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Abstract

In this thesis | will introduce our new approaches to create predetermined metallic
nanostructures for future studies of plasmonic interactions between single-particles.
Colloids of noble metals possess unique optical properties that can be used for sensing,
opto-electronics, surface-enhanced Raman scattering, fluorescence, and IR absorbance
spectroscopy. These optical properties are governed by localized surface plasmon
resonances, which can be studied by building structures with tailored optical properties
(optical circuits) from individual inorganic particles. In this thesis we have chosen to
examine two metals that are highly interesting due to their chemical and physical
properties. Here, because of its chemical stability, we use gold nanoparticles as a model
system to examine new ways to achieve specific functionality. However, since gold
possesses poor physical properties for plasmonic applications, we investigate new ways to
create silver nanoparticle systems, which is the best-performing choice among metals for
optical frequencies. Working to further this topic, we find a new way to grow silver
nanoparticles in the presence of DNA under physiological conditions in a one-pot reaction
by means of a photo-induced reaction where the DNA is left intact. Furthermore, by
applying new protocols for controlled formation of nanoparticle dimers, DNA-streptavidin
conjugates, and DNA functionalized nanoparticles we show that purified fractions of DNA-
functionalized nanoparticle dimers and monomers can, by exploiting Watson-Crick base
pairing of DNA, be used to create larger nanostructures. Such assemblies would be very
interesting to use while investigating plasmon-transport and plasmon-enhanced phenomena

in solution ensembles and at a single particle level.
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Introduction 1

Introduction

In this chapter | will introduce our new approaches to create predetermined metallic
nanostructures for future studies of plasmonic interactions between single-particles. Here,
Section 1.1 provides a literature review, summarizing the relevant scientific findings up to
the original questions that this work is based on. This is followed, in Section 1.2, by the
scope, where a short overview of how these questions are addressed is presented together
with the corresponding publications to which | made a significant contribution.
Furthermore, a short summary will be given directing the reader to where in this thesis each
topic is discussed in more detail and in Chapter 7 these questions are repeated followed by

a summary of our findings, conclusions and outlook.




1.1 Literature Review

1.1 Literature Review

Colloids of noble metals possess unique properties in diverse areas such as catalysis,
sensing, (opto-) electronics, surface-enhanced Raman scattering, fluorescence, IR
absorbance spectroscopy, and biomedical applications.® The optical properties of metal
nanoparticles are governed by localized surface plasmon resonances, which result from the
interaction of a particles conduction electrons with incident light.>® In order to construct
complex architectures with tailored optical properties (optical circuits) from individual
inorganic particles,” two assembly approaches hold particular promise: lithographic
predesign®*2 and deterministic arrangement on the nano-scale by biomolecular
interactions.’*22 There are several reasons why the biomolecular approach is widely

used:1923
1. Their diversity provides a wide choice of size and functionality.

2. Well-developed methods to synthesize and modify them enable their application in

combination with different inorganic materials.

3. Their inherent repair and catalytic mechanisms can provide structures with a specific

functionality and even allow them to be tuned after construction.

Here, two routes can be considered for the preparation of particle-bioconjugates as building
blocks for biomolecule-templated nanostructures: either conjugation of the pre-formed
colloids with biomolecules through suitable functionalization chemistry?>2° or direct
growth of metal particles, wires or mashes on native or predesigned DNA strands.348 An
advantage of the first approach is the established surface chemistry and purification
procedures,**>° while the second has its advantage in that controlled growth or mediation
by DNA scaffolds is very selective and usually does not require cumbersome separation

procedures.

While there are numerous methods to nucleate and grow silver particles directly on DNA

molecules, which include the modification of DNA with aldehyde moieties*® (Tollens
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reaction),3*5! introduction of strong reducing agents, and illumination with UV light,
these methods irreversibly damage the DNA strands. Furthermore, other known chemistry
like the photo-induced reduction of silver ions to promote particle nucleation from silver
salts, which use hard UV irradiation in presence of organic solvents,>*-%¢ deaerated aqueous
media in presence of sodium dodecy! sulfate,® or an organic dye and tri-ethanolamine as
an electron donor,® also lead to the degradation or insolubility of DNA during the reaction.
Here, a potentially nondestructive method is based on the detection of dye-labeled DNA®®
through spectrally sensitized photography,®® which involves the photo-induced reduction
of silver ions by optically excited dye molecules.>®®* However, if silver nanoparticles can
be grown in presence of DNA under physiological conditions in a one-pot reaction by
means of a photo-induced reaction where the DNA is left intact, has not been investigated.

In addition to templated growth of nanoparticles, DNA is a popular candidate for
deterministic assembly of inorganic nanoparticles through its unique inherent self-
organization properties (also known as Watson-Crick base-pairing).?” There are various
established techniques to modify DNA with thiol-linkers,%? so that the strand can be
immobilized onto metallic nanoparticles though chemisorption of the thiol-group,?42%63.64
which was originally developed for planar metal surfaces and then adapted for nano-
technological applications.®® However, existing protocols require a high ratio of thiol-
modified DNA molecules to nanoparticles due to the reduced binding strength between
mono- or di-sulfhydryl groups and the particle surface.?#26 However, except for planar
gold surfaces,®® DNA modified with four sulfhydryl groups, such as di-thiol-phosphor-
amidite (DTPA), has not been used to functionalize nanoparticles. So, whether a higher
number of thiol-groups in a linker molecule would be advantageous when functionalizing

nanoparticles with DNA, is not known.

For applications such as fluorescence resonance energy transfer, plasmon coupling and
assembly of nano-electronic devices,®®% it is advantageous to use particles with a
predefined number of attached DNA strands where, due to plasmon coupling efficiency,
each strand length is comparable to the diameter of the particle.® Here, the reproducibility

of a structures design is directly dependent on the purity of a desired conjugate and even
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though advances have been made in synthesis,>*% successful separation and isolation
continues to be a challenge. For example, a commonly used separation technique, like
agarose gel electrophoresis, is proven difficult due to the necessity to adjust for particle
size, the use of DNA strands that are too long for efficient plasmon coupling, and elution
problems from the gel matrix.*®%389-"1 However, the use of anion-exchange high pressure
liquid chromatography has been put forward, which has the potential to overcome these
problems.”? Nevertheless, the authors confirmed that their work was *proof of concept’ and
for this method to give high enough yield and reproducibility to be a useful, additional work
is required. Thus, if anion-exchange high pressure liquid chromatography can be a viable
alternative and improvement for existing techniques to reproducibly obtain high yields of
nanoparticles with a predefined number of short DNA strands attached, has yet to be

demonstrated.

Even though DNA is an excellent scaffold and linker to organize nanoparticles on the nano-
scale,’*4" combining it with other biomolecules, such as proteins or peptides, can be
particularly beneficial due to the reversible self-recognizing nature of their geometrically
defined binding.?22374-78 Streptavidin, a homotetrameric protein with dihedral D2
symmetry, is widely used as a central building block as it forms multiple angularly defined
attachment sites to biotin, has an extraordinarily strong affinity constant (exceeding 10
M-1) and high thermal and chemical stability.”®-% Here, nanoparticles functionalized with
thiol-modified DNA strands used in combination with streptavidin bound to specific
numbers of the complementary biotin-functionalized DNA strands,® or alternatively by
means of nanoparticles functionalized with thiol-biotin mixed with streptavidin bound to
biotin-functionalized DNA in combination with a similar mixture containing the
complementary DNA strand,”*" have been used to form nano-scale architectures for
potential electronic purposes.t”8 However, using nanoparticles functionalized with thiol-
biotin-streptavidin bound to specific numbers biotin-functionalized DNA strands has not
been reported. Furthermore, the conformation that bound streptavidin with and without
DNA has to a nanoparticle is not understood.
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Multiple-site binding proteins such as avidin and streptavidin are promising particle linkers
since they act as a strong aggregating agent for biotin-functionalized inorganic
nanoparticles®®-1% and have additionally been used to study plasmonic effects.102192 Here,
focus has been placed on the kinetics of uncontrolled formation of predominantly large
unstable particle aggregates,®°! where a model of the aggregation process has been
developed which accounts for the influence of stoichiometry as well as role of the ligand
geometry.1%31%4 Investigations have also been made into separation, purification and
characterization of molecularly bridged nanoparticles'®=1%" which include unsuccessful
attempts at size exclusion chromatography.%71% So, whether it is possible to obtain a high
enough control over the interlinking process of biotin-functionalized particles and
streptavidin, to obtain high yields of small particle complexes and additionally enrich them
under physiological conditions through size exclusion chromatography, has not been
reported. While these studies focus on aggregating biotin functionalized particles with low
concentrations of streptavidin, there are no comments on if high concentrations can hinder
aggregation through saturation of the binding sites. Furthermore, there have been no
attempts to organize particles on the nano-scale by combining DNA functionalized

streptavidin-induced nanoparticle-dimers into complex structures.
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1.2 Scope of This Work

In this thesis we have chosen to examine two metals that are highly interesting due to their
chemical and physical properties. Here, because of its chemical stability, we use gold
nanoparticles as a model system to examine new ways to achieve specific functionality.
However, since gold possesses poor physical properties for plasmonic applications, we
investigate new ways to create silver nanoparticle systems, which is the best-performing

choice among metals for optical frequencies.

There exist many established routes to obtain gold particles conjugated with DNA
molecules. From these numerous reports we chose the well-studied functionalization of
gold nanoparticles with thiol-modified DNA molecules as a model system to learn the
necessary chemistry and methods involved in synthesizing and separating different types
of conjugates. While the functionalization protocols were successfully reproduced, we
investigate using a new thiol-based linker molecule DTPA to provide higher stability
through the four (instead of one or two) thiol groups used for chemisorption onto particle
surfaces, and a new protocol adaptation to increase colloidal stability by using mPEG-thiol

instead of BSPP as a final capping agent.%®

There are a number of reported protocols to separate inorganic nanoparticles by the number
of attached DNA strands, including anion-exchange high pressure liquid chromatography.
However, the separation procedures result in low yield and in the latter case in poor
reproducibility due to the damage caused by the nanoparticles to the analytical column. We
note that the authors confirmed the problems associated with high pressure liquid
chromatography separation. Here, based on the previously discussed functionalization
protocol of the 20 nm gold nanoparticles with DNA-DTPA, we create a new protocol to
gain reproducible high yield separation of nanoparticles by the number of DNA strands

attached to their surfaces with anion-exchange high pressure liquid chromatography.%®

An alternative way of achieving DNA terminated nanoparticles, which is potentially better

for defined structures, is to use a central building block with multiple angularly defined
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attachment sites. Since it is well documented, we used the protein streptavidin, which binds
reversibly to four biotin molecules. Here, we take a novel approach and isolate the four
different conjugates of DNAu-4-biotin-streptavidin  with  high pressure liquid
chromatography to create DNA-nanoparticle conjugates. To this end, we prepared biotin
functionalized nanoparticles by using the new high pressure liquid chromatography
compatible thiol-chemistry to attach biotin-PEG-disufides to the nanoparticle surfaces. To
conjugate biotin-nanoparticles with DNA-biotin-streptavidin the two protocols were
combined in a more direct, but in itself novel, way by mixing the four equally distributed
DNA-biotin-streptavidin complexes together with the biotin-nanoparticles, instead of the
more controlled variant of introducing the purified fractions that will be discussed in a later
chapter. In this intermediate step, we examine if the new biotin-nanoparticle and
streptavidin-DNA protocols work and more importantly, that they work well together
before proceeding with more advanced structures. Moreover, we make an original
investigation into the conformation of bound streptavidin and streptavidin-DNA to gold

nanoparticle surfaces.110-114

Using the new biotin-functionalized gold nanoparticles, we investigate a controlled
assembly approach with streptavidin as the interlinking agent. Here, we make a new
analysis on the aggregation process, in dependence on streptavidin concentration and ionic
strength of the solution, to obtain small stable biotin active or streptavidin saturated particle
complexes. We also provide an insight into the kinetics of the process, influence of (-
potential on the aggregation and size analysis of the obtained complexes, derived with
dynamic light scattering and transmission electron microscopy techniques. Additionally,
we present new results from size exclusion chromatography that was used to enrich
fractions containing species made up from a specific number of interlinked particles.
Furthermore, in combining the previously describes topics we investigate a new way to
obtain high order structures by combining DNA functionalized streptavidin-induced
nanoparticle-dimers into larger nano-structures that are ready to be used for further studies

of plasmonic phenomena, 110114
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Lastly, we used our collected know-how to develop a new protocol for photo-induced
nucleation and growth of silver nanoparticles in aqueous solution in the presence of DNA
oligomers. Here, we develop a novel one-pot reaction protocol based on silver nitrate and
tri-sodium citrate in biologically friendly conditions allowing the nucleation and growth of
silver nanoparticles in direct proximity to DNA molecules without damaging them. Since
these conditions are not beneficial for nucleation, an organic dye (Cy5) was used as a
photosensitizer to initiate the nanoparticle growth upon illumination with 647 nm light.
Moreover, we investigate the catalytic effect of silver ions on the photo-bleaching of the
Cy5 dye that is attached to the DNA strand. We also characterize the grown silver particles
in terms of size and their association with the DNA molecules and discuss the potential for
direct organization into predesigned two- or three-dimensional structures for further

applications in plasmonic studies.!*>17

Overview

The results of the investigation into:

e Whether a higher number of thiol-groups in a linker molecule would be

advantageous when functionalizing nanoparticles with DNA, is shown in Chapter 4.

¢ If anion-exchange high pressure liquid chromatography can be a viable alternative
and improvement for existing techniques to reproducibly obtain high yields of
nanoparticles with a predefined number of short DNA strands attached, is
demonstrated in Chapter 4.

e Using nanoparticles, functionalized with thiol-biotin with streptavidin bound to
specific numbers biotin-functionalized DNA strands, is discussed in Chapter 4.

e The conformation that bound streptavidin with and without DNA has to

nanoparticle surfaces, is presented in Chapter 4.
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e Whether it is possible to obtain a high enough control over the interlinking process
of biotin-functionalized particles and streptavidin, to obtain high yields of small
particle complexes and additionally enrich them under physiological conditions

through size exclusion chromatography, is investigated in Chapter 5.

e If high concentrations can hinder aggregation through saturation of the binding sites
is presented in Chapter 5.

e The nano-scale organization of particles by combining DNA functionalized
streptavidin-induced nanoparticle-dimers into complex structures, is studied in
Chapter 5.

e If silver nanoparticles can be grown in presence of DNA under physiological
conditions in a one-pot reaction by means of a photo-induced reaction where the
DNA is left intact, is investigated Chapter 6.
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Material and Methods

This chapter provides insight into the working principles of the different experimental

techniques and the specifications of the materials that have been used for this thesis.

11
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2.1 Methods

In this section UV — visible spectrophotometry, dynamic light scattering, transmission

electron microscopy, and high pressure liquid chromatography are discussed.

Ultraviolet — Visible Spectrophotometry

Ultraviolet — visible spectrophotometry is an analytical and biochemical technique that was
employed to determine the presence and concentration of analytes and to characterize them.

The set-up consisted of:
e A commercial spectrophotometer (Cary 50, Varian, Inc.)

e 10 mm quartz cuvette, 110-QS, Hellma, or 10 mm UV-transparent plastic cuvette,
Brand GmbH & Co. KG, respectively)

In this system a Xenon Flash Lamp is used as a light source, which reduces degradation of
photosensitive samples as the lamp only flashes when acquiring a data point. The beam is
then diffracted on a grating which is configured to obtain a spectral resolution of 0.5 nm
through a wavelength range of 190-1100 nm at a maximum scan rate of 400 nm per second.
The diffracted light is then passed through a beam-splitter, where the intensity, I,, of the
split off light is measured with a reference detector. The other portion is transmitted through
the sample and its intensity,/, measured with a second detector giving the
transmittance I/1,. Here, if the sample molecules contain x- or non-bonding electrons, they
can be excited across the energy gap between the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO). So, if the energy between
HOMO and LUMO is approximately equal the photon energy photoelectric excitation
causes less light to be transmitted through the sample. However, in this thesis we study
mostly ensembles of metal colloids where the high amount of light scattering makes it more
intuitive to use the samples extinction,>® which is defined as the difference between the
incident and transmitted light intensities normalized to the intensity of the incident light or
1—1/I,.

