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Kurzfassung

Goldnanopartikel (AuNPs) besitzen die Eigenschaft die Temperatur ihres um-
liegenden Mediums lokal zu erh6hen. Auch treten in der Nihe ihrer Oberfliche
Regionen mit hoher Feldverstiarkung auf. Diese beiden Effekte resultieren aus
der eingeschlossenen Oszillation der Leitungsbandelektronen, sogenannten Plas-
monen, welche durch ein resonantes elektromagnetisches Feld angeregt werden.
In dieser Arbeit wurden Heiz- und Feldverstarkungseigenschaften von AuNP ver-
wendet, um die Wechselwirkungen zwischen an die AuNPs gebundenen Molekiile
zu manipulieren. Zwei zwischenmolekulire Prozesse werden untersucht: die
Entstehung von DNA Doppelstringen und der Energietransfer zwischen fluo-
reszenten Molekiilen.

Die Bildung von DNA-Doppelstréangen in der Nahe von AuNPs wurde auf der
Einzelpartikel -Ebene untersucht. Dafiir wurden zwei einzelne AuNPs mit kom-
plementidren DNA-Strangen an ihren Oberflichen mit einer optischen Falle nah
zueinander gebracht. Die Bildung von DNA-Doppelstriangen, welche zur Bindung
zwischen einzelnen AuNPs fithrt, wird anhand der Anderung der optischen Eigen-
schaften der AuNPs durch die plasmonische Kopplung bei sehr kleinen Abstanden
systematisch detektiert. Auferdem wird die spezifische Bindung durch die Er-
héhung der Fallenstirke um mehr als eine Grofenordnung verlangsamt. Dieser
Effekt ist anhand eines semi-quantitativen Modells erklirt, wonach die Temper-
aturerh6hung des umgebenden Mediums als Folge von plasmonischem Heizen
mit der Schmelz- bzw. Denaturierungstemperatur von DNA-Strangen verglichen
wird, welche zu einer Auftrennung der Doppelstriangen fiihrt. Der plasmonische
Heizeffekt bringt das System naher an die Schmelztemperatur von DNA, wodurch
die Entstehung der Doppelstriange unterdriickt wird.

Des Weiteren wurde der Forster-Resonanzenergietransfer (FRET) zwischen
zwei fluoreszenten Molekiilen, welche an AuNPs gebunden sind, untersucht. FRET
beschreibt einen strahlungsfreien Energietransfer-Prozess, durch den die Fluo-
reszenz des Donor-Molekiils gesenkt und die des Akzeptor-Molekiils erhéht wird.
Durch die Messung der Fluoreszenzlebensdauer von Donor und Akzeptor ein-
mal in der Nidhe von AuNPs und einmal in freien FRET-Paaren wurde der Ein-
fluss von AuNPs auf FRET quantifiziert. Die FRET-Effizienz in der Niahe von
AuNPs bleibt fast so hoch wie bei freien FRET-Paaren und die FRET-Raten
werden in der Anwesenheit von AuNPs erhoht. Die Simulation einer FRET-
Erh6hung zwischen zwei AuNPs suggeriert die Anwesenheit von mehreren Feld-
verstirkenden und -abschwéchenden Bereichen. Um das hier gezeigte Potential
von AuNP Dimeren fiir eine FRET Verstarkung komplett auszuschépfen, wird
eine prazise Positionierung der Molekiile notwendig.
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Abstract

Gold nanoparticles (AuNPs) can locally increase the temperature of their sur-
rounding medium and provide regions of high field enhancement near their sur-
face. The origin of these two effects lies in the confined oscillations of conduction
band electrons called plasmons, which are excited by the resonant electromag-
netic field. In this thesis heating and field enhancing properties of AuNPs are
used to manipulate the interaction of molecules attached to them. Two inter-
molecular processes are studied: formation of DNA double strand and energy
transfer between fluorescent molecules.

