely complexed with the surfactant and removed from the capsule surface,

whereas the internal layers of the (PAH/PSS) remain intact.

96



4. Results and Discussion

Cationic
Surfactant

AAND)
—_—

AAD

AAAD

Polyanion Polycation @ lonic pair surfactant/polyanion
G  lonic pair polycation/polyanion

Figure 4.49 Interaction of cationic surfactant DoTAB with the (PAH/PSS) or (PVA/PSS)
LbL films.

In contrast to the (PDA/PSS) capsules, of which complete disintegration of the film
occurred, the (PAH/PSS) and (PVA/PSS) film remained as spherical capsules. The reason
for the higher stability of (PAH/PSS) film could be the additional hydrogen bonding between
the sulfonate groups of PSS and the primary amine groups, which is not possible with the
quaternary amine groups of PDA due to the missing free electron pair. Despite the hydrogen
bonding in (PAH/PSS) capsules, some polycation molecules were also released from the
wall, which could be detected initially inside the capsules due to their high concentration
compared to the released molecules outside. Due to the increased permeability of the swollen
capsules, the polycations in the capsule interior also diffused out within a few minutes (see
Figure 4.36 and Figure 4.43). Furthermore, the outermost PSS layer was removed by
formation of insoluble PSS-surfactant complexes as also observed for (PDA/PSS). A
comparable swelling effect is known from multilayer films composed of weak
polyelectrolytes, when free charges are created by a shift of the pH value.* However, in
contrast to the reversible protonation/deprotonation effect, which relies on the use of weak
polyacids or polybases, the interaction between the LbL film and the surfactants is
irreversible and is determined by the ratio of the complex stability between the
polyanion/polycation and the polyanion/cationic surfactant.

Only for PMAA as the polyanion, the capsules were mainly intact because the stability of
DoTAB/PMAA was smaller than that of (PAH/PMAA). The difference between PSS and

PMAA in terms of the interaction with cationic surfactants mainly lies in the different
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hydrophobicity and the high tendency of hydrogen bonding between PMAA and primary or
secondary amines. In contrast to the hydrophilic PMAA, PSS has a hydrophobic backbone
due to the phenyl rings, which play an important role for the formation of complexes with
the surfactants.* >

Moya et al. have employed the low stability of the (PDA/PSS) film as a protective layer for
(PAH/PSS) layers underneath to cationic surfactants.?® They claimed that the (PAH/PSS)
layers were not influenced by the surfactant, which was not confirmed by our experiments.
However, the changes in swelling and permeability are difficult to analyse on thin and
supported LbL films used by Moya et al. The recently published work from Rahim et al. on

surfactant-LbL-film interactions presented different results.”"!

In contrast to the response
within seconds observed by us, they investigated the films in the hour and day scale and
observed much smaller changes. The reason could be that their detection method was based
on the spectroscopic determination of released PSS in the supernatant. At least for cationic
surfactants their method is not applicable, because the formation of insoluble PSS/surfactant

complexes prevents the detection of released PSS, which can result in wrong conclusions.

4.3.5.2 Fluorescence intensity changes of the LbL film

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

The three dimensional swelling of the polyelectrolyte film after addition of surfactants led to
an increase of the average distance between the dye molecules and to an increase in the
fluorescence intensity. In addition, the released free Rho-PAH molecules also contributed to
the increase in fluorescence of the capsule suspension. However, the constant fluorescence
intensity during the complete desintegration of the (PDA-Rho/PSS) can hardly be explained.
It could be ascribed to the high persistence length of the PDA polyelectrolyte and the relative
low label degree of the dye molecules, which resulted in negligible self-quenching of Rho on

PDA.
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4.3.5.3 Permeability changes of the capsules and its prevention

The cationic surfactants induced a fast and strong permeability increase of (PAH/PSS)s and
(PVA/PSS)s capsules at a low concentration, e.g. below 1 mM CeTAB. This can be
employed as an instantaneously triggered release of encapsulated compounds. However, for
some applications e.g. encapsulation of drugs, it is important to control or prevent this
sensitivity to cationic surfactants. The LbL films could be stabilised by crosslinking of the
polyelectrolyte layers. As demonstrated on the crosslinked (PAH/PSS); capsules,
fluorescence changes and wall opening for macromolecules permeation was effectively
prevented after crosslinking. The grade of crosslinking can be controlled, which enables a

fine tuning of the LbL film response to the surfactant.