12
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Photon Correlation Spectroscopy

Photon correlation spectroscopy, also known as dynamic light scattering, is an analytical
technique that was employed to determine the size of colloidal species. The set-up consisted

of:

e A commercial photon correlation spectrometer (Zetasizer Nano ZEN3600, Malvern

Instruments)

e 10 mm quartz cuvette, 110-QS, Hellma, or 10 mm UV-transparent plastic cuvette,
Brand GmbH & Co. KG, respectively)

e Disposable capillary cell for {-potential measurements (DTS1061, Malvern)

In this system attenuated laser light, scattered from a sample at 173°, is measured over time.
Here, when monochromatic, coherent light hits particles that are smaller than the
wavelength, time-dependent fluctuation in the intensity produced by Rayleigh scattering,
is observed due to that the particles Brownian motion causes either constructive or
destructive interference of the scattered light by the surrounding particles. The rate, at
which these intensity fluctuations occur, will depend on the time scale of movement of the
scattering species and therein the size of the particles. As stationary particles would give a
constant signal, the instrument measures the deviations from that line over the time taken
to reach a preset deviation value. Where the sampling speed is typically between nano- and
micro-seconds, and the amplitude of the oscillation can be tuned by attenuating the
incoming laser light. Since the shape of this correlation function, where a single or multiple
exponential fit will represent a mono- or poly-dispersed colloid respectively,!*® this
measurement needs to be performed several times to form a satisfactory dataset. The
hydrodynamic diameter d;, can be found through the correlation function, G, in dependence

on the correlator time delay, t, and can be written as

G(r)=A|1+ e~ F0an [4%““(%)]2 |

13
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where A is the baseline, B is the intercept, k is the Boltzmann constant, T is the absolute
temperature, n is the viscosity, n the refractive index of the dispersant, 1 is the wavelength
of the laser and 8 is the scattering angle. Here, the exponent without correlator time delay
is the Doppler shift, which reaches maximum in back-scattering. The obtained size
distribution is a plot of the relative intensity of light scattered by particles in various size
classes and is therefore known as an intensity size distribution. If the plot shows a
substantial tail, or more than one peak, then Mie theory can make use of the input parameter
of the samples refractive index to convert the intensity distribution to a volume distribution.
This will then give a more realistic view of the importance of a tail or second peak as larger
particles will influence the distribution by intensity six orders of magnitude more than the

distribution by number.

The technique can also be used to determine {-potential of colloidal particles, which is used
to characterize stability of the suspension against aggregation. Here, an electric potential is
applied to the solution and laser Doppler electrophoresis is employed to determine the
electrophoretic mobility of the colloidal particles, which is directly proportional to their -
potential through the Henry equation. The mobility is defined through the frequency shift
of the scattered light in comparison to the incident. Analysis of the frequency and
corresponding phase shift either by applying Fourier transform or phase analysis light

scattering provides the value of {-potential for the studied colloidal species.

Transmission Electron Microscopy

Transmission electron microscopy is an imaging technique that that can resolve objects
down to atomic fringes,'*°® and was employed to examine single nanoparticles. The set-up

consisted of:

e A commercial transmission electron microscope (JEOL 100 CX or CM100, Philips)

14
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e Carbon-coated 300-mesh copper grid (Plano), which were made hydrophilic prior
to deposition by a 10 second exposure to oxygen plasma (Technics Plasma 100-E,

operated at 50 W with an oxygen pressure of 1.4 mbar)

In this system electrons are generated by thermionic emission of a tungsten filament,
accelerated to 100 keV by an electric potential, formed into a beam by using a Wehnelt
cylinder, and focused by electrostatic and electromagnetic lenses, which usually consist of
condenser lenses for the primary beam, objective lenses to focus the beam on the specimen
and projector lenses to image the transmitted electrons on a fluorescent screen. Here, the
interaction of the beam with the sample will scatter the electrons while they are being
transmitted through it and this defines the image obtained on the fluorescent screen. The
atomic number of the scattering species determines the contrast of the picture, for example,
the greater the number the stronger the electron scattering, the better the image contrast.
Therefore, metallic particles can be better visualized in comparison to organic compounds.
Furthermore, by bringing the back focal plane onto the screen, the scattering pattern from
the sample can be collected, which contains information about its crystallographic

structure.

High Pressure Liquid Chromatography

High pressure liquid chromatography is an analytical and biochemical technique that was
employed to separate, purify and analyze compounds of interest.'2%2! The set-up consisted
of:

e A commercial high pressure liquid chromatography system (Agilent 1200 series,

Agilent Technologies)
e An in-line degasser (Agilent 1200 series, Agilent Technologies)
e A manual injector (Agilent 1200 series, Agilent Technologies)

e A multi-wavelength UV-Vis detector (Agilent 1200 series, Agilent Technologies)

15
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e A manual fraction collector (Agilent 1200 series, Agilent Technologies)

e A size exclusion analytical column (Tosoh TSK-GEL G5000PWHxI, Tosoh
Biosciences)

e Anion-exchange analytical column with a stationary phase of superficially porous
particles (DNAPac Pa-100, Dionex)

e Anion-exchange analytical column with a stationary phase of porous particles
(YMC-BioPro QA, YMC Europe)

In this system, up to four solvents are passed through a vacuum degasser and a high-speed
proportioning valve provides gradient generation by low pressure mixing before entering
the dual plunger pump assembly. The pump generates the flow of the mobile phase that
passes the injector assembly where the sample is introduced and is pressurized against the
analytical column where separation takes place. A UV-vis detector is placed at the exit of
the column that identifies, qualitatively and quantitatively, the separated species so that
different fractions of the analyte can be separately collected.?? Here, the separation
principle is based on the interaction of the sample with the packaging material of the
column, where the high pressure allows for increasing the specific interaction and involves
mostly physical and not (bio-) chemical interactions. In this work two types of columns

were used, size exclusion and anion-exchange:

e Size exclusion chromatography is designed for separation of macromolecules
through mechanical interaction with the stationary phase of the column, which is
typically filled with porous particles. Here, larger species pass around the porous
particles and elute sooner, while smaller species are retained for longer inside,

increasing their retention time.

e lon exchange chromatography is based on the electrostatic interaction of species
with a charged stationary phase. Here, the fractions bind with the stationary phase

and the mobile phase composition needs to be changed to elute them. In this work,

16
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an increasing gradient of NaCl was used to decrease the ion interaction giving

longer retention times to species with more charge.

Additional Equipment

Additional equipment includes:
e A sample stirring unit able to keep a constant temperature (Thermomixer Comfort)
e Two centrifuges (MiniSpin Plus and a 5702 R, Eppendorf)

e pH meter (Metrohm 827 pH lab meter, Metrohm)

17
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2.2 Materials

Chemicals

Silver nitrate, sodium nitrate, tri-sodium citrate, monosodium phosphate, disodium
phosphate, sodium hydroxide, water (W4502), ACS grade water, bis(p-
sulfonatophenyl)phenylphosphine  dehydrate  di-potassium salt (BSPP), (O-(2-
Mercaptoethyl)-O’-methyl-hexa(ethylene glycol) (mPEG thiol) (Figure 1a), streptavidin
were purchased from Sigma Aldrich. Aqueous solutions of 20 nm silver and gold
nanoparticles were obtained from British Biocell International, UK. Polyoxyethylene (20)
sorbitan monolaurate (Tween 20), hydrochloric acid, sodium chloride and
tris(hydroxymethyl)-aminomethane were purchased from Roth GmbH, Germany. Biotin-
octa(ethylene glycol) disulfide (S-PEG-biotin) (Figure 1b) was obtained from PolyPure,
Norway, ACS grade water was used to disperse S-PEG-biotin. Lyophilized streptavidin
was purchased from Rockland, USA. DNA non-self-complementary oligonucleotides were
purchased from IBA GmbH, Germany and their list and corresponding annotations through

the document are summarized in the following (Figure 1c-d):

e Cy5-DNA48 is Cy5 (NHS linked) (5’ )ATC AGCGTT CGATGC TTC CGACTA
ATC AGC CAT ATC AGC TTA CGA CTA(3’) with its complementary non-

modified strand

e DNA-DTPA is 2 x DTPA(di-thiol-phosphor-amidite) (5")ATC AGC GTT CGA
TGC TTC CGA CTA ATC AGC CAT ATC AGC TTA CGA CTA(3")

e DNA-biotin is biotin (5)TAG TCG GAA GCA TCG AAG GCT GAT(3’)

e DNA-biotin is biotin (5’)ATC AGC GTT CGA TGC TTC CGA CTA ATC AGC
CAT ATC AGC TTA CGA CTA(3’)

e DNA-biotin is biotin (5’)TT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT
[TTTTTTTTTTITTTTTTT TAG TCG GAA GCA TCG AAG GCT GAT(5)

18
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e DNA-biotin is biotin (5’)TT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT
ITTTTT TTT TTT TTT TTT ATC AGC CTT CGA TGC TTC CGA CTA(3’)

All buffer solutions were prepared in Millipore water, pH value was adjusted to the desired
with either hydrochloric acid or sodium hydroxide while monitored with a Metrohm 827
pH lab meter and afterwards filtered with 200 nm syringe or enzymatic filter.

6
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Figure 1 | Chemical Structures | (a) (O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene glycol) (mPEG thiol),
(b) Biotin-octa(ethylene glycol) disulfide (S-PEG-biotin), (c) Biotin coupled to 5> DNA end, and (d) di-thiol-
phosphor-amidite (DTPA) coupled to 5° DNA end.
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Fundamentals

In this chapter, we give a background introduction to many of the concepts used in this
thesis, which includes an overview of the optical and colloidal properties of the metallic

nanoparticles.

21
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3.1 Optical Properties of Metal Particles

Plasmonics is a branch of physics that has developed extensively in recent years. The field
appeared as laser and surface physics crossed paths. It is considered to be one of the fastest
developing areas for nanotechnology, opto-electronics, new types of microscopies and
sensing. There are two major subfields of plasmonics: (1) surface plasmon polaritons which
are essentially surface electromagnetic waves that are supported on a conductive surface
and (2) localized surface plasmons which exist on metal nanoparticles and voids. While the
first area has a large potential for discovery and testing of physical phenomena, the second
has more practical applications and utilizes knowledge from colloidal chemistry, while
providing a chance to test new applications and examine the optical properties of metallic
nanoparticles organized in complex structures in presence of biomolecules. In this section,

an overview of the optical properties of metal nanoparticles is summarized.

Optical Properties of Metals

Optical properties of metal nanoparticles are governed by their geometrical and material
characteristics. Here, dielectric permittivity will largely determine the behavior of a
particles interaction with light, which can be described with the Drude model, where metal
electrons are considered as a free-electron gas. We note, that this model is not always fully
valid when considering higher photon energies because of its inability to incorporate inter-
band transitions. These transitions influence the optical properties of metals significantly
when the frequency of incoming light approaches that of the metals plasma frequency, w,,

which is when it also becomes transparent.

Localized Surface Plasmons

Surface electromagnetic waves that exist on flat metal surfaces are known as surface
plasmon polaritons.? These waves exponentially decay in both directions away from the
interface and while they propagate along it, conversion into photons takes place at its
irregularities. In addition to the propagating surface plasmon polaritons on the metal-
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dielectric interface, the plasmonic excitations that are bound to specific geometries are
known as localized surface plasmons. These excitations are similar to the regular volume
plasmons, which are oscillations of the electron gas next to a positive ionic backbone. The
oscillation frequency can be determined by solving the Laplace equation (electrostatic
approximation) with the appropriate boundary conditions at the spherical particle’s surface.
Here, the wavelength of the incoming light is considered to be significantly larger than the
characteristic size of the interacting spherical particle and therefore the electric field inside

a particle can be considered as homogeneous.'?* Namely, the solution for the frequencies

/ '
Wy = wp T—I—l’ f = 1,2, 3, (l)

For small spherical particles, the dominant role is played by the dipolar excitation with £ =

can be written as

1, as the size of a spherical particle increases the higher order excitations start contributing
significantly to the localized surface plasmon frequency. In the limit £ — oo for a very large
sphere the localized surface plasmon frequency defined in Eq. (1) approaches the surface
plasmon frequency that is at the metal dielectric interface wgp = wp/\/i. It should be noted
that the localized surface plasmon frequencies are determined through the metal plasma
frequency and therefore the excitations can only exist in the range where the dielectric
function of the material is negative. Furthermore, the localized surface plasmons are non-
propagating geometrically bound and confined to the curved surface, which can be a
metallic nanoparticle or a roughness on a smooth surface, and therefore result in strong
electromagnetic field enhancement. Finally, the excitations are characterized by discrete
frequencies and are strongly dependent on the shape and size of the object that they are
confined to. Moreover, they can be resonantly excited by incident light of appropriate
frequency irrespectively of its wave-vector in contrast to the propagating surface plasmon

polaritons.?4
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Although solution of the Laplace equation provides a nice overview and explanation of the
fundamental physical properties that are attributed to the metal nanoparticles, the exact
solution of Maxwell’s equations for a homogeneous spherical particle of arbitrary size and
dielectric permittivity has been obtained in terms of the Mie theory.!? The scattering and
absorption cross-sections obtained for the spherical metallic nanoparticles of different sizes
in terms of the theory brilliantly correlate with the experimentally recorded data. Moreover,
the Mie theory has found further development for a multiple core shell spherical particle
that is well supported by the experimental data.> While the Mie theory itself describes the
interaction of a single spherical particle with the incoming light, the developed generalized
Mie theory is capable of predicting optical properties from the spherical particles organized
in clusters.>1?6-12 The latter is an exact solution of the Maxwell equations with the
appropriate boundary conditions.?® Furthermore, there also exists another approach of how
to describe the interaction of light with clusters built from metal nanoparticles, which
employs ideas from molecular physics and considers the interaction of plasmonic
excitations as a hybridization process.'?***® Both approaches that describe nanoparticle
clusters predict that; due to the plasmon interaction of the neighboring nano-spheres, if the
aggregates that exist in ensemble are identical, lead to the splitting of the original plasmon
peak: one of the peaks will be significantly shifted to lower energies in comparison to the
original localized surface plasmon peak. However, it is important to emphasize that if an
ensemble of nanoparticle clusters is inhomogeneous, the complex topologies of the clusters
always smear out characteristic spectral features, while increasing the total extinction in the
red region relative to the single particle peak, which makes it problematic to assign recorded

optical characteristics to a specific type of a cluster.®
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3.2 Colloidal Properties of Metal Nanoparticles

There are many ways to reliably produce metallic nanoparticles and therein investigate the
unique optical properties described in Section 3.1. A well-established route it through
surface and colloidal chemistry, which can be employed to produce metallic particles of
different sizes and shapes from different components that include pure metals, alloys and
layered structures. However, methods to create a stable mono-dispersed colloidal solution
are not that straightforward and can be influenced by many parameters. In the present
section a brief overview of the nucleation, growth and stabilization processes applied to

colloidal solutions will be given.

Nucleation and Growth

There exist various ways to promote nucleation and growth of nanoparticles, that include
supersaturated or photo-induced formation of crystallization centers. A colloids poly-
dispersity will be determined by how uniform nucleation happens and growth starts
throughout the solution. For instance, while heating a solution into supersaturation it is
highly unfavorable for a nucleation site to appear due to the high surface energy of
crystallization centers. However, if a foreign center contaminates the solution, the energy
barrier can be locally by-passed and the untimely triggering of the nucleation process will
cause a large poly-dispersity.t3! Since it is desirable to obtain mono-dispersed colloidal
solutions, nucleation conditions need to be defined, controlled and limited to a relatively
short period of time. This can be achieved by either elevating the temperature of, or adding
a strong reducing agent to the reaction solution, and leads to a short burst of homogeneous
nucleation, which is quickly followed by supersaturated-relief where very few nuclei can
be formed. Therefore, the formed nuclei grow slowly and uniformly governed by the
diffusion-controlled process that promotes formation of mono-dispersed colloidal
solutions.'®! We note that, mono-dispersed solutions can also be obtained by omitting the
nucleation step and using seeds to directly continue with the growth phase. Following

nucleation, the growth phase starts and depends upon the following parameters:
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3.2 Colloidal Properties of Metal Nanoparticles

e Amount of available material

e Viscosity of the solution that controls diffusion of the reactants

e Susceptibility of the material to organize in a crystallographic lattice
e Impurities adsorption that limits the growth

e Inter-particle interaction that can lead to aggregation.