Formation of DNA double strands near AuNPs is studied on the single-particle
level. To this end, two single AuNPs with complementary DNA strands on their
surface are brought into close proximity by optical trapping. The formation of
DNA double strands leading to binding between two single nanoparticles is de-
tected systematically by the change of the optical properties of AuNPs due to
plasmonic coupling at small distances. Moreover, the increase of the trapping
laser power slows down the specific binding by more than an order of magnitude.
The observed result is explained by a semi-quantitative model where the temper-
ature increase of the surrounding medium due to plasmonic heating is compared
to the temperature required to dissociate DNA double helices. Plasmonic heating
brings the system closer to the melting temperature and the formation of double
strand is suppressed.

Further, Forster resonant energy transfer (FRET) between two fluorescent
species attached to AuNPs is investigated. FRET is a non-radiative energy trans-
fer leading to the decrease of fluorescence of the donor molecule and increase of
fluorescence of the acceptor molecule. By measuring the fluorescence lifetime of
donor and acceptor molecules near AuNPs and in free FRET pairs we quantify
the influence of AuNPs on FRET. FRET efficiencies near AuNPs stay nearly
as high as in the case of free FRET pairs and FRET rates in the presence of
AuNPs are increased. The simulations of FRET enhancement between AuNPs
suggest the presence of several regions of field enhancement and of field suppres-
sion. To fully use the potential of AuNP dimers for FRET enhancement a precise

placement of molecules is required.
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1 Introduction

Understanding the interactions between biological molecules and their interac-
tion with other species is essential to study the basic processes occuring in the
world around us. Binding events and transfer processes between biomolecules
have been studied in detail in bulk solution, [1-4] where molecules are homoge-
neously distributed in the medium. Importantly, the information obtained from
bulk studies can not be assumed valid for real heterogeneous systems in which
clustering and macromolecular assembling is observed [5]. For example, the hy-
bridization of DNA single strands and formation of double helices in solution
differs from the same process taking place in real cell [6]. Therefore it would
be beneficial to obtain tools which allow the study of biomolecular processes in
heterogeneous nanoscale systems.

The recent flourishing of nanoscale science and technology gave rise to the de-
velopment of such tools. With their help very low amounts of biomolecules were
detected, analyzed, mimicked and even externally manipulated. The examples
here are single molecule detection with super-resolution techniques |7, 8|, chang-
ing a conformation of a single molecule with scanning tunneling microscopy [9]
and touchless movements of DNA molecules by laser light [10, 11].

In the last case, DNA molecules were manipulated indirectly through the small
object which was attached to them and moved. It is often in nanoscience that
for studies of properties and behavior of molecules, special hybrid nanosystems
consisting of micro or nanoparticles attached to the molecules of interest are
created. Among these nanosystems one class is of particular interest. These
are nanosystems where single components influence properties of each other and
therefore change the performance of the whole system.

Gold nanoparticles (AuNPs) which are capable of hosting localized oscillations

of conduction band electrons, called plasmons, are very suitable to perform as an



Chapter 1. Introduction

active component for such tunable hybrid system. AuNPs are chemically rather
inert so the chemical properties of molecules attached to them are preserved.
On the other hand, due to the special optical characteristics of AuNPs emerging
from plasmons, the field distribution around them can be changed and therefore
influence optical properties of molecules situated nearby. Moreover, due to the
energy dissipation during the plasmon oscillation decay in the AuNPs the tem-
perature inside and outside of the nanoparticle increases so that the molecules in
their vicinity can be efficiently heated [12, 13].

Plasmonic properties of AuNPs were succesfully used to study and tune proper-
ties of molecules attached to them. To name a few achievements, Raman scatter-
ing and fluorescence signals of molecules were strongly enhanced [14-16], fluores-
cence spectra of dyes situated between plasmonic nanoparticles were shaped [17],
melting of DNA helices induced through plasmonic heating was studied in an en-
semble [18, 19| Furthermore, the increase of energy transfer between nanoscopic
donor and acceptor was predicted [20].

This thesis, for the first time, investigates how the hybridization of DNA
strands and energy transfer between organic molecules can be manipulated by
the optical properties of gold nanoparticle dimers situated near them. The spe-
cific binding of DNA-coated AuNPs manipulated by laser beam is investigated
on the single-particle level. It is observed that the hybridization of DNA strands
situated on AuNPs can be actively tuned via a change of plasmonic heating.
Plasmonic heating is manipulated directly during the experiment by changing
the laser settings.