4.3.5.4 Influence of the surfactant concentration

There was a threshold concentration of DoTAB (around 5 mM) and CeTAB (around 0.5
mM) for an effective interaction between the surfactant and the microcapsules (see Figure
4.45 and Figure 4.47 a). In the concentration range of 5-20 mM for DoTAB and 0.5-2 mM
for CeTAB, strong increase of the interactions was observed. No further effect was observed
at higher surfactant concentrations. It is well known that surfactant molecules associate at the

43, 44 .
3 However, in the

so called critical micellisation concentration (cmc) to large micelles.
presence of oppositely charged polyelectrolytes, the surfactants form small aggregates
already at a concentration below the cmc, which is referred to as the critical aggregation
concentration (cac).39’ 48 Obviously, the cationic surfactants start to interact with the
multilayer film above its cac, and the interaction increases at the surfactant concentration
range between the cac and cmc. Above the cmc, which is >15 mM for DoTAB and >0.8 mM
for CeTAB,46’ 2% the interactions between the surfactant and the capsules remain almost

constant, because the excess free surfactant molecules form micelles that can not enter the

multilayer film.

4.3.5.5 Influence of the surfactant structure

The structural changes induced by CeTAB were slower compared to that by DoTAB.
However, it yielded similar final state or even more swelling of the capsules (Figure 4.47).
The CLSM investigation revealed that the interaction process was almost identical apart
from the kinetics. Obviously the longer and bended chain of CeTAB caused a slower
diffusion into the LbL film but induced more pronounced structural changes due to higher

hydrophobicity.
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In contrast, BAC only caused initial swelling of the capsules in the first 2 min; thereafter the
capsules shrank to smaller diameters. BAC is a mixture of molecules with different alkyl
chain lengths. Therefore the cmc of BAC is in a range between 0.34-3.8 mM. The deviation
in the capsule behaviour could be caused on one hand by the mixture of different alkyl chain

lengths™*

and on the other hand by the additional phenyl rings in BAC, which contribute to
further hydrophobic or T—m interactions with the phenyl rings in PSS.

It is important to control the strong influence of BAC for applications of LbL film
encapsulated drugs in pharmaceutical or dermatological formulations, because BAC is often
used as preservatives. Therefore, one need to ensure that either no such preservatives are

present in the formulation or the capsules are stabilised by crosslinking the polyelectrolyte

wall as demonstrated so that undesired release of the drugs does not occur prior to use.
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An ODN bioconjugation system based on the LbL film modified microparticles for the
detection of DNA hybridisation was developed. Evaluation of multiple parameters including
the selection of polyelectrolytes, coupling agent, solvent and activation time enabled stable
covalent coupling of probe ODNs onto the particles at high density and with homogeneous
distribution. The system exhibited a higher binding capacity to specific target sequences than
most of the commercially available particles on the market. Moreover, non-specific
interactions with non-complementary DNA were almost completely suppressed.

For detection of the binding events, a FRET-based optical method was employed, where the
donor fluorophore was either pre-labelled on the probe ODNs (system 1) or covalently
coupled to the polyelectrolyte prior to LbL coating (system 2). The acceptor dye was tagged
on the target DNA sequence. In this way, the donor dye molecules were located exclusively
on the outermost few nanometers on the particle surface so that the donor-acceptor distance
was minimized, which was highly advantageous for FRET detection. Because of the special
properties of the LbL films, this LbL-ODN system demonstrated several advantages over
other conventional DNA hybridisation assays. The detection limit of the developed LbL-
ODN sensing system by conventional fluorometry was 1-5 nM of target ODNs. Moreover,
this microparticle-based system allowed analysis of single particles by flow cytometry and
CLSM. A single LbL-A;, particle could capture 10" mole of Tho ODNs. When 1% target
molecule is captured, as little as 10" mole target ODNs can be detected. This detection
limit is superior compared to the hybridisation assays on the market.

The LbL-ODN particles were also successfully applied in single-nucleotide polymorphism
(SNP) detection as a mutation assay. A single mismatch in a 25-mer target ssSDNA could be
distinguished by the FRET method. The sensitivity is comparable other established SNP
assays.

The LbL-ODN particles could be recycled several times by melting/washing cycles,
although the efficiency of the hybridisation decreased for every cycle. Hence, use of fresh
LbL-ODN particles for diagnostic applications is highly recommended. However, for other
applications such as specific DNA extraction from a mixture, subsequent reuse of the LbL-

ODN particles can be applied.
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Beside the promising application of the LbL.-ODN particles for nucleic acid sensing, it was
demonstrated that liposomes as nanocontainers modified with complementary ODNs could
be assembled onto the LbL-ODN particle surface specifically via DNA hybridisation. The
liposomes stayed intact on the particle surface and fused only upon trigger. Such specific
assembly of filled containers on planar or colloidal surfaces can be broadly varied and
widely applied. Especially in the fast developing field of microfluidic and delivery systems,
such structures as specific targeted cargos offer a great potential for exploitation.

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

The assembly process of the LbL-ODN structure and the specific binding of liposomes were
also monitored and investigated by QCM. Multilayers of liposomes were assembled on the
planar LbL-ODN surfaces. The amount assembled was determined from the mass gain on
the surface by QCM. The obtained data was in a good agreement with the results obtained
from the particle based system.