Thus, by increasing the amount of the source material after nucleation, the growth rate as

well as colloidal size can be influenced.

Apart from using supersaturated solutions under specific nucleation-promoting conditions,
photo-induced nucleation reactions can be used. In this case the nucleation phase is strictly
controlled to the period of time the reaction solution is illuminated with an appropriate
wavelength. Here, the photon energy is chosen either to ionize or to oxidize certain
reactants in the solution and through this provide free electrons to reduce metal salts in
dependence on their electronegativity. However, after the initial metal seed is formed,
further interaction with the light source can occur due to the localized surface plasmon
excitations described in Section 3.1. Where, irradiated metallic particles experience
oscillations of electron density which, given the presence of free ions of metal salts in
solution, act as a catalyst promoting the reduction of the ions at very specific sites of the
nanoparticle also allowing their shape to be varied by modulating the frequency of the light

source. 132139

After the colloidal solution is created, it reaches a state of dynamic equilibrium where a
process known as Ostwald ripening occurs. Here, in the state of dynamic equilibrium
dissolution and deposition processes take place continuously in order to maintain saturation
solubility conditions. Therefore, in a poly-dispersed solution it is energetically favorable
for smaller particles to dissolve over long aging periods in favor of larger particle growth
due to their lower surface energy. The degree of Ostwald ripening is dependent on the
solubility of the substance that forms the colloids but can, to a high degree, be overcome

by introducing stabilizing and surfactant agents to the grown colloids.*3!

26



Fundamentals 3

Surfactants and Inter-Particles Interactions

Surfactants are commonly bound to the surface of nanoparticles as capping agents, and can
be classified by the charge carried by the binding part of the molecule:

e Anionic
e Cationic
e Non-ionic

e Ampholytic

Since a colloid is only considered to be kinetically stable when neither coalescence nor
aggregation processes can take place and the inherent nature of metal particle dispersions
are lyophobic, where given enough time they will separate from the solution, surfactants
are commonly used to form stable dispersions. There are two ways of how to adsorb

surfactants to a nanoparticle surfaces, namely, chemisorption and physical adsorption: 14

e Chemisorption is very close to the formation of chemical bonds between the
adsorbent and adsorbate, where electron exchange between the two takes place,

making it a chemical reaction which is not always reversible.

e Physisorption is a process that involves relatively weak van der Waals forces
between the adsorbent and adsorbate, which originate from the dipolar interaction

of the species, and usually can be reversed.

The chemisorbed molecules can only form a monolayer, while the physically adsorbed
molecules can be organized into multiple layers. The formation of the adsorbed surfactant
layer is not an instantaneous process and is controlled by the thermodynamics of the
solution. Furthermore, adsorption of a surfactant to the nanoparticle surface is favorable
since its surface energy can be lowered, whose high value is the origin of the colloidal
thermodynamic instability and can be further overcome by promoting electrostatic and
steric repulsive forces. After the capping layer is formed on the nanoparticles surface, their

stability can be described and examined.
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Electric Double Layer at the Particles Surface

When nanoparticles are brought into a polar solution, they acquire ions to their surface that
leads to an electric double layer formation. So, if surfactant ions are present they determine
the surface charge of the colloidal particles, however, adsorption of dipolar molecules does
not contribute to a net surface charge, but their presence can make a significant contribution
to the nature of the electric double layer. The theory of electric double layer deals with the
distribution of ions and electric potential in the vicinity of the particles. The electric double
layer can be considered as consisting of two regions as it is depicted in Figure 2: an inner
region (Stern layer) that includes adsorbed ions and a diffuse region, where ions are
distributed in accordance to the influence of electrostatic forces and random thermal
motion. The boundary of the diffusive layer is associated with the so-called slipping plane,
which defines the border of the surrounding medium shell that is associated with the
particles and is identified as hydrodynamic diameter,'*! which is used in description of the

electrostatic colloidal stability of the particles and quantified as the {-potential.

The simplest quantitative treatment of the diffuse part of the double layer was developed
by Gouy and Chapman, where the surface was assumed to be flat, ions to be point charges
with the Boltzmann distribution, and immersed into a single symmetrical electrolyte. The
results of the theoretical description show that the potential decreases exponentially in the
diffuse part of the electric double layer and the layer behaves as a parallel capacitor. It
should be noted that an exact solution using the Gouy-Chapman theory only exists for a
flat surface in a Debye-Huckel approximation, where the electrostatic energy is considered
to be significantly smaller in comparison to the thermal energy, and has therefore limited

use when applied to colloidal solutions.*3!
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Figure 2 | HNllustration of Potential Distribution | Schematic representation for the distribution of ions
around a colloidal particle with an adsorbed anionic surfactant. The inner layer is called the Stern layer and
consists of cations and permanent or induced dipoles. The outer diffusive layer contains both types of ions
and dipoles. The slipping plane is a border of the diffusive layer and defines the hydrodynamic diameter of a

particle.

Colloidal Stability

There exist two routes to achieve colloidal stabilization through using the properties of
surfactants. If the surfactant species are ionic, then electrostatic stabilization can be
considered and the principles developed for the electric double layer are implied. The origin
of electrostatic stabilization lies in the electrostatic repulsive forces between the interacting
particles through the charges accumulated in the electric double layers. The process is
described in terms of the Derjaguin, Landau, Verwey and Overbeek theory where the total
potential energy of the interaction between two particles is considered as a sum of all
attractive van der Waals forces and repulsive forces originating from the electric double
layer. The theory is developed in terms of the mean field approximation, which is when the

particle is considered to be in a mean field created by its surrounding medium including
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the other particles. One of the valuable results of the theory is its ability to predict the
aggregation concentration when particles are no longer stable in solution as single species,
by defining the potential barrier height that appears due to the repulsive forces between
interacting species. Therefore, if the kinetic energy of a particle is large enough it can
collide with another particle forming an aggregate. So, to promote long-term colloidal

stability, polyvalent surfactants and low ionic strengths should be used.*3140

Polymer-induced steric stabilization is a second route to keep colloidal particles well-
dispersed in solution and prevent their aggregation. The steric stabilization can be achieved
by adsorption of a polymeric layer onto the surface of a particle where it can partially or
completely shield the electric double layer and therefore prevent action of attractive van
der Waals forces. Moreover, the inherent polymer behavior and its association with the
solvent needs to be taken into consideration, since particularly under extreme concentration
conditions, accounting for the affinity properties of the polymers, their use can result in
bridging flocculation. Furthermore, by implementing polyelectrolytes that can be
specifically adsorbed to the particles surface, a combination of both electrostatic and steric
stabilization can be achieved by significantly increasing colloidal dispersive stability.14°
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Functionalization of Gold

Nanoparticles

In this chapter we start our investigation by studying whether a higher number of thiol-
groups in a linker molecule would be advantageous when functionalizing nanoparticles
with DNA. To examine the obtained gold nanoparticles conjugated with DNA in terms of
stability and reproducibility we also investigate if anion-exchange high pressure liquid
chromatography can be a viable alternative and improvement for existing techniques to
reproducibly obtain high yields of nanoparticles with a predefined number of short DNA
strands attached. Furthermore, we develop on a protocol to functionalize gold nanoparticles
with S-PEG-biotin and demonstrate its use with streptavidin bound to specific numbers
biotin-functionalized DNA strands. Finishing with new results on the conformation that
bound streptavidin with and without DNA has to nanoparticle surfaces.
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4.1 DNA-Nanoparticle Conjugation and Purification
with New DTPA Linkers

There is extensive literature on how to create DNA-nanoparticle conjugates. Initially we
have evaluated three methods,?*2>8 put chose to adapt a conjugation protocol for thiolated
DNAZ2 py using 2 x DTPA linkers. This new method should produce highly stable DNA-
nanoparticle conjugates formed by coupling four sulfur bonds between DNA and gold

nanoparticles and will be discussed in the next section.

Preparation of DNA-Nanoparticle Conjugates with 2 x DTPA

The commercially obtained nanoparticles used in this work were stored with a citrate
capping agent. Here, citrate does not provide sufficient negative charge for the required
colloidal electrostatic stability and ligand exchange to BSPP is necessary to increase the
negative surface charge. This was achieved by mixing 10 ml of 20 nm citrate-coated
nanoparticles with 6 mg of BSPP followed by overnight incubation at room temperature.
To remove the citrate and remaining BSPP, an optimization of the original protocol was
used where the particles were cleaned by centrifugation at 14000 g for 15 minutes, the
supernatant removed and the pellet (ca. 20 ul) resuspended to 80 ul in 1.87 mM BSPP
buffer, giving a final particle concentration of approximately 145 nM.

To gain high concentrations of nanoparticles with single or few DNA stands attached, an
additional ligand exchange was performed with the goal of replacing BSPP with DNA-
DTPA. Here the concentration ratios [nanoparticles] : [BSPP] : [DNA-DTPA] needed to
be rebalanced to compensate for exchanging the original DNA-thiol to DNA-DTPA.
Through anion-exchange high pressure liquid chromatographic separation (discussed later)
we found adding 10 ul of 93.5 mM BSPP buffer, 10 pl of 20 mM phosphate buffered saline
(PBS) at pH 7.4 and 15 pl of 100 pM 48-mer DNA-DTPA worked well. We note that the
25 mM NacCl, added as the saline component of the PBS buffer, is also an important factor

as it allows for the DNA to overcome the nanoparticles electrostatic repulsion and bind.
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The sample was then incubated at room temperature for three days in order to enable

conjugation.

To separate the particles by charge exhibited from the bound DNA and to more
permanently cap the particles; mPEG-thiol was chosen as it will replace BSPP but will not
remove DNA-DTPA. Here, the reaction solution was diluted to 2 nM in 25 mM Tris buffer
at pH 8.0 with 10 mM mPEG-thiol. After two hours of incubation at room temperature,
PEGylation was complete and the solution was cleaned from reaction precursors by
centrifugation for 30 min at 14000 g, followed by removing the supernatant to
approximately 20 ul of precipitate and re-suspension of the pellet the initial volume with
40 mM NaCl with 25 mM Tris buffer at pH 8.0.

Purification of DNA-Nanoparticle Conjugates with AE-HPLC

To balance the protocol, purify the sample and isolate particles based on how many DNA
strands are attached, we used high pressure liquid chromatography. For this we needed to
isolate by charge, so we used a Dionex DNAPac Pa-100 anion-exchange column. One of
the obtained chromatograms can be seen in Figure 3, where the sample was diluted to
50 nM with deionized water and 100 pl was injected at a flow rate of 1.2 ml/min
corresponding to approximately 70 bars, with an increasing NaCl gradient. It features two
distinct peaks, the first of which has its maximum at 8.1 minutes and the second
representing a convolution of peaks between 18.8 and 20.3 minutes for unconjugated and
conjugated nanoparticles, respectivly. Here, only 14% of the eluted particles are
conjugated, suggesting that a higher DNA to nanoaprticle ratio should be used during
sample preparation. However, since only 1 % of the particles are eluted, indecating that the
column is being irriversable damaged, this could be a false assumption. It was obvious that
we needed to develop new chromatographic methods to separate our system, which

includes a new type of column as will be discussed in the next section.
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Figure 3| Initial Chromatogram of Thiol-Linked DNA-Particle Conjugates | Chromatogram recorded at
525 nm features two distinct peaks the first is at 8.1 minutes and the second represents a convolution of peaks
between 18.8 and 20.3 minutes for unconjugated and conjugated nanoparticles, respectivly. Here, only 14%
of the eluted particles are conjugated with DNA and only 1 % of the injected particles are eluted, indecating

that the column is being irriversable damaged.

4.2 New Purification Protocol for DNA-Nanoparticle
Conjugates

To develop a new high pressure liquid chromatography separation method, a new column
was required that would be more compatible with nanoparticle separation. The Dionex
DNAPac Pa-100 anion-exchange column separates species by passing them around 13 pum,
nonporous, polymeric resin with bound 100 nm positively charged quaternary amine-
functionalized latex particles on their surface, as illustrated in Figure 4a. Since this column
was designed to separate DNA, the steric hindrance and nanoparticle-to-nanoparticle
interaction between the conjugates and the stationary phase is most likely too high to
overcome. As a replacement we chose an YMC-BioPro QA anion-exchange column, which
is packed with 5 pm, hydrophilic polymer beads with 100 nm pores containing
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CH2N*(CHs3)s, as illustrated in Figure 4b. These porous packing material is used in size
exclusion columns, which are well known to have good recovery rates and give high yields,

but most importantly, similar charge interaction without the steric hindrance and

nanoparticle-to-nanoparticle interaction of the previous column.

PRLLEE B hE s

Figure 4 | Comparison between Different Column Packing Materials | (a) Illustrates an anion-exchange

column which separates species by passing them around 13 um, nonporous, polymeric resin with bound 100
nm positively charged quaternary amine-functionalized latex particles on their surface. (b) Illustrates an
anion-exchange column, which is packed with 5 pum, hydrophilic polymer beads with 100 nm pores
containing CHaN*(CHa)s.

To purify the DNA-particle conjugates with the new column, 100 ul of the sample was
injected with a flow rate of 0.5 ml/min, corresponding to a pressure of about 27 bars, with
an increasing NaCl gradient. The resulting chromatogram for 260 nm (red line) is depicted

in
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4.2 New Purification Protocol for DNA-Nanoparticle Conjugates

Figure 5 and exhibits four peaks, for unconjugated nanoparticles, BSPP, mono/poly-
conjugated nanoparticles and DNA at 9, 13.7, 14.8, and 20.8 min, respectively. Here, the
presence of BSPP and DNA peaks, show that the residual was not removed in the
purification step. Furthermore, the first peak in chromatogram for 525 nm (blue line) is
very broad for unconjugated nanoparticles. This, together with the presence of BSPP,
implies that the ligand exchange with mPEG-thiol was not very successful, resulting in a

wide range of different BSPP densities on the nanoparticle surfaces.
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Figure 5 | Chromatogram of Thiol-Linked DNA-Particle with New Column | Chromatograms for 525
nm (blue curve) and 260 nm (red curve). Peak at about 9 min corresponds to unconjugated particles. Mono-
conjugates elute at about 14.8 min followed by a small shoulder of poly-conjugates. For 260 nm, additional

peaks at 13.7 min and 20.8 min are observable corresponding to unreacted BSPP and DNA, respectively.

However, the mono-conjugates peak, which is followed by a small shoulder that can be
attributed to poly-conjugates, has a much larger area and the nanoparticle recovery is now
increased up to 90 %. Nevertheless, approximately 86 % of the nanoparticles are
unconjugated, and only 10 % and 4% are mono-conjugates and poly-conjugates,
respectively, despite long conjugation times and a large excess of 130 DNA strands to a

nanoparticle. So, while it is apparent that our new isolation protocol, using the YMC
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column, solves the previous problems, focus must now be placed back on balancing the

DNA-nanoparticle conjugation protocol as will be discussed in the next section.
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4.3 New Protocol for DNA-Nanoparticle
Conjugation with DTPA Linkers

The previously described protocol uses BSPP and its presence during purification causes
many unwanted effects. While it is possible to remove any measurable sign of it, this can
only be done by adding additional ligand exchange and cleaning steps. Here, since it has

been suggested for thiolated DNA,?* we develop a new protocol without using BSPP.

Preparation of DNA-Nanoparticle Conjugates

The first step of this protocol was to prepare the nanoparticle solution for the addition of
DNA. Here, 1 ml of 1 nM commercially obtained citrate-coated 20 nm gold particles was
concentrated to a 20 pl solution by centrifugation for 15 minutes at 14000 g and
subsequently diluted with 60 ul of 20 mM PBS buffer at pH 7.4.

To gain high concentrations of nanoparticles with single or few DNA stands attached,
ligand exchange was performed with the goal of replacing citrate with DNA-DTPA. Here
the concentration ratios [nanoparticle]:[citrate].[DNA-DTPA] needed to be rebalanced to
compensate for exchanging DNA-DTPA with citrate instead of BSPP. Through the new
anion-exchange high pressure liquid chromatographic separation we found adding 20 pl of
200 nM 48-mer 2 x DTPA-modified DNA worked well and improved the DNA to
nanoparticle ratio from 130:1 to only 4:1. The sample was then incubated at room

temperature for up to three days in order to enable conjugation.