Another process manipulated in this thesis is the energy transfer between dye
and protein. These molecules are situated in the inter-particle region of AuNP
dimer and the energy transfer is investigated on the ensemble level. The compar-
ison is made between the performance of AuNP dimer and monomer for modifi-
cation of energy tranfer rates in the protein-fluorescent dye system.

The present thesis consists of six chapters. Chapter 2 following this introduc-
tion focuses on fundamentals of AuNPs interaction with electromagnetic radia-
tion as well as on basic properties of DNA molecules and fluorescent dyes. First,
excitation of plasmonic oscillations in AuNPs as a result of interaction with in-

cident light is described. Also, resonance conditions leading to strong plasmonic



responce are discussed. A specific plasmonic structure - AuNP dimer - is in-
troduced, where two AuNPs are placed close to each other and their plasmonic
oscillations couple. After that a method for touchless manipulation of single
AuNPs with light — optical trapping (OT) — is discussed. In this thesis OT is
used to bring AuNPs with molecules attached to their surface close to each other
and create an AuNP dimer. Further, the structure of DNA molecules and mech-
anisms of formation of a DNA double helix are explained. The concept of DNA
melting temperature is introduced and the latest findings about hybrid systems
consisting of nanoparticles and DNA molecules are summarized. Finally, the pro-
cess of Forster Resonant Energy Transfer between fluorescent dyes is discussed.
The efficiency of this process is defined by the molecule’s fluorescence decay rates
which can be heavily altered in the presence of AuNPs.

Chapter 3 deals with the materials and experimental methods employed in this
thesis. Here the synthesis, surface modification and aggregation of AuNPs are
discussed. The extinction spectra of nanoparticles used in this thesis are given.
Further, the mechanisms used to connect two AuNPs into a dimer in bulk and on
single dimer level are explained. After that the setups used to characterize nano-
particles and their aggregates are discussed. These include electron microscopy
and the dark-field mode of optical microscopy. The optical trapping technique
combined with dark-field microscopy to manipulate single gold nanoparticles dis-
persed in water is described as well. Finally the spectroscopic methods used to
study the steady-state and time-resolved optical response of AuNPs and a hybrid
system containing AuNPs and organic molecules are discussed.

In chapter 4 the hybridization of complementary DNA strands attached to
AuNPs is investigated. Single AuNPs with DNA on their surface are manipu-
lated in three dimensions by OT. When two nanoparticles are in close vicinity
they bind due to hybridization of complementary DNA strands. The binding
event is detected optically by the change in the plasmon resonance frequency
upon plasmonic coupling of AuNPs. It is shown that this specific binding can
be tuned by plasmonic heating. At larger trapping powers the hybridization
rates decrease by more than an order of magnitude. This result is explained
by higher temperatures preventing the formation of dimers with lower binding

energies. Since factors other than chemical affinity can result in the binding of
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two nanoparticles in the optical trap, several control experiments which prove
the specificity of binding are conducted. Finally attempts to extend the idea
of binding in the optical trap to other systems including protein-functionalized
AuNPs and AuNPs of non-spherical shapes, such as nanostars, are discussed.

In chapter 5 studies of Forster resonant energy transfer (FRET) between pro-
teins and fluorescent dyes situated near AuNPs are presented. By exciting the
donor in the AuNPs/FRET pair system and detecting the acceptor fluorescence
the occurence of FRET is proven. The results of steady-state measurements are
shown, where no difference between the FRET process in the free FRET pair
and in the FRET pair attached to AuNPs was detected. Also the results of
time-resolved fluorescent measurements which provide a more detailed informa-
tion about FRET in different configurations are presented. Both single AuNPs
and AuNP dimers accelerate FRET while AuNP dimers perform slightly better.
Finally, the model calculations of the intensity enhancement near the nanoparti-
cle monomers and dimers are introduced. The results of the calculations are in
the agreement with experimental findings.

The last chapter — chapter 6 — focuses on the summary of the results as well

as on conclusions and the outlook of this thesis.