For target binding detection, the FRET pair Flu-Rho was mainly used in this study. Two
different systems were constructed: in system 1, the donor dye Flu was on the probe ODN in
a 1:1 ratio; and in system 2, the donor was on the outermost PMAA layer and its amount was
independent on the amount of probe ODNs. While the donor and acceptor ratio and distance
is fixed in system 1, the excess and even distribution of the donor dyes in system 2 resulted
in a superior FRET efficiency, benefiting from the higher donor density and the multi-
interaction between the donor and acceptor dye molecules. In addition, system 2 can be
prepared less expensively, since it is not required to fluorescently label all the ODNSs.

In contrast, the alternative and widely applied FRET pair Cy3-Cy5 with lower excitation
energy showed opposite results: system 2, using Cy3-PMAA, yielded remarkably less FRET
efficiency than system 1, even if a high excess of the donor dye Cy3 was used (label degree
of Cy3-PMAA 1: 130). This can be explained as follows: 1. the fluorescence quantum yield
of Cy30ODN was higher than that of the free dye and Cy3-PMAA; 2. with increased labelling
density of Cy3 on PMAA, the fluorescence quantum yield of Cy3-PMAA decreased further;
3. the Cy3-CyS5 has a shorter Forster radius compared to Flu-Rho, which required a smaller
separation distance between the dye pairs in order to obtain sufficient FRET. These factors

contributed to the quite different behaviours of the Flu-Rho and Cy3-Cy5 FRET pairs.
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5. Conclusions and Outlook

The fluorescence quantum yield of cyanine dyes is often reduced after they are covalently
coupled to polyelectrolytes. The effect was more pronounced for Cy5, whose conjugate
structure is more extended than Cy3. The decrease in the quantum yield arose from the
partial formation of dye H-aggregates that showed no fluorescence but a hypsochromic shift

of the absorption wavelengths, as described by the Kasha-theory.”’®

In order to improve the
quantum yield of the dye-labelled materials for analytical methods, the origin of the H-
aggregates formation was determined. It was found that the aggregates were formed during
the labelling reaction by interactions between dye molecules, leading to an inhomogeneous
distribution along the polymer chain. The formation of H-aggregates on the polymer could
be remarkably reduced by a newly developed synthetic route in organic solvents. At the
same time, this improved synthetic approach produced polymers with higher label degrees.
These findings can enable a more efficient use of Cy3-Cy5 as the FRET pair in the LbL-
ODN particle system.

A well known drawback in the application of LbL films is their lower stability against
certain environmental parameters such as high temperature, salt concentration or pH
compared to covalently linked polymers. Under the relatively harsh conditions used for
hybridisation (0.5 M salt, 70°C, 0.1% SDS, 1 mg/ml BSA) some polyelectrolyte molecules
were released from the particle surface. The °‘leaking’” was successfully prevented by
treatment of the LbL particles with borate buffer (50 mM, pH 8.0, 0.5 M NaCl) at 70 °C for
two hours prior to the coupling process.

During the stability study, it was surprisingly found that certain polyelectrolyte films as
microcapsules showed strong changes in diameter and permeability in the presence of low
concentrations of cationic surfactants (<5 mM). In dependence on the polyelectrolyte
composition, the behaviour of the capsules varied from negligible changes to complete
disintegration via strong swelling. For example, (PAH/PSS), microcapsules swelled with a
five-fold volume increase and became permeable for large molecules. In the case of fluores-
cently labelled films their fluorescence intensity increased by four times. A mechanism
explaining the interactions between the cationic surfactants and polyelectrolyte capsules was
derived from the experiments: the cationic surfactants diffused into the LbL film, formed
complexes with the polyanion and then replaced the polycation partly or completely. The
extent of the interaction depended on the relative stability of the polycation/polyanion
complex and the surfactant/polyanion complex. The structural shape of the surfactants and
their cmc or cac, determined the kinetics and the threshold of the interaction due to different

diffusion rates inside the LbL film, respectively.
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5. Conclusions and Outlook

The sensitivity of the LbL films to traces of cationic surfactants can limit their applicability,
for example in drug encapsulation for pharmaceutical formulations that often contain
cationic detergents such as BAC. In this work it was demonstrated that such undesired
changes in the capsule properties can be effectively prevented by crosslinking. On the other
hand, the remarkable strong and fast response of polyelectrolyte films to cationic surfactants
can be exploited for a range of applications such as triggered and fast release of encapsulated
materials, sensor development based on strong fluorescence changes or micromechanical
devices like valves.

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

1. Incorporating additional tags such as QDs into the LbL structure to distinguish between
different target sequences in library high throughput approaches.

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

3. Bioconjugation of antibodies or antigens on LbL-FRET particles for diagnostic analysis.

4. Chemi/bioluminescent sensors based on the fusion of adjacent liposomes assembled by
selective hybridisation on the LbL.-ODN particles, one containing the luminescent substance
and the other the biocatalyst.

5. Specific assembly of other ODN modified systems onto the LbL-ODN particles via DNA
hybridisation.
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