To separate the particles by charge exhibited from the bound DNA and to more
permanently cap the particles; mPEG-thiol was chosen as it will replace citrate but will not
remove DNA-DTPA. So, the particles were diluted to 1 nM with 25 mM Tris buffer at pH
8.0 and 10 mM mPEG-thiol to a final concentration of 10 mM. After two hours of
incubation at room temperature, PEGylation was complete and the solution was cleaned

from reaction precursors by centrifugation for 30 min at 14000 g, followed by removing
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the supernatant to approximately 20 pl of precipitate and the pellet resuspended to the initial
volume with 40 mM NaCl with 25 mM Tris buffer at pH 8.0.

Purification of DNA-Nanoparticle Conjugates with AE-HPLC

To separate the different types of conjugates and balance the new protocol, the new anion-
exchange high pressure liquid chromatographic protocol was used. Here, 100 ul of the
conjugates were injected into the YMC-BioPro QA column at a flow rate of 0.5 ml/min
with an increasing gradient of NaCl. The results can be seen for 260 nm and 525 nm in
Figure 6, where the three peaks represent unconjugated, mono- and di-conjugated
nanoparticles at 7.1, 15.0 and 16.0 min, respectively. Here, excluding BSPP from the
protocol proves itself because there is now a sharp peak for the unconjugated particles,
conjugation procedure seems to be adequate as there is now no DNA peak at 21 min for
260 nm, and there is now a clear peak for the di-conjugates with its shoulder representing

further poly-conjugates.

We note that the attachment of DNA-DTPA to the nanoparticles still happens very slowly.
After one day, the unconjugated peak dominates the sample and only 11% and 4% are
mono- and poly-conjugates, respectively. After two days, the unconjugated peak
considerably decreases and the sample contains 24% mono- and 28% poly-conjugates.
After three days, the fraction containing conjugates is up to 68% and suggests that an even

lower [DNA]:[nanoparticle] concentration ratio could be used.

The isolated conjugates can be used for a variety of interesting experiments. For instance,
by preparing mono-conjugates with complementary strands, the formation of dimers with
tunable inter-particle spacing would be possible. Di-conjugates could be used for the
formation of chain structures. Such assemblies would be very interesting for, for example,
energy transfer studies. Furthermore, the conjugates could be used as building blocks for a
deterministic assembly of nanoparticles into higher order structures. Some of these topics

will be discussed in the following chapter.
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Figure 6 | Chromatogram of Thiol-Linked DNA-Particle Conjugates without BSPP | Chromatograms
for 525 nm (blue line) and 260 nm (red line), after two days of DNA-DTPA functionalization. With longer
conjugation times, the unconjugated peak gets smaller whereas the mono-conjugates and poly-conjugates
fraction increases.
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4.4 Functionalization and Purification Protocol of
DNA-Streptavidin Conjugates

Our method of achieving DNA-functionalized gold nanoparticle structures requires a
precise control over the number of DNA strands that are attached to streptavidin. Since
streptavidin has four binding sites for biotin, making unoccupied or occupied by one, two,
three or four DNA-biotin strands possible products, a functionalization protocol is required
that will produce a solution with an even distribution of all four conjugates. This is followed

by a purification step to isolate each type.

Functionalization Protocol of Streptavidin with DNA Strands

To create a solution of all four evenly distributed DNA-streptavidin conjugates, a solution
of 5 UM of streptavidin in 10 mM Tris buffer, containing 100 mM NaCl, at pH 7.4 is
prepared. 24-mer biotin-modified DNA was added to this solution and incubated for one
hour on a shaker at room temperature. The required concentration ratio
[streptavidin]:[DNA-biotin] will be discussed below. We note that, the high salt
concentration ensures that an attachment of the negatively charged DNA strands to the

negatively charged streptavidin molecules is possible.

Purification Protocol of DNA-Streptavidin Conjugates

In order to isolate the DNA-streptavidin conjugates; high pressure liquid chromatography
was used’ and an overview of the results will be given for the 1:1 concentration ratio of
streptavidin and DNA-biotin. Here, 5 uM of streptavidin was mixed with 5 uM of DNA-
biotin to a final volume of 100 ul and separated in the YMC column at a flow rate of 0.5
ml/min, corresponding to a pressure of 27 bars, with a mobile phase of 25 mM Tris and 40
mM NaCl at pH 7.4 for the first 3 minutes and then the NaCl concentration was linearly

increased to 900 mM in 20 minutes.
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Figure 7 | Separation of DNA-Streptavidin Conjugates | Chromatograms for pure streptavidin (black line),
pure DNA (red line) and for 1:1 DNA-streptavidin conjugates (blue line). Elution is monitored via the

extinction at 260 nm. The inset shows the NaCl gradient applied for this measurement.

The results can be seen in Figure 7 where six extinction peaks, for the conjugates and two
reference samples, are recorded at 260 nm showing unconjugated streptavidin, DNA1-2-
streptavidin, DNA, and DNAs.4-streptavidin conjugates at 3 to 5, 14.7, 16.5, 17.4, 17.9 and
18.7 minutes, respectively. Here the conjugates are well separated and the fractions can
even be collected with a salt gradient instead of using large calibrated steps. We note that,
the relatively long retention time of DNA-biotin is due to that biotin, no longer shielded by
streptavidin, is free to add to the molecules interaction with the column, together with
spatial changes of the streptavidin subunits upon binding with biotin,”® which may decrease

the interaction of the larger complex as a result of DNA base screening.

Control measurements were made with extinction spectroscopy, primarily to find the
concentration of the separated fractions, and the results are plotted in Figure 8a. Here, an
increasing number of occupied streptavidin binding sites leads to a shift of the extinction
peak maximum to lower wavelengths starting from 282 nm for unoccupied streptavidin,

down to 260 nm for streptavidin with four bound DNA strands, due to the influence that
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the DNA peak’s magnitude at 260 nm has on its convolution of the streptavidin peak at 280

nm.
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Figure 8 | Extinction of Purified DNA-Streptavidin Conjugates | (a) Extinction spectra of DNA-
streptavidin conjugates purified fractions. (b) The peak maxima of the extinction spectra in dependence on

the number of occupied streptavidin binding sites.

The concentration of the DNA-streptavidin conjugates was obtained by comparing the peak
area of the data in Figure 8a, before it was normalized to peak height, to calibration
measurements (not shown) and was found to be approximately 70 nM for the mono-
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conjugated streptavidin and approximately 160 nM for di-conjugates. The exponential
decay of peak maximum wavelengths as a function of occupied binding sites, seen in

Figure 8b, confirms the purity of the fractions collected from Figure 7.

Analysis of Different DNA to Streptavidin Ratios

To balance the protocol for a solution where all four DNA-biotin conjugated with
streptavidin species are evenly distributed, the influence on [streptavidin]:[DNA-biotin]
concentration ratio was analyzed. To this end, DNA-biotin was added to the 5 pM
streptavidin solution in a ratio range of [1]:[0.1 — 8.0]. As illustrated in Figure 9a, for an
approximate [1]:[2] ratio, the resultant chromatograms where deconvoluted and the peak
maxima estimated for the six peaks (streptavidin peak not shown) and the values used to
build the histogram in Figure 9b. Here, the full range is visible, and as can be seen the ratio
range [1]:[0.1 — 1.0] gives good results and is marked in blue. However, much of the
streptavidin, which does not absorb light as effectively as DNA, remains in solution
decreasing for an increasing ratio, and as expected the amount of conjugates has an
inversely proportional behavior. Here, all four conjugates increase almost equally in
concentration, demonstrating that the distribution is not just determined by binding
stoichiometry, but also by the influence of charge of DNA and presence of biotin in the
individual binding pockets. When the ratio is increased to values between [1]:[1.0 — 2.0]
the amount of free streptavidin goes rapidly to zero, and disappears completely for [1]:[2.0]
as well as the mono-conjugate peak reaching its maxima. This range, marked in green,
represents the optimum concentration for DNA- streptavidin conjugate formation. This,
because in the ratio range [1]:[2.0 — 4.0] the amount of mono- and di-conjugates rapidly
disappears from solution. Furthermore, the system breaks down for the range [1]:[4.0 —
8.0], where at lower concentrations mostly tri- and tetra-conjugates are present, while at
the highest concentration only tetra-conjugates with vast amounts of free DNA-biotin exist

in solution.
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Figure 9 | Comparison of Streptavidin to DNA-Biotin Concentration Ratio | (a) A chromatogram of the
[streptavidin]:[DNA-biotin] concentration ratio [1]:[2] (black line), the cumulative (green line) from the
different deconvoluted peaks 1 to 5 (blue) that represent mono-, di-conjugates, DNA-biotin, tri- and tetra-
conjugates, respectively. (b) A histogram showing a selection of deconvoluted peak maxima from the ratio
series illustrating the unoptimized but working parameters in blue, the suggested optimum range in green and
the unsuitable parameters in red.

It should be noted that at a concentration ratio of [1]:[10] between streptavidin and 152-

mer DNA-biotin (in contrast to 48-mer used in this work) only between one and two
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binding sites are occupied, which is reported to be due to the much larger negative charge

of long DNA strands which suppresses the amount that can bind.'#
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4.5 Functionalization Protocol of Gold Nanoparticles
with Biotin

Now that we have a way of obtaining streptavidin functionalized with one or more DNA
strands, a way of procuring biotin functionalized gold nanoparticles is needed to create

different structures around streptavidin.

Functionalization Protocol of Nanoparticles with Biotin

The commercially obtained 20 nm citrate-capped gold nanoparticles were used in this work.
So, to gain high concentrations of nanoparticles, functionalized with small amounts of
biotin, ligand exchange was performed between citrate and disulfide-PEG-biotin (S-PEG-
biotin). Here, the nano-molar concentration ratio [1]:[300] of citrate-capped nanoparticles
and S-PEG-biotin was found to work when the components were mixed together and
allowed to react for 12 hours on a shaker at 25°C at 500 rpm. We note that, while the S-
PEG-biotin concentration can be varied, concentrations in the micro-molar range led to
irreversible aggregation at the purification step due to osmotic phenomena.2*® The reaction
was terminated by adding high concentrations of mPEG-thiol to the solution to quickly
replace the remaining citrate on the particle surface. This was achieved by placing 0.3 mM
mPEG-thiol into the solution and letting it react for 2 hours on a shaker at 25°C at 500
rpm.’2 This passivation prevents non-specific adsorption of proteins or DNA to the particles
metal surface,'*? significantly increases steric stability**® required for the subsequent
purification, and finally decreases absolute {-potential value of the colloids, at this pH and
concentration range, which decreases the repulsion between the negatively charged

nanoparticles and streptavidin,**® allowing them to bind.

In the final step, the sample was purified from reaction precursors by 5 subsequent
centrifugations at 14000 g for 15 minutes, where the supernatant was replaced by 1.8 mg/ml
Tween 20 in 10 mM NaH2POs at pH 7.0% and in the final dispersion, 25 mM Tris buffer at

pH 8.0 was used to adjust the particle concentration to 1 nM.
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Characterization of the Biotin-Functionalized Nanoparticles

To make sure that only a small amount of S-PEG-biotin is bound to the surface and that
streptavidin can bind to the biotin, we have investigated the {-potential of the solution
during the conjugation and purification steps. The results of which can be seen in Figure
10a and show a histogram of the {-potential during the conjugation steps (green columns)
for particles capped by citrate, S-PEG-biotin and S-PEG-biotin/mPEG-thiol in water,
followed by after one and five purification steps of the S-PEG-biotin/mPEG-thiol capped
nanoparticles in Tris-buffer at pH 8.0, in comparison to the {-potential a five times purified
mPEG-thiol capped nanoparticles in Tris-buffer at pH 8.0 (blue box). Here, the mPEG-
thiol passivation and thorough purification of the nanoparticle-biotin conjugates
significantly decreases the {-potential to —14.3 mV which is just above that of PEG capped
nanoparticles at —13.7 mV. These values show that only a small amount of S-PEG-biotin

is present on the surface and that streptavidin will efficiently react with the conjugates.

The functionalization steps have been additionally proven by extinction spectroscopy,
where the localized surface plasmon resonance peak position of the metallic nanoparticles
can be used to detect chemisorption as it is extremely sensitive to change in the particles
local environment. Here, a well-pronounced shift of the plasmon peak shows the
chemisorption of S-PEG-biotin and mPEG-thiol molecules to the nanoparticle surfaces, as

shown in Figure 10b.
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Figure 10 | Characterization of the Biotin-Functionalized Nanoparticles | (a) The {-potential absolute
value during the conjugation steps for particles capped by citrate, S-PEG-biotin and S-PEG-biotin/mPEG-
thiol in water, followed by after one and five purification steps of S-PEG-biotin/mPEG-thiol in Tris-buffer,
in comparison to the {-potential for five times purified mPEG-thiol capped nanoparticles in Tris-buffer at pH
8.0 (blue box). (b) The plasmon peak shift for nanoparticles capped with citrate, S-PEG-biotin, and S-PEG-
biotin/mPEG-thiol.
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4.6 Preparation and Isolation of Novel DNA-
Streptavidin-Nanoparticle Conjugates

The combination of the two protocols, described in Sections 4.4 and 4.5, allows for an
additional novel way to create DNA-nanoparticle conjugates and simultaneously
demonstrates the versatility of streptavidin. Moreover, it is a direct way to prove that the
conjugation of biotin-nanoparticles and streptavidin-DNA protocols worked and more
importantly, that they will work together before proceeding with more advanced structures.
To conjugate nanoparticle-biotin with streptavidin-biotin-DNA a more direct, but in itself
novel, path will be shown by mixing the four equally distributed streptavidin-biotin-DNA
complexes and free streptavidin together with nanoparticle-biotin, instead of the more
controlled variant of introducing the purified fractions that will be discussed in a later
chapter. Afterwards, the conjugates can be characterized and individually isolated with
anion exchange high pressure liquid chromatography according to the number of DNA

strands attached to the nanoparticles.

Preparation of the Conjugates

The first step to form streptavidin bound DNA-nanoparticle conjugates, was to prepare a
solution of 5 pM streptavidin in 10 mM Tris buffer at pH 7.4, containing 100 mM NaCl.
Then, using the [streptavidin]:[biotin-DNA] concentration ratio discussed in Section 4.4,
the 48-mer DNA-biotin was added to the solution and incubated for one hour at room
temperature. The purified biotin-nanoparticles, prepared with the protocol introduced in
section 4.5, were diluted to 1 nM in water and the DNA-streptavidin conjugates added to
form a final concentration of 3 nM streptavidin and incubated for three days at room
temperature. We note that, the formed conjugates, containing particles with different
numbers of DNA strands attached to them, did not aggregate during incubation, which was

confirmed by dynamic light scattering measurements (not shown here).
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Purification of DNA-Streptavidin-Nanoparticle Conjugates

To separate the different types of conjugates, the new anion-exchange high pressure liquid
chromatographic protocol was used and the recorded chromatograms are presented in
Figure 11a, for 260 nm (red) and 525 nm (blue). Since the change in the nanoparticle inter-
band transitions at 260 nm and local surface plasmon resonance at 525 nm will be
somewhat equal, together with that streptavidin and DNA will only show up at 260 nm,
subtracting the 260 nm from 525 nm extinction will give a good estimation of the free
biotin-DNA and streptavidin in solution, and is plotted in Figure 11b. We note that, the
chromatogram shows separation for a completely unoptimized [1]:[0.25] streptavidin-to-
DNA concentration ratio, because it gives an impressive overview of all relevant peaks in

one dataset. In the following interpretation of the chromatogram is presented.

In the first five minutes there is no separation of the 260 nm line from the 525 nm, meaning
that all of the large amounts of left over streptavidin from the unoptimized concentration
ratio are now bound to nanoparticles. Indeed, the next peak at 6.5 min is fairly small and
corresponds to unconjugated biotin-nanoparticles, which supports the high usage of
streptavidin, shows that the [nanoparticle]:[streptavidin] concentration ratio has been well-
balanced, demonstrations the successful implementation of the mPEG-thiol passivation of
the biotin-nanoparticles through their high reactivity, and most importantly proves that the

protocols work nicely together for later use with larger structures.

Supporting information for these statements is given from the peaks between 8.1 and 10.4
minutes, which show the usage of the free streptavidin through the four convoluted peaks
corresponding to streptavidin-nanoparticle conjugates. That these peaks are the
streptavidin-nanoparticles is demonstrated by their equidistance and the larger gap from the
unconjugated particles. Interestingly, this separation implies that the protocol allows for a
maximum of four streptavidin to one nanoparticle and the distribution suggests that charge
repulsion plays a large role. This would increase the binding symmetry of streptavidin
around the particle and considering that the protein has a diameter of 5 nm, in comparison

to the nanoparticles 20 nm diameter, and also supports four fold binding symmetry.
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Figure 11 | Chromatogram of Different Conjugates | (a) Chromatograms at 260 nm (red) and 525 nm
(blue). (b) Chromatogram for nanoparticle-free streptavidin and DNA-biotin as subtraction of
chromatographic signals at 260 nm and 525 nm.

For the probably eight peaks situated between 17.1 and 20.2 minutes, the subtracted data
in Figure 11b will be discussed first. These data have a striking similarity to the
chromatogram in Figure 9 and also corresponds to the elution of the different DNA-
streptavidin conjugates, most likely also hiding the biotin-DNA peak. Here it can be seen

that only small amounts of free streptavidin holding one and two DNA stands in solution

54



Functionalization of Gold Nanoparticles 4

remain. The peak height of streptavidin holding four DNA stands, which cannot react,
implies that also most of the streptavidin holding three DNA stands are unreacted. This,
together with the two, possible three peaks in Figure 11a, which are dominated by the
second, indicates that the charge repulsion is too high to allow more than three DNA strands
to a particle with a maximum of two DNA strands to one streptavidin. The large amount of
particles functionalized with a combination of 1 to 4 streptavidin proteins holding 1 to 2

DNA, totaling in not more than three, also explains the wide peak.

This protocol offers the advantage of a more direct approach, avoiding cumbersome
purification steps, and produces a chromatogram revealing peaks that are clearly separated,
which is even more pronounced with the optimized streptavidin to DNA-biotin ratio, so the

fractions can be independently isolated and collected.

55



4.6 Preparation and Isolation of Novel DNA-Streptavidin-Nanoparticle Conjugates

56



Assembly of Nanoparticle Structures 5

Assembly of Nanoparticle Structures

In the present chapter we investigate how to obtain a high enough control over the
interlinking process of biotin-functionalized particles and streptavidin, to achieve high
yields of small particle complexes and additionally enrich them under physiological
conditions through size exclusion chromatography. While these studies focus on
aggregating biotin functionalized particles with low concentrations of streptavidin, we also
investigate if high concentrations can also be used to achieve high yields of small particle
complexes by hindering aggregation through saturation of the binding sites. Furthermore,
by applying the developed protocol for controlled formation of the nanoparticles dimers
and studied method to separate DNA-streptavidin conjugates by the number of DNA
strands we create DNA-functionalized dimers and by exploiting Watson-Crick base pairing

of DNA, examine a new way to build nanostructures.
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5.1 A New Study on Streptavidin-Induced Particle
Interlinking

After gold nanoparticles have been functionalized with biotin, the streptavidin-induced
aggregation process can be studied. Here, we investigated the aggregation process, at low

ionic strengths, in dependence on the streptavidin concentration.

Functionalization Protocol for Streptavidin-Induced Particle
Interlinking

In accordance with the protocol discussed in Section 4.5, biotin functionalization of citrate
capped nanoparticles was performed with ligand exchange between citrate and S-PEG-
biotin at a nano-molar concentration ratio of [1]:[300], the reaction terminated by adding
0.3 mM of mPEG-thiol to the solution, and purified by centrifugation to a final
concentration of 1 nM in 25 mM Tris buffer at pH 8.0. Here, the protocol needed to be
balanced to find the optimum concentration ratio between [nanoparticle]:[streptavidin],

which will be discussed below.

Analysis of Different Nanoparticle to Streptavidin Ratios

To find the optimum concentration ratio [nanoparticles]:[streptavidin], a concentration
series was made for the nano-molar range [1]:[0.1 — 50]. The difference in extinction was
so large it can be visually quantified, as demonstrated in Figure 12a, where photographs
of the colloids for increasing protein concentration can be seen from left to right. Here, the
color changes from ruby red to purple, due to localized surface plasmon resonance peak

shifts form aggregation coupling effects, and goes transparent due to precipitation.1%%

The dependence of streptavidin concentration on the aggregation process is also shown in
Figure 12b, for scattering intensity (green) and extinction at 600 nm (blue), one hour after
streptavidin addition. We note that, the change from measuring the local surface plasmon
resonance at 525 nm, which is more responsive to nanoparticles, is due to that 600 nm is
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the well-known “semi-empirical flocculation parameter” and more susceptible to
aggregates,®1% as plasmon coupling broadens the localized surface plasmon resonance

peak to lower energies with increasing aggregate size.>">%
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Figure 12 | Streptavidin Concentration Dependent Aggregation | After 60 min of aggregation time of 20
nm biotin-functionalized gold nanoparticles (a) shows photographs from left to right and (b) shows the
scattering intensity (green) and extinction at 600 nm (blue), for increasing streptavidin concentrations. Here,
region (I) corresponds to the aggregation regime of unsaturated nanoparticles, region (II) — precipitation, and

region (I11) — aggregation of saturated nanoparticles.
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The presented plot has two peaks dividing it into the three aggregation regimes that are

discussed below.

In region (1), aggregation of unsaturated nanoparticles occurs for concentrations smaller
than 2 nM. Here, the number and size of unsaturated nanoparticle aggregates, which are
stable in solution, increases for higher concentrations. Starting at low streptavidin
concentrations, the aggregation is limited due to the lack of streptavidin for the particles to
interact with, but gradually grows until it reaches the first maximum not far from the [1]:[1]
concentration ratio. We note that, the initial extinction values should be close to zero, but
are convoluted with the 525 nm local surface plasmon resonance peak shoulder from free
nanoparticles. Here, the scattering intensity gives a better estimate as it is highly sensitive

to larger scattering object diameters (I ~ d°).

In region (1), precipitation occurs between 2 and 11 nM. Here, larger amounts of the total
number of particles precipitate form solution for increasing concentrations due to the
formed agglomerates size starts to exceed that which can be supported as a stable colloid.
The threshold between regions (1) and (1) is blurred, but a better prediction is expected
from the scattering intensity, as its high sensitivity to large particles is a better estimate in
contrast to the 600 nm extinction that gives a good approximation of the intermediate sized
colloid concentration. Towards the end of region (1), nearly complete precipitation of the
aggregates ensues and the solution becomes clear. Here, extinction becomes more accurate

as large precipitates severely influence the scattering intensity.

In region (I11), aggregation of saturated nanoparticles occurs at 11 to 50 nM. The high
streptavidin concentration is now capable of blocking the formation of unstably large
aggregates due to the limited amount of remaining unoccupied binding sites. Here, the
aggregation size will decrease for increasing concentrations until the individual particles
are completely pacified. Region (I11) is also difficult to quantify, since it is most likely very
dependent on reaction and diffusion limited kinetics where the outcome can be altered by,
for example, titrating the biotin-nanoparticles into streptavidin or vice versa. The first

indication of this comes from that the saturation and capping of the particles takes place at
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50 fold higher streptavidin concentrations than nanoparticles, which also coincidently
corresponds to the number of proteins that would geometrically fit onto a particles surface.
However, the number of bound proteins is limited due to mutual repulsion of the species,*
and while increasing the salt concentration to 10 mM does little to change regions (1) and

(1), it offsets region (I11) to higher concentrations where it is significantly broadened,
ending at 1000 nM for complete passivation.
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Figure 13 | Chromatogram of Streptavidin—Nanoparticle Conjugates | For the

[nanoparticle]:[streptavidin] concentration ratio [1]:][0.25] (black line), the cumulative (blue line) from the

different deconvoluted peaks 1 to 5 (green) that represent unbound, mono- to tetra-conjugates, respectively.

Furthermore, the anion exchange chromatogram from a solution with an intermediate salt
concentration of 0.1mM NaCl is illustrated in Figure 13, and shows the deconvolution of
three distinctive peaks and two shoulders corresponding to unbound and one to four bound
streptavidin proteins. Since streptavidin is negatively charged at the pH used in this work,
and there is no sign of additional peaks in the chromatogram, it is highly likely that region
(111) consists of nanoparticles saturated with four bound streptavidin proteins due to mutual
repulsion of the species. We note that a small number of additional proteins may bind in at

high salt concentrations. This leads to that the overwhelmingly high concentrations of
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streptavidin needed to enter region (111) is necessary to overpower the reaction kinetics and

has little to do with stoichiometry.

Aggregation Kinetics

To get a better insight into the aggregation mechanism, we studied the kinetics of the
process for the three regions at low salt concentrations. For this, extinction spectra were
recorded over time and the first 60 min from streptavidin addition presented in Figure 14.
We note that the linear drift together with the baseline-offset was subtracted and the data
normalized to the value at 60 min. For regions (I) and (111) aggregation stops within the
first minutes and the formed complexes stay stable over several weeks at room temperature.
However, for region (l1), especially for the boundaries between (I) and (1), the particle
assembly occurs over longer periods of time between hours and days. But the majority of
the created aggregates forms rapidly and precipitates completely within one hour leaving a

colorless solution behind.
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Figure 14 | Streptavidin Concentration Dependent Aggregation Kinetics | Typical aggregation Kinetics
of biotin-coated gold nanoparticles in region (I) — aggregation regime of unsaturated nanoparticles, (1) —

precipitation and (I11) — aggregation of saturated nanoparticles.
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Thus, the presented results show an effective way to obtain small stable aggregates which
are either saturated or unsaturated with streptavidin. Now, we need to characterize the

product to isolate specific types of conjugates.
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5.2 Characterization and Isolation of the
Streptavidin-Linked Particles

To separate the different types of conjugates for dimer isolation, it was first necessary to
balance the previously discussed protocol, through characterization of the stable
aggregates, to gain the highest concentration of dimers and then purify this optimized

product by size exclusion chromatography to isolate the dimers.

Characterization of the Aggregate Size Distribution by Dynamic
Light Scattering

We analyzed the aggregate size distribution, by measuring the hydrodynamic diameters
resulting from streptavidin-induced particle interlinking with dynamic light scattering for
different streptavidin concentrations, to balance the protocol to obtain a high yield of
dimers. Figure 15 presents the size distributions weighed both by intensity (black) and
number (blue), the unstable aggregation region (red background) and the region where
dimers are most likely to be found (green box). Starting from the bottom, the
stoichiometrically balanced protocol of 0.5 nM, which provides one streptavidin to two
particles, is considered. The weighed by intensity data, which is more sensitive to larger
aggregates, shows that larger aggregates are forming. However, since the peak position is
not far from the nanoparticle core size of 20 nm, for the more realistic weighed by number
of particles distribution, it shows that most species are present in the monomeric state and
that the PEG coating does not increase the scattering by much. Increasing the streptavidin
concentration the following is observed: 1 nM results in formation of 30 nm aggregates
weighed by number, passing the unstable aggregation region (1), the 50 nM in region (111)
gives a similar behavior to 1 nM as the hydrodynamic diameter distributions for intensity
and by number goes to 40 nm and 27 nm, respectively. The larger hydrodynamic diameter
is expected for region (111), due to that the S-PEG-biotin-streptavidin molecule will increase
the particle radius by approximately 8 nm but does not scatter as effectively as the

nanoparticle.
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Figure 15 | Dependence of Hydrodynamic Diameter on Streptavidin Concentration | Measured by

dynamic light scattering: distributions are weighed by intensity (black) and number (blue).

To find the size distribution that geometrically corresponds to two particles bound together
with streptavidin, its effective hydrodynamic diameter needs to be known. For this, the
dimensions of a cylinder can be used, by applying the Einstein-Stockes equation to the
translational diffusion coefficient D: of a prolate ellipsoid, to calculate its hydrodynamic

diameter, d, in solution as follows:
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Here, n is the solvent viscosity, L. and d. are the length and diameter of the cylinder,
respectively.* Thus, if we assume the dimer to be a cylinder, having the dimensions L, =
4/3-d., where d. is also considered as the nanoparticles diameter, the effective
hydrodynamic diameter would be in the range of 28 to 37 nm for dimers with no
streptavidin (d, = 20 nm) to dimers fully covered (d. = 27 nm), respectively. This target
is depicted in Figure 15 as a green box and shows that the protocol should yield samples

with high dimer content for streptavidin concentrations of around 0.7 and 45 nM.

Characterization of the Aggregate Size Distribution by
Transmission Electron Microscopy

To confirm the results from dynamic light scattering, we examined the streptavidin
concentration series with transmission electron microscopy. Here, the histogram in Figure
16b shows the analysis of approximately one thousand species for 0.5, 1 and 2 nM
streptavidin concentration. Starting from 0.5 nM streptavidin, about 15% of the particles
form dimers, a majority are still monomers, but most end up forming larger agglomerates.
Increasing the streptavidin concentration over 1 nM, results in a steady loss of monomers
and dimers for larger aggregates and for still higher concentrations, for example 2 nM, large
nanoparticle clusters of over 100 particles are exclusively found (not shown here). These
data seem to be in agreement with the previously presented extinction and scattering results.
We note that some aggregates are most likely formed during deposition of the sample on

the electron microscopy grid, and reference sample showed an error of 9%.
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Figure 16 | TEM Aggregate Size Analysis | A histogram presenting the relative amount of dimers in solution
for different streptavidin concentration, where the number of particles associated with monomers, dimers and

multi-mers are shown normalized to the total amount of particles counted for one streptavidin concentration.

Isolation of Streptavidin-Linked Particles

Now that the protocol is balanced to yield the largest amount of dimers possible, high
pressure liquid chromatography was employed, with a Tosoh TSK-GEL G5000PWxI size
exclusion column, to isolate the protein-linked particles.’®” This technique separates in
dependence on hydrodynamic diameter, by the means of a stationary phase with 10 pm
hydroxylated polymethacrylate beads with 100 nm mean pore size, where the largest
species elute first. Here, the samples were injected at 1 nM concentration and the results
shown in Figure 17a, for extinction at 525 nm (black line), the deconvolution fits of two
peaks (blue dash) corresponding to conjugated followed by unconjugated particles, their
cumulative (green line) and the suggested retention time with the highest yield of dimers

(gray box).

67



5.2 Characterization and Isolation of the Streptavidin-Linked Particles

200

180 . Sample ]

i Cumulative Fit 1
180 --- FitPeak 12 ]
140 |

120
100

80 |
60 -

40

Extinction at 525 nm

20 -

12.5 13.0 135 14.0 14.5 15.0
Retention Time (min)

(

<]
N’

550 ps

540
£
E
e
S, 530
=
Q
0]
>
g 520
510
12.5 13.0 135 14.0 14.5 15.0
(b) Retention Time (min)

Figure 17 | SEC Purification of Dimers | (2) The size exclusion chromatogram for the obtained aggregates
(black line) show two distinct peak fits (dashed blue) for conjugated and unconjugated particles and their

cumulative (green line). (b) Normalized extinction spectra plotted for wavelength over retention time.

The peaks were fit by using exponentially modified Gaussian functions,*?? that accounts
for the tailing asymmetry which was confirmed with and initial fitting values used from a
chromatogram for single particles (not shown here), and significantly overlap due to the
differences in mass, effective size and column interaction between the studied aggregates

and single particles. The fit for the conjugate peak is much broader than for the
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unconjugated, which is due to its contents of different types of multi-mers with varying
amounts of streptavidin on the surface and supported by the dynamic light scattering and
transmission electron microscopy data presented in Figure 15 and Figure 16, respectively.
Furthermore, the shift of the localized surface plasmon resonance peak position over
retention time, seen for values normalized to peak maxima in Figure 17b, confirms the
presence of larger species due to its movement from lower energies, which correspond to
the plasmon coupling effects in aggregates, to higher energies leveling off at a wavelength
consistent with single particles.

To find the optimum retention time for extraction, the samples were analyzed with dynamic
light scattering. Here the results weighed by intensity and number from a sample with no
streptavidin, before and after size exclusion, can be seen in Figure 18a. As expected, the
monomers show a hydrodynamic size of just over 20 nm, and a sample before size
exclusion run shows that the streptavidin concentration was close to optimum by its relation
to the green box marking the region for dimers. To show the highest contrast, a sample was
collected for the large aggregates during a retention time of 12.4 to 13.2 minutes and the
scattering peak position represents the larger unwanted aggregate sizes seen previously but
still crosses significantly with the dimer region. Thus the optimum retention time for
collection ends up between 13.0 and 13.5 minutes. The results from an optimized fraction
can be seen from a transmission electron microscopy micrograph in Figure 18b, where
dimers can be seen with a small space in-between resulting from the dried streptavidin still
keeping the particles apart. We note that, enrichment by sucrose gradient density
centrifugation of the optimized protocol forces a high percentage of the large aggregates

out of solution enabling easier isolation by size exclusion (not shown here).

69



5.2 Characterization and Isolation of the Streptavidin-Linked Particles

- ' ~ "Sample After SEC 1
o f :
ko) L Sample Before SEC ] —=
= L ]l €
7} . ]
c r 3 (33'
Lt 1@
£ 1
C Monomers (No Streptavidin)’]
10 100 1000
(a) Size (nm)

e 100 nm

(b) —_—

Figure 18 | Size Distribution of the SEC Purified Streptavidin-Linked Nanoparticles | (a) Comparison
of the number- (blue line) and intensity- (black line) weighed size distributions of monomers from a sample
with no streptavidin added, a sample before size exclusion, and a sample collected for the retention time of
12.4 to 13.2 minutes. (b) Transmission electron micrograph of an optimized sample fraction. All of the

particles from the original picture have been moved together to enable viewing at high magnification.
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5.3 DNA-Programmed Assembly of Gold
Nanoparticle Dimers

To use DNA functionalized dimers to build larger structures, the previously discussed
protocol needs to be modified. Streptavidin is a homotetrameric protein with dihedral D2
symmetry where the order in which each subunit specifically binds to one biotin will predict
their spatial arrangement and therefore needs to be taken into consideration. There are
various ways to depict the binding angles between biotin and streptavidin due to that the
biotin group is at an angle on the functionalized molecule and two of the binding sites of
streptavidin are more or less, but not precisely, pointing down in relation to the remaining
two that are on the opposite side pointing upwards, making a wide variety of binding angles
possible. Here, as long as the binding sites are not occupied, the second of two species to
bind will almost always be arranged on the opposite side from the first,”>%° and dimer
formation will eventually occupy all four binding sites of an unoccupied protein. It would
therefore not be possible to bind biotin-DNA in-between the dimers once they have bound,
and so the dimer must be formed with streptavidin which already is occupied by biotin-
DNA. Since, the results of Section 4.6 describe that particles will be functionalized with a
combination of 1 to 4 streptavidin proteins each holding 0 to 2 DNA strands, but not more
than three total strands to a particle, only the fractions containing streptavidin with one and
two DNA strands need to be collected. Particles will form with 1 to 3 DNAa1-streptavidin
conjugates and O to 1 DNAu-streptavidin with one DNA2-streptavidin, where the DNA
strands are initially pointing outwards from the surface and able to rotate away from an
incoming binding particle as it binds, forming a dimer with one or two DNA strands
connected to the dimers symmetrical rotational axis. Here, the DTPA DNAaz-nanoparticles
from Section 4.3 can be used as terminators to end the structures with a nanoparticle.
Finally, due to the amount of different species created, the DNA functionalized monomers
and dimers should be purified and the separated fractions collected from anion-exchange
and size exclusion chromatography, as suggested in Sections 4.3 and 5.2, respectively, and
can now be further assembled by mixing with similar structures, containing their DNA

complement strands.
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DNA-Functionalized Streptavidin-Induced Particle Interlinking

To create DNA functionalized dimers, two separate batches of DNA-streptavidin
conjugates, each containing the complementary DNA-biotin strand to the other, needs to
be separated with anion-exchange chromatography as shown in Section 4.4. It should be
noted that significant cross contamination will occur due to the convolution of the
chromatogram peaks and therefore the DNAa1-streptavidin fraction will contain some
DNA:2-streptavidin as will the DNAz-streptavidin fraction contain DNAs-streptavidin, free
DNA-biotin and DNAs-streptavidin. In accordance with the protocol discussed in Section
4.4, an evenly distributed DNA-streptavidin conjugate solution was made by adding 74-
mer biotin-modified DNA, at the found concentration ratio of [1]:[1-2], of 5 uM
streptavidin to DNA-biotin at high salt concentrations. The fractions containing monomers
and dimers were then obtained by anion-exchange chromatography. Biotin
functionalization of citrate capped nanoparticles was performed, according to the protocol
discussed in Section 4.5, with ligand exchange between citrate and S-PEG-biotin at a nano-
molar concentration ratio of [1]:[300], the reaction terminated by adding mPEG-thiol to the
solution, and purified by centrifugation. The obtained DNA-streptavidin dimer fraction was
then mixed together with biotin-nanoparticles using a rebalanced protocol to overcome the
higher repulsion due to the DNA bound to the streptavidin.

Increasing the salt concentration in the protocol for pure streptavidin to 10 mM, as seen in
Figure 19a, results in an emphasized nanoparticles dimer formation region where crossing
[1]:[0.75] concentration ratio causes precipitation of larger species before the main
aggregation in region (I) starts. However, the effects of higher repulsion are obvious in
Figure 19b, where the influence on dimer formation is shown for extinction at 600 nm for
DNAo-2-streptavidin for both 0 and 10 mM of NaCl. Here, the increased repulsion of the
DNA-streptavidin complexes makes their behavior sink well below that of 0 mM NaCl
pure streptavidin giving unacceptably low vyields even at 10 mM. However, after
rebalancing the protocol, to final NaCl concentrations of 45 mM for mono-conjugates, 55
mM for di-74-mer DNA and 46 mM for di-c74-mer DNA, the yield was adequate.
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Figure 19 | Influence of Salt on DNA-Streptavidin-Nanoparticle Dimer Formation | (a) Comparison
between 0 mM (blue line) and 10 mM (green line) NaCl for dimer formation with pure streptavidin. (b) The
influence on dimer formation, shown for extinction at 600 nm, for 74mer DNAQ-2—streptavidin for both 0
mM (blue) and 10 mM (green) of NaCl.
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DNA-Programmed Assembly of Gold Nanoparticle Dimers

To assemble the dimers, the purified chromatographic fractions of formed DNA
functionalized streptavidin linked nanoparticle dimers were mixed together with fractions

containing complementary DNA strands according to a chosen assembly strategy.
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Figure 20 | DNA Functionalized Dimer Hybridization | Change in extinction at 600 nm for with respect to
time after mixing 74mer DNAL-dimers (blue) and DNA2-dimers (green) with their complement strands.

Here, the fractions were mixed together at a one-to-one concentration ratio and the resulting
increase of extinction at 600 nm can be seen in Figure 20, and a comparable change in
scattering intensity is also observed (not shown here). These data both cofirms that
hybridization is occurring in the sample, and that additional salt is required to hybradize
species with larger repulsion, as seen for the much lower increase for DNA2-dimers. The
final results were confirmed by analyzing the samples with transmission electron
microscopy and the micrograph from an assembly that should promote tetramers can be
seen in Figure 21a and a less controlled sample promoting longer chains in Figure 21b.
We note that all of the particles from the original pictures have been moved together to
enable viewing at high magnification. These structures are potentially very interesting for,
for example, the study of energy transfer processes by introduction of fluorophores through

modification of the used DNA strands.
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(b)

Figure 21 | TEM Micrographs of DNA-Programmed Nanoparticle Assembly | (a) Shows an assembly
that should promote tetramers and (b) with a less controlled sample promoting longer chains. All of the
particles from the original pictures have been moved together to enable viewing at high magnification.
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In situ Photo-Induced DNA Capped

Plasmonic Particles

In this last chapter, we develop a new protocol to synthesize silver nanoparticles in the
presence of DNA under physiological conditions in a one-pot reaction by means of a photo-
induced reaction where the DNA is left intact. Here, we study the nucleation of silver
particles by photo-oxidation of excited Cy5 molecules attached to DNA strands, where the
growth is supported by the presence of silver nitrate and tri-sodium citrate in the
surrounding aqueous medium, and study the influence of the involved reacting agents on

the resulting particles.
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6.1 A New Protocol for Photo-Induced Nanoparticle
Growth

In the present work we required an initial solution containing DNA, capping agents, and
reactants, where growth of silver particles can be achieved without damaging individual
components. We wanted a biologically friendly environment and therefore chose water as
a solvent. Melting curves of DNA duplexes (Cy5-DNAA48) of the 48-mer sequence and its
complement, which were hybridized in 10 mM NaNOs solutions at room temperature under
constant agitation for 2 hours, showed that they were stable from the freezing point up to
~45°C. These low temperatures made the well-known AgNOQOs / tri-sodium citrate system
possible to use since AgNOs acts as a silver source and tri-sodium citrate will only act as a
reducing agent at boiling temperatures but retains its function as a capping agent.#>14¢ We
note that the use of chloride salts was avoided to prevent the unwanted formation of silver
chloride clusters, the low salinity was chosen to facilitate electrostatic repulsions between
later-formed silver particles, thus enhancing the stability of the colloidal solution, and a
constant concentration of 1 mM citrate was used to prevent flocculation processes, which
were observed for free Cy5-A samples. To trigger the nucleation, we utilized the reactivity
dyes exhibit, when exposed to light in their absorption wavelength. Cy5 was chosen as a
sensitizer for the initial nucleation site upon excitation under laser irradiation,>®®! due to
that its absorption does not coincide with that of the other components. To make sure
nucleation and growth of the silver particles were only induced in the presence of DNA
strands, Cy5-labeled DNA was used.

Developing the Initial Protocol

Taking the previous statements into consideration and obtaining initial values from the
literature, a crude protocol for the photo-induced formation of silver nanoparticles in
solution was developed by evaluating the results from extinction spectroscopy, which can

be seen in Figure 22.
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Figure 22 | Extinction Data: Photo-Bleaching of Cy5 and Development of LSPR Peak | (a) Extinction
spectra show the photo-bleaching of Cy5 under laser irradiation and the localized surface plasmon resonance
(LSPR) development over 4 days. Spectra were taken before irradiation (solid black), after addition of 1 mM
AgNO3 (dashed red), directly after irradiation for 1 hour with 647 nm light (short-dashed blue), 2 days after
irradiation (dash-dotted green) and 4 days after irradiation (dotted orange). (b) The histogram shows the
extinction at 420 nm (LSPR peak) for the initial data, shown in (a), a control sample in absence of irradiation

and of another control sample without Cy5.

Here a solution, of 2 uM 48-mer hybridized DNA-Cy5 in 10 mM NaNOs was put into a
UV-transparent 1 cm plastic cuvette (kept at 35°C) followed by 1 mM tri-sodium citrate
and 1 mM AgNOs and was irradiated by intense 647 nm laser light (ca. 70 mW with a 650
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+ 10 nm band-pass filter). As a result the Cy5 absorption peak is photo-bleached, which
can be seen as it decreases to <10% of its initial value. At the same time, we observe the
occurrence of a signature localized surface plasmon resonance peak at ~420 nm, which
continues to grow in magnitude over the following 4 days. Similarly, we observed the
development of a localized surface plasmon resonance peak when irradiating solutions
containing “free dye” (Cy5-A), single stranded DNA-Cy5, and shorter (24 nucleotides)
single stranded DNA-Cy5.

Control experiments, performed in order to confirm photo-induced mechanism of silver
nanoparticles nucleation gave proof that our system was working. In these measurements
we kept all reaction conditions unchanged except for one. Figure 22b shows that a
localized surface plasmon resonance peak, which indicates presence of metallic silver
nanoparticles, does not develop without laser irradiation. The minor increase in absorption
is most likely a result from the measurement procedure itself, as the sample was repeatedly
exposed to red light in the UV-vis and dynamic light scattering instruments over the
observation period of 4 days.**” Furthermore, to confirm the role of Cy5 as the essential
initiator for the photo-induced particle formation, we performed control experiments with
samples that did not contain Cy5 by keeping all the other reaction conditions unchanged.
Here, Figure 22b shows the evolution of extinction spectra and over a time period of 4
days, where there is no development of a characteristic localized surface plasmon resonance
peak for silver nanoparticle.

The progression of particle growth can also be observed by measuring the change of
intensity of scattered light through the sample, which is a useful complementary technique
as its intensity related to the size and number of particles in solution. A direct comparison
of the extinction spectra, from the localized surface plasmon resonance peak at 420 nm,
and the intensity of scattered light over time can be seen in Figure 23. Here we compare a
‘normal’ sample, containing Cy5-DNA48, with one without Cy5. The first two data points
represent extinction and scattering intensities before and after the addition of 1 mM AgNOs.
The signals are low, as expected for a colloid-free solution; the slight increase in the

scattering intensity before irradiation results from a measurement artifact: during the light
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scattering experiment the sample was illuminated with 632 nm light, which already resulted
in the formation of some particles.**” Upon irradiation with 647 nm light we observe a
significant and rapid increase in both the extinction at 420 nm as well as the scattering
intensity, which we attribute to the formation of silver nanoparticles, from the sample
containing Cy5. Over a time period of two days, while the solutions were kept on a shaker
protected from the ambient light, we observe a slow, yet steady increase of the extinction
and scattering intensities. However, there was no significant increase in the recorded
scattering intensities for the control, which confirms that particles did not form in the
solution.
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Figure 23 | Photo-Induced Nanoparticle Growth Kinetics | Development of the silver localized surface
plasmon resonance peak (measured at 420 nm, open symbols) and the intensity of light scattered from the
sample (full symbols) upon AgNO3 addition, irradiation and storage over two days. Note the axis break after

the irradiation step. Normal corresponds to a sample prepared in accordance with the developed protocol
while No Cy5 is a control sample without Cy5 dye.

From the collected data we presume that oxidation of Cy5 is responsible for the nucleation
of small silver clusters and an irradiation induced plasmon-mediated mechanism gives rise
to the remaining particle growth.32-137.148 However, due to the small cross-section between

the localized surface plasmon resonance, of the grown silver particles at about 420 nm, and
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the irradiation wavelength at 647 nm the plasmon-mediated growth mechanism is slow.**’
Once the irradiation has ceased, the remaining particle growth is due to thermal-reduction
of silver ions with citrate and DNA.?114° At these temperatures it is also a slow process,
which is kept going because of the increased chemical reactivity at the surface due to the

catalytic properties of the particles.*®
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Figure 24 | Size Distributions of the Photo-Induced Grown Nanoparticles | Hydrodynamic diameters
measured by dynamic light scattering: distributions are weighted by intensity (dashed black lines) and number

(solid green lines).

As mentioned previously, particle sizes are inferred from dynamic light scattering data and
shown in Figure 24 for the Cy5-DNA48 sample. In the intensity weighted distributions
(dashed black lines) two distinct ensembles of particles with diameters below and above
100 nm were identified. However, large particles contribute disproportionately high to
scattering intensity (/~d %), which can be accounted for by a number-weighed
distribution fit of the autocorrelation function. Accordingly, the number-weighed
distribution shows only one ensemble of (small) particles with an average diameter of
approximately 35 nm. It is remarkable that the size of the small particle ensemble does not

vary significantly over time, merely the ensemble of larger particles increases in size. The
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latter explains the steady increase in the plasmon peak and the total scattering intensity and

most likely results from a coagulation of small particles to large agglomerates.

Dependence on Silver Concentration

The influence of the AgNOs concentration on extinction and scattering intensities at
constant 1 mM tri-sodium citrate concentration, measured directly after the irradiation step,
is shown in Figure 25a. We found an initial increase of the extinction and scattering
intensities with AgNOs concentration, followed by a decrease for concentrations larger than
1 mM and 5 mM for extinction and scattering, respectively. The decrease indicates that
large agglomerates are either breaking up or, most likely, the particles and/or agglomerates
are precipitating out of the solution. The reactivity of AgNOs can be seen as a shift in peak
positions. Here, the decrease of extinction intensity at 1 mM implies that precipitation has
already started before the decrease in scattering intensity starts, allowing the average

particle / aggregate size to still be increased by increasing the concentration of AgNOs.

The effects of AGNOs concentration on particle size, inferred from dynamic light scattering,
are plotted in Figure 25b. Here, it seems that there is a threshold concentration at around
0.1 mM, where there is insufficient silver to accommodate an adequately high speed of
particle growth. However, in the concentration regime between 0.1 and 1 mM, stable
colloidal solutions are formed, where number-weighed particle diameters of around 35 nm,
and are found to be independent on silver concentration. The intensity-weighed
distributions indicate the presence of an ensemble of larger particles, which, although vastly
outnumbered by the 35 nm particles, becomes more abundant with increasing silver
concentration. At concentrations above 5 mM the total intensity drops, while registering
large amounts of agglomerates, supporting the statement that the particles are precipitating

out of the solution.
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Figure 25 | Photo-Induced Particle Growth Dependence on Silver Concentration | (2) Dependence of the

localized surface plasmon resonance extinction at 420 nm (open black symbols) and scattering intensity (full
green symbols) on AgNO3 concentration immediately after irradiation. (b) Hydrodynamic diameter
distributions by intensity (dashed black lines) and by number (solid green lines) for different AgNO3

concentrations recorded immediately after irradiation.

The AgNOs concentration series was monitored over 4 days and the corresponding data for
the extinction and scattering intensities as well as the size distribution information for the

stable colloids follow the trends in Figure 23 and Figure 24. Here the particle size

84



In situ Photo-Induced DNA Capped Plasmonic Particles 6

distributions weighed by number retain their diameter of approximately 35 nm. However,
because the particles continue to slowly grow the boundary to precipitation moves to the
left for longer storage times. Furthermore, particles do eventually ‘appear’ for

concentrations around 0.1 mM, allowing the concentration window to remain as broad.

Dependence on Citrate Concentration

To study the function and influence of citrate ions has on the synthesis process we have
performed similar measurements to those previously shown for AgNOs, but now varying
citrate concentration, while keeping amount of silver ions at a constant 1 mM concentration.
The results for extinction and scattering intensities are depicted in Figure 26a and were
collected immediately after irradiation. We found an initial increase of the extinction and
scattering intensities with citrate concentration, followed by a decrease for concentrations
larger than 3.5 mM. The decrease indicates that large agglomerates are either breaking up
or, most likely, the particles and/or agglomerates are precipitating out of the solution. The
role that citrate plays as a reducing agent is evident here, as an abundant concentration
together with the volatility of AgNOs causes photo-induced growth speeds that are
sufficient to create large enough particles and agglomerates to precipitate out of the

solution.

The influence from citrate concentration on particle size, inferred from dynamic light
scattering, is plotted in Figure 26b. Here, its influence as a capping / stabilization agent is
evident for concentrations around 0.5 mM, where it no longer seems to be able to outweigh
its role as a reducing agent and the particles precipitate from solution. However, in the
concentration regime between 0.5 and 5 mM, stable colloidal solutions are formed, where
number-weighted particle diameters of around 35 nm, and are found to be independent on
citrate concentration. The intensity-weighed distributions indicate the presence of an
ensemble of larger particles, which, although vastly outnumbered by the 35 nm particles,
becomes more abundant with increasing citrate concentration. At concentrations above 5
mM the total intensity drops, while registering large amount of agglomerates, supporting
the statement that the particles are precipitating out of the solution.
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Figure 26 | Photo-Induced Particle Growth Dependence on Citrate Concentration | (a) Dependence of
the localised surface plasmon resonance extinction at 420 nm (open black symbols) and scattering intensity
(full green symbols) on tri-sodium citrate concentration immediately after irradiation. (b) Hydrodynamic
diameter distributions by intensity (dashed black lines) and by number (solid green lines) for different tri-

sodium citrate concentrations recorded immediately after irradiation.

The samples with different citrate concentrations have been monitored over 4 days and the
corresponding data for the extinction and scattering intensities as well as the size

distribution information for the stable colloids follow the trends marked out in Figure 23
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and Figure 24. Here, the particle size distributions weighed by number retain their diameter
of approximately 35 nm. However, because the particles continue to slowly grow, the
boundary to precipitation moves to the left for longer storage times and, as expected, the

system remains unstable for concentrations around 0.5 mM.
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6.2 Mechanism for the Catalyzed Photo-Bleaching

In this section we present a more detailed analysis, of the extinction data presented in
Figure 22, to find out if the photo-chemical reaction of Cy5-labeled DNA and AgNOs
works as intended. Here, we make a kinetic study of the catalytic effect that silver ion
concentration has on photo-bleaching rates of Cy5 fluorophores. In a biologically friendly
environment the absorption and reemission of light from a fluorophore will exponentially
decrease over time due to photo-chemical degradation. This photo-bleaching is associated
with the transition from the fluorophores excited singlet state to the relatively long-lived
and more chemically reactive excited triplet state. Therefore, it is possible to tell if the
introduction of a reactive compound like AgNOs reacts with the dye by observing the

bleaching rate as a function of its concentration.

The decrease of the absorption maximum of Cy5 at 650 nm was studied in dependence on
the duration of laser irradiation and AgNOs concentration. The full spectra taken every 2
minutes for a Cy5-DNA48 sample containing 1 mM AgNOs is shown in Figure 27a. As
expected, the spectral feature of the Cy5 extinction steadily decreases over irradiation time
and the bleaching speed changes for different AgNOs concentrations as summarized in
Figure 27b. Here, increasing concentration of Ag* ions leads to a higher photo-bleaching
rate, suggesting that optically excited Cy5 molecules (Cy5*) undergo a chemical reaction
with Ag* ions. Most likely, charge transfer results in the oxidation of Cy5* to Cy5%, while
Ag" ions are reduced and form a metal silver seed which subsequently serves as a
nucleation site for further particle growth and is similar to the reported silver nanowire

formation mechanism.5!

88



In situ Photo-Induced DNA Capped Plasmonic Particles 6

Extinction

0.0

650 ' 700
Wavelength (nm)

600

~
L}
~—'

1.0

0.8

0.6

Normalized Extinction

0.0 500.0 1.0k 1.5k 2.0k 2.5k 3.0k

(b) Irradiation Duration (s)

Figure 27 | Catalyzed Photo-Bleaching of the DNA-Cy5 Complex | (a) Time course of Cy5 photo-

bleaching with irradiation time in a Cy5-DNA48 sample containing 1 mM AgNO3. Spectra were recorded

every 2 minutes. (b) Bleaching curves for different AgNO3 concentrations as stated in the legend. Solid lines

are single exponential fits in accordance with the developed model.

Moreover, formation of heterodimers between the dye and Ag*, which can be detected from
the red-shifted absorption spectrum of the Cy5 peak after addition of AgNOs (see Figure
22a), and their reduction potentials of 0.8 V for silver and —0.84 V for Cy5 support our
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6.2 Mechanism for the Catalyzed Photo-Bleaching

assumption about photo-induced electron transfer.'>® Therefore, we can approximate the

process with a simplified chemical reaction as
Cy5* + Ag™ — Cy5°% + Ag®. ©)

This mechanism has also recently been proposed for the photo-induced growth of silver
nanowires in nano-tubular templates.%? Additionally, after the initial formation of the
complexes between Cy5 and silver ions (Figure 22a) further nucleation and growth of the
silver particles continues due to prudent, under the given conditions, electron donor
behavior of the surrounding medium, which in addition to the dye contains citrate ions,
DNA? and water:

(A4g%)n + Ag* + e - (A49%ns1 @
Cy5 / DNA / citrate / H,0

To get a better insight into the influence of the silver ions on the photo-degradation rate of
Cy5 in this particular system we separated and then analyzed the response of silver from

the remaining concomitant effects with the following kinetics equations:

dN”
E = p/IIN_ kAgCAgM - kN*, (5)

dNy
— =~k IN+ k'N. (6)

Here N and N* are concentrations of the dye molecules in the ground D and excited D
states, ¢, is concentration of Ag” in solution, | is the laser radiation intensity, and &, is a
photo-excitation constant of the reaction D — D*. Constant k =k’ + k" characterizes
lifetime of the dye in the excited (triplet) state in absence of a catalyst, where k' is a de-

excitation constant of the reaction D — D and k" is a dye intrinsic photo-degradation
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constant, and &, is a dye photo-degradation constant in presence of catalyst and describes

the reaction (3) in the studied process. The presented considerations are based on an

assumption that the photo-degradation of the dye (oxidation) occurs from the excited state.

By summing equations (5) and (6) up we obtain the following formula to describe the

studied system
d n
o (N+N) == (k" + kygcag) N (7)

From this equation we can see that concentration of the non-oxidized Cy5 molecules
linearly depends on the concentration of silver ions in solution and therefore bleaching rate
of the Cy5-labelled molecules in our reaction in presence of catalyzing silver ions can be

approximated by the relation
N(l‘)~exp[—(k0 +kAgCAg)t]l (8)

where we have put k"= k.

Throughout the derivation we consider N to be proportional to the concentration of Cy5
molecules in the solution. From Eq. (8) we can conclude that number of intact Cy5
molecules N, decreases due to an intrinsic photo-bleaching process represented by the rate
constant &y, and a photo-catalyzed reaction with silver, which depends on the concentration
of Ag” ions ¢, and the reaction rate k,,. From the measurement without silver we obtain
the intrinsic photo-bleaching rate constant for the used illumination conditions to be
ky=6.25-10" 5. Analysis of the measurements with added silver nitrate yields the molar
rate constant k,,=1.7 M s, The calculated constants have been used to fit the
experimentally obtained curves in Figure 27b. We should note that linear dependence on
the silver concentration was found to hold for ¢, <10 mM and for Cy5-labelled DNA

concentrations in the micro-molar range. Additionally, silver-catalyzed photo-bleaching

91



6.2 Mechanism for the Catalyzed Photo-Bleaching

exceeds the intrinsic photo-bleaching process only when the silver concentrations are
greater than approximately 0.1 mM. It should be noted that obtained photo-bleaching
constants have been derived from the experimental data where DNA-Cy5 has been used.
Therefore, exploited silver concentrations that interact with the dye are effectively smaller,
since oligonucleotides are known to act as ion scavengers for strong metals as for example

silver,*® and experimental data for free dye should result in higher rate constants.
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6.3 Characterization of the DNA Capped Plasmonic
Particles

Given that DNA is present on the nanoparticle surface, the question arises how this
association occurs during the nanoparticle growth. Two processes appear possible: (i) after
photo-oxidation of Cy5 and creation of a Agz cluster,® the seed remains linked to the
original Cy5 location at one end of the DNA strand. In this case, the DNA strand is (partly)
incorporated into the growing nanoparticle and, possibly, serves as a template for the
directed growth of the silver crystal along the strand; (ii) alternatively, the silver clusters
diffuse away from the site of reduction. In this case, nanoparticles grow autonomously in
solution at first, until at a later stage DNA adsorbs onto the nanoparticle, terminating the

nanoparticles growth. >3

Extinction Characterization of the Grown Particles after
Centrifugation

To shed light on the role of DNA during the nanoparticle growth, we conducted extinction
measurements, where we included into examination the signature DNA absorption band at
260 nm with a complementary comparison of the hydrodynamic particle diameter from
dynamic light scattering with the core diameter from transmission electron microscopy

examination. For this we compared three samples:
I.  Photo-induced sample from Cy5-DNA48
I1.  Commercially obtained 20 nm silver particles with unlabeled 48-mer DNA
1. Photo-induced sample from free Cy5-A and unlabeled 48-mer DNA

Firstly, we evaluated the extinction spectra of all three samples. In order to exclude
contributions from leftover DNA freely dissolved in solution, comparative measurements

were made between the samples before and after centrifugation purification.
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Figure 28 | Centrifugation Measurements | (a) Extinction spectra, normalized to the localized surface
plasmon resonance (LSPR) maxima, of the solution that contains photo-induced metallized 2 uM Cy5-
DNA48 before centrifugation (solid red curves) and re-dispersed precipitates after centrifugation (dotted
black curves). (b) Relative peak magnitudes of a reference sample, which is a mixture of 1 nM commercially
obtained 20 nm silver particles and unlabelled 2 uM 48-mer DNA, photo-induced metallized 2 pM 48-mer
DNA-Cy5, and photo-induced metallized 2 uM Cy5-A in the presence of unlabelled 2 uM 48-mer DNA.

The results for the photo-induced sample from Cy5-DNA48 can be seen in Figure 28a.
Prior to centrifugation, the presence of DNA and nanoparticles in the mixture can clearly

be identified and quantified from extinction spectrum (solid red curves). After
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centrifugation (20 minutes at 14.5 krpm), the supernatant was removed and the extinction
of the re-dissolved precipitate containing the pulled-down nanoparticles was measured
again (dotted black curve). Such cleaning procedures are not lossless, and the centrifuged
products suspension in 1 mM sodium citrate showed a loss in scattering intensity and a shift
of size distribution weighed by number towards smaller average particle sizes (not shown
here). These results can also be seen in the extinction spectra. In Figure 28a the loss in
extinction for the localized surface plasmon resonance was compensated for by
normalization, but the peak shift towards shorter wavelengths for the centrifuged product
is representative of the smaller particle sizes. We note that there will also be a shift, where
the localized surface plasmon resonance peak will be especially sensitive, which results
from changes in the dielectric constant of the solution when what is left of the 1 mM
AgNOs, 10 mM NaNOs, 1 mM tri-sodium citrate and 2 puM Cy5-DNAA48 solution is
exchanged for 1 mM citrate. However, it will be small in comparison to the shift due to the
change in particle ensemble size distribution. Furthermore, the DNA absorption peak blue
shifts from 280 nm to 260 nm after the removal of freely dissolved DNA. The pre-
centrifuged peak position at 280 nm can be attributed to the binding of Ag* ions to DNA
bases, which has been reported to shift the peak towards lower energies in the absorption
spectra.’® The fact that after centrifugation the ‘normal’ 260 nm peak position is retained

indicates that the nanoparticle bound DNA molecules do not contain Ag* ions.

Reference measurements can be seen on either side of the data from the Cy5-DNAA48
sample in Figure 28b. The left columns represents the commercially obtained 20 nm silver
particles with unlabeled 48-mer DNA. This sample was prepared by mixing 1 nM
commercially obtained 20 nm silver nanoparticles (characterized by transmission electron
microscopy) with 2 uM unlabeled 48-mer DNA. As the colloids are capped by a citrate
shell, a significant interaction of the DNA with the particles is not expected for short
incubation times. Before centrifugation, the presence of DNA (red whole columns) and
nanoparticles (blue whole columns) in the mixture can clearly be identified and quantified.
After centrifugation (20 minutes at 14000 g), the supernatant was removed and the
extinction of the re-dissolved precipitate containing the pulled-down colloids was measured

again (partial columns). Here it was shown that, the post centrifugation spectrum exactly
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matches that of the sample containing silver nanoparticles before addition of the unlabeled
48-mer DNA. So the remaining extinction below 300 nm stems from nanoparticle inter-
band transitions and not from residual DNA. In contrast, the Cy5-DNAA48 and the free Cy5-
A with unlabeled 48-mer DNA samples retain a strong indication that DNA is still present
after centrifugation, which would mean that some of the DNA is inseparably associated

with the colloids.

The extinction spectra also reveal an extremely high DNA absorption intensity. As
expected, the magnitude of the localized surface plasmon resonance corresponds to a
nanoparticle concentration in the nano-molar range, while the post-centrifuged DNA
concentration appears to be in the micro-molar concentration range. This would imply the
geometrically unlikely scenario of a single nanoparticle being covered with a thousand 48-
mer DNA strands. A plausible explanation for this is that since the extinction peak created
by the inter-band transitions of the metallic silver nanoparticles, which overlap with the
extinction peak of DNA, changes with size and shape of the particles, its correlation with
the commercial particles introduces an error. The impact of which will be minimized from
the enhancement effect DNA has when absorbed on the particles surface, caused by the
resonance of the DNA absorption band with inter-band transitions of the metallic silver
nanoparticle.’® Here, the high impact DNA has on particle growth prohibits a valid
reference. So, to confirm our findings a comparison between the hydrodynamic particle
diameters from dynamic light scattering with the core diameters from transmission electron

microscopy is needed.

Transmission Electron Microscopy Characterization of the Grown
Particles

To investigate the size and structure of the nanoparticles grown on Cy5-modified DNA
templates further, we imaged the particles using transmission electron microscopy. The
primary goal here was to find out more about how DNA is capping the particles by
comparing the transmission electron microscopy determined nanoparticle core sizes to that

of the hydrodynamic particle sizes inferred by dynamic light scattering.
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Figure 29 | Nanoparticles Metal Core Size Characterization by TEM | (a) Exemplary transmission

electron microscopy images of nanoparticles grown by the photo-induced method. (b) Size distribution of
particles grown in a 1 mM AgNOs3 solution analyzed by transmission electron microscopy (TEM) (solid blue

bars) and dynamic light scattering (DLS) (dashed red bars).

Particles prepared from the 48-mer DNA-Cy5 sample are shown in Figure 29a and are
mostly spherical in shape with a proportion of the population exhibiting a triangular
distortion commonly found for silver nanoparticles grown at low pH.%*® We note that while
the silver nanoparticles appear as darker shapes, smudges with a light contrast stem from

salt formed during the drying process. Here, the particles shape makes it highly unlikely
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that DNA strands are (partly) incorporated inside, as the DNA template would have
directed growth of the silver crystal along the strand forming more elongated particles.
These results favor the second process described in the beginning of this section where
DNA adsorbs onto the nanoparticle acting as a capping agent.

To show this, statistical data of approximately 900 particles per sample were analyzed with
respect to their diameter (using the software ImageJ). The results for one sample are plotted
in Figure 29b together with the particle size distribution, from the same sample, derived
from dynamic light scattering. Here, transmission electron microscopy data predicts a
highest frequency diameter of approximately 15 nm in comparison to a significantly larger
average diameter of 35 nm from dynamic light scattering. In comparison, the 16 nm length
of a 48-mer DNA strand together with the transmission electron microscopy core diameter
gives a particle size of 47 nm. This implies that the stands could be free-standing on the
surface, since the organic system will not scatter light very efficiently leading scattering
data to predict smaller particle sizes. Furthermore, transmission electron microscopy and
dynamic light scattering measurements of the commercial citrate capped silver
nanoparticles gave a unanimous size of 20 nm, in accordance with the manufacturer’s
information. This, together with that free DNA in the Cy5-A with unlabeled 48-mer DNA
sample will also act as a capping agent (Figure 28b) confirms the suggested growth mode
takes place. That is, DNA takes the role of capping agent which adsorbs onto the
nanoparticle surface during growth. The proposed capping action of DNA is also consistent
with the observation, that the nanoparticle solutions were stable in the presence of DNA,
while nanoparticles grown from free dye (without DNA) required the addition of citrate to

prevent the precipitation of colloids.
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Conclusions and Outlook

In this chapter, | provide a summary and outlook of the results that have been presented in
this thesis, covering our investigations into creating predetermined metallic nanostructures
for future studies of plasmonic interactions between single-particles. Here, the original
questions that this work is based on will be restated, followed by a summary of our findings,

conclusions and short outlook.
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Would a higher number of thiol-groups in a linker molecule be advantageous when
functionalizing nanoparticles with DNA?

In conclusion, we have investigated the use of DNA modified with di-thiol-phosphor-
amidite (DTPA), a linker bearing four sulfhydryl-groups, to functionalize gold
nanoparticles. It is well established that using citrate as a capping agent, like the
commercial nanoparticles used for this work were delivered with, does not provide them
with sufficient negative charge for good colloidal electrostatic stability. For many
applications ligand exchange to BSPP is necessary to increase the negative surface charge
for successful results. In our work, this involved ligand exchange with the goal of replacing
the smallest possible amounts of BSPP with DNA-DTPA followed by and additional ligand
exchange, to allow for good separation by the charge exhibited from the bound DNA, where
BSPP was changed for mPEG-thiol since it is more neutral and will not remove the DNA-
DTPA. However, using BSPP resulted in many unwanted effects during purification. Here,
the chromatogram showed that the ligand exchange of BSPP for mPEG-thiol is unfavorable
because elution showed that BSPP and even DNA-DTPA peaks were present and most
importantly very bad separation occurred between different numbers of DNA strands bound
to the particles due to the varying amount of BSPP still associated with the particles which
distributes the charge. While it was possible to remove any measurable sign of BSPP, this
can only be achieved by adding numerous ligand exchanges and cleaning steps, making it
less cumbersome to deal with a lower colloidal electrostatic stability by bypassing the use
of BSPP entirely. In our new protocol, ligand exchange was performed with the goal of
replacing the smallest possible amounts of citrate with DNA-DTPA, followed by and
additional ligand exchange, to allow for good separation by the charge exhibited from the
bound DNA, where the remaining citrate was changed for mPEG-thiol since it is more
neutral and will not remove the DNA-DTPA. This direction showed successful results with
large separation for very few steps which simplified this method extensively. In the
optimized protocol a much lower DNA to nanoparticle concentration ratio of 4:1 in
comparison to 130:1 for thiol-DNA was needed, showing that DTPA-modified DNA can
be successfully used for gold nanoparticle functionalization due to the higher chemisorption

efficiency of the linker’s four sulfhydryl-groups to the gold surface of the nanoparticles. In
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addition, the mPEG-thiol molecules proved to be a reliable capping agent to complement
the DNA-DTPA molecules as the obtained conjugates have shown to be stable under long

storage and during purification.

In outlook, the isolated conjugates can be used for a variety of interesting experiments. For
instance, by preparing mono-conjugates with complementary strands, the formation of
dimers with tunable inter-particle spacing would be possible, and di-conjugates could be
used for longer chain structures. Such assemblies would be very interesting for, for
example, energy transfer studies.

Can anion-exchange high pressure liquid chromatography become a viable alternative
and improvement for existing techniques to reproducibly obtain high yields of

nanoparticles with a predefined number of short DNA strands attached?

In conclusion, anion-exchange high pressure liquid chromatography was evaluated as a
separation technique, where the development of compatible synthesis protocols is an
integrate part. Separation of conjugates formed from the DNA-DTPA protocol described
above, make this point abundantly clear. Here, a Dionex DNAPac Pa-100 anion-exchange
column, which separates species by passing them around 13 pum, nonporous, polymeric
resin with bound 100 nm positively charged quaternary amine-functionalized latex particles
on their surface, was only able to elute 1 % of the particles when BSPP was present.
Furthermore, the particles would not fully elute when trying to recover the column, which
means it was being irriversibly damaged, but did perform stably when the protocol without
BSPP was used, albeit with bad separation without damaging the column. However, an
investigation into the interactions of nanoparticles with packaging materials of anion-
exchange columns showed that replacing it with an YMC-BioPro QA anion-exchange
column, which is packed with 5 pm, hydrophilic polymer beads with 100 nm pores
containing CH2N"(CHzs)s, would give successful results. Indeed, the elution efficiencies for
the protocol without BSPP changed from 1% to over 90% with no immediate sign of
column damage during recovery. The high yield and reproducibility shows that anion-
exchange high pressure liquid chromatography can be used as a standard method to obtain
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DNA-nanoparticle conjugates that promotes not only strong electrostatic interaction to

separate the species but also high elution rate for the mechanically rigid gold nanoparticles.

In outlook, this method was previously only a proof of concept, which caused irreparable
damage to the column making it undesirable. However, our work provides the proof that it
can be used on a much larger scale, even as an essential tool for nanoparticle separation by

charge.

Can nanoparticles be functionalized with thiol-biotin-streptavidin bound to specific

numbers biotin-functionalized DNA strands?

In conclusion, we have developed a new way to functionalize gold nanoparticles with DNA
molecules by utilizing the streptavidin-biotin binding properties. Here, we functionalized
gold nanoparticles with disulfide-PEG-biotin and mix them with an even distribution of all
four DNA-biotin-streptavidin conjugates. This solution, which contains a diverse
population of DNA-nanoparticle conjugates, was then separated with anion-exchange high
pressure liquid chromatography and the fractions collected. The chromatogram showed

successful separation of the different conjugates.

In outlook, the isolated conjugates can be used for a variety of interesting experiments. For
instance, by separating mono-conjugates with complementary strands, the formation of
dimers with tunable inter-particle spacing would be possible, and di-conjugates could be
used for longer chain structures. Such assemblies would be very interesting to study
plasmon-transport and plasmon-enhanced phenomena in solution ensembles and at a single

particle level 1%

What does the conformation that bound streptavidin with and without DNA have to a

nanoparticle?

In conclusion, the previously mentioned chromatogram showed the number of attached
streptavidin proteins or DNA-streptavidin conjugates to the nanoparticles surface by means
of anion exchange chromatography. Here, the usage of the free streptavidin was evidenced
through four convoluted peaks corresponding to streptavidin-nanoparticle conjugates. That
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these peaks correspond to streptavidin-nanoparticles was nicely demonstrated by their
equidistance and a larger gap from the unconjugated particle peak. Interestingly, this
separation implies that the protocol allows for a maximum of four streptavidin to one
nanoparticle and the similar deconvoluted peak areas suggests that charge repulsion plays
a large role. This would increase the binding symmetry of streptavidin around the particle
and considering that the protein has a diameter of 5 nm, in comparison to the nanoparticles
20 nm diameter, and also supports four fold binding symmetry, this is a very nice result.
The data corresponding to the elution of the different DNA-streptavidin conjugates show
that only small amounts of free streptavidin holding one and two DNA stands in solution
remain. The similar peak height of streptavidin holding four DNA stands, which cannot
react, to that of streptavidin holding three DNA strands, implies that they are also unreacted.
This, together with the two, possible three peaks, corresponding to the DNA-nanoparticle
conjugates indicated that the charge repulsion is too high to allow more than three DNA

strands to a particle with a maximum of two DNA strands to one streptavidin.

In outlook, these newly found symmetries can be very useful for future assembly of

complex nanoparticle structures.

Is it is possible to gain a high enough control over the interlinking process of biotin-
functionalized particles and streptavidin, to obtain high yields of small particle
complexes and additionally enrich them under physiological conditions through size

exclusion chromatography?

In conclusion, we have studied streptavidin-induced interlinking process of biotin-
functionalized 20 nm gold nanoparticles. Here, we performed an analysis to find the
optimum concentration ratio between nanoparticle and streptavidin concentration and the
data show aggregation regions that allow for controllably obtaining small particle
complexes. Unsaturated complexes that are stable in solution at low salt concentrations
formed within minutes and occurred for [nanoparticle]:[streptavidin] concentration ratios
smaller than [1]:[2] with an optimum formation concentration for dimers at [1]:[0.7], just
over the stoichiometric ratio due to dilution. Size analysis evidenced that the majority, up
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to 20%, of the small stable aggregates at [1]:[0.7] were dimers and the fraction of small
particle complexes of interest can be enriched by means of size exclusion chromatography

and gradient centrifugation under physiological conditions.

In outlook, in contrast to previous reports where this kind of process was used for
uncontrolled agglomeration, this protocol can be very useful for controlled assembly of

complex nanoparticle structures.

Can high concentrations of streptavidin hinder aggregation through saturation of the

binding sites?

In conclusion, we have studied streptavidin-induced interlinking process of biotin-
functionalized 20 nm gold nanoparticles. Here, we performed an analysis to find the
optimum concentration ratio between nanoparticle and streptavidin concentration and the
data show aggregation regions that allow for controllably obtaining small particle
complexes. Streptavidin-saturated complexes that are stable in solution at low salt
concentrations were formed between 11 to 50 fold higher streptavidin to nanoparticle
concentrations. The high streptavidin concentration was capable of blocking the formation
of unstably large aggregates due to the limited amount of remaining unoccupied binding
sites, and the aggregation size therefore decrease for increasing concentrations until only
completely pacified individual particles remained. We found that this region is also difficult
to quantify, since it is most likely very dependent on reaction and diffusion limited kinetics
where the outcome can be altered by, for example, titrating the biotin-nanoparticles into
streptavidin or vice versa. The first indication of this comes from that the saturation and
capping of the particles takes place at 50 fold higher streptavidin concentrations than
nanoparticles, which also coincidently corresponds to the number of proteins that would
geometrically fit onto a particles surface. However, the number of bound proteins is limited
due to mutual repulsion of the species,'*® and while increasing the salt concentration to 10
mM does little to change the unsaturated region, it offsets the saturated region to higher
concentrations where it is significantly broadened, ending at 1000 fold higher streptavidin

concentrations than nanoparticles for complete passivation.
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In outlook, in contrast to previous reports where this kind of process was used for
uncontrolled agglomeration, the method of obtaining saturated, together with the previous
unsaturated, small stable nanoparticle complexes adds an extra degree of control and
therefore can be very useful for assembly of complex nanoparticle structures.

Is there a way to organize particles on the nano-scale by combining DNA functionalized

streptavidin-induced nanoparticle-dimers into complex structures?

In conclusion, we investigated combining the previously described topics in a new way to
obtain high order structures. Since it is not possible to bind biotin-DNA in-between two
streptavidin bound particles, the dimer must be formed with streptavidin which is already
occupied by biotin-DNA. According to our previous results, the nanoparticles will be
functionalized with a combination of 1 to 4 streptavidin proteins each holding 0 to 2 DNA
strands, but not more than three total strands to a particle, only the fractions containing
streptavidin with one and two DNA strands were collected. Here, we balanced the reaction
to produce an even distribution of all four conjugates and then separated them by the
number of DNA strands associated with one streptavidin using anion-exchange high
pressure liquid chromatography. From these fractions either particles with 1 to 3 DNA:-
streptavidin conjugates and 0 to 1 DNAas-streptavidin with one DNAz-streptavidin, where
the DNA strands are initially pointing outwards from the surface were formed. Increasing
the salt concentration allowed dimers to form with one or two DNA strands connected to
the dimers symmetrical rotational axis. Due to the amount of different species created, the
DNA functionalized nanoparticle monomers and dimers were purified and the separated
fractions collected from anion-exchange and size exclusion chromatography. At this point,
by exploiting Watson-Crick base pairing of DNA, tetramers can be created by introducing
either the DTPA DNAu1-nanoparticles or the separated DNA:-streptavidin nanoparticle
monomers with the complementary strand terminating the structures, or alternatively,
longer chains could be formed by introducing DNA functionalized dimers with the

complement strand.
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In outlook, these built structures can potentially become useful well-defined substrates for
surface-enhanced techniques and energy transfer studies. Furthermore, introducing dimers

with different DNA strands could be used to create longer controlled chain structures.

Can silver nanoparticles be grown in the presence of DNA under physiological
conditions in a one-pot reaction by means of a photo-induced reaction where the DNA
is left intact?

In conclusion, based on the gained experience during work with the colloidal systems, we
have developed a one-pot photo-induced nanoparticle synthesis procedure in the presence
of DNA oligonucleotides in aqueous solution. Photo-excited Cy5 dyes act as nucleation
sites for silver clusters upon irradiation with 647 nm light. The colloids, formed during the
irradiation process, are mostly spherical in shape, exhibit a typical localized surface
plasmon peak, and size-independent on the precursor silver ions concentration for the
studied below 10 mM range. The nanoparticles feature a metallic core of 15 nm diameter,
yet a significantly larger hydrodynamic diameter of approximately 35 nm, which is
attributed to the presence of DNA on the nanoparticle surface in free-standing confirmation
allowing their potential further organization. Growth and separation experiments under
different conditions indicate that DNA irreversibly adsorbs onto the nanoparticles during
their growth and presumably acts as a capping agent. Interestingly, the nucleotides exhibit
an extraordinarily strong optical absorption, which is ascribed to the surface enhancement
effects.}>117 These DNA-capped silver nanoparticles exhibit robust association of the

DNA to their surface that could not be removed by ligand exchange reactions.

In outlook, this work is of particular advantage since there is a shortage of methods to obtain
silver nanoparticle conjugates with DNA. The obtained species are therefore of high
interest for nano-scale plasmonic studies due to the remarkable properties of the metal and

potential provided by the DNA molecules for further modification and organization.
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