2 Hybrid systems of gold
nanoparticles and

(bio)molecules

Gold nanoparticles (AuNPs) can enhance optical signals of neighboring molecules
by several orders of magnitude [21, 22|, strongly and very locally increase the
temperature of nanometer-small volumes [12, 13] and are used to overcome the
diffraction limit in imaging [23]. The origin of such an excellent performance
lies in the peculiar response of AuNPs to electromagnetic radiation. Light of
characteristic energy excites collective oscillations of conductive band electrons
— plasmons — in AuNPs. Plasmons to a large extent define optical properties
of AuNPs and field distribution around them. Moreover, when two AuNPs are
placed close to each other, their plasmons couple giving rise to new properties.

This chapter describes the basics of plasmonic properties of AuNPs and ex-
plains how these properties influence molecules situated near them. Besides, the
theory of manipulation of small objects by a laser beam and its specifics in case
of plasmonic nanoparticles is explained.

Further the properties of the molecules investigated in this thesis are intro-
duced. The structure of DNA and mechanisms of DNA double helix formation
are explained. Also the concept of DNA melting temperature is introduced and
double helix formation at conditions different from the bulk is discussed.

Finally, the fundamentals of Forster resonant energy transfer (FRET) between
fluorescent dyes are given. The influence of AuNPs on the molecule’s fluores-
cence decay rates, which, among other factors, defines the efficiency of FRET, is

discussed.



Chapter 2. Hybrid systems of gold nanoparticles and (bio)molecules

2.1 Plasmonic properties of gold nanoparticles

2.1.1 Localized surface plasmons

Nanometer-sized spherical AuNPs strongly scatter and absorb in the green spec-
tral range, which can be observed by the naked eye when investigating beakers
containing suspensions of these nanoparticles in water. If one keeps such a beaker
against the light, the solution appears red since the green part of the light is ab-
sorbed. If one puts an opaque material on the back side of the beaker and
observes the scattering response, the solution appears green. The hydrosols of
non-spherical AuNPs appear red to blue depending on the exact shape of the
nanoparticles. This behavior suggests a resonant response of AuNPs to the inci-

dent electromagnetic radiation.

The reason for resonant response of AuNPs to incident light is the excitation of
collective oscillations of conductive band electrons called localized surface plas-
mons. If an electromagnetic wave of suitable energy penetrates the nanoparticle,
electrons are displaced from their positions. Coulomb attraction between positive
ion cores and electrons provides the restoring force for this displacement and as a
result the oscillation is induced. Apart from gold, localized surface plasmons are
also present in silver and copper nanoparticles. In bulk noble metals localized
plasmon oscillations are not observed since the penetration depth of the elec-
tromagnetic field into bulk metal is only some tens of nanometers in the visible
range |24, 25]. Non-localized propagating surface plasmons are detected in noble
metal thin films [26].

Interaction of nanoparticles with incident electromagnetic radiation can be de-
scribed in terms of the quasi-static approximation [27, 28]. In this approximation
plasmonic nanoparticle with a radius a much smaller than the excitation wave-
length A is considered as a point dipole. This implies that the phase of the
applied field is constant over the nanoparticle’s whole volume and the particle
can be seen as situated in an electrostatic field. To find the potentials inside (®;,)
and outside (®,,;) of the particle, the Laplace equation V2® = 0 is solved in r, §

coordinates for the nanoparticle’s boundary conditions. The resulting expressions



2.1. Plasmonic properties of gold nanoparticles

for the potentials are [28]:

3
D, = — ch Eyrcost (2.1)
€+ 2¢y,
o Eyreost + =" 325 (2.2)
out = —FEyrcos a :
¢ 0 €+ 2¢p, 0% T2

where ¢ is the dielectric function of the particle and e, is the dielectric function
of the host (medium).

Introducing the dipole moment

E—¢&p
p = dnepena’
€+ 2¢y,

EO = €0€hOéE0 (23)

allows the nanoparticle’s polarizability a to be defined as:

€+ 2¢y,

a =4ra (2.4)
As can be seen, the polarizability shows a resonant behavior with a maximum

value at |e 4 2¢,|=min.

To get further insight into the resonance conditions, one has to analyse the
dielectric function of the material. The dielectric function of gold is a frequency-
dependent complex value: € = Re[e(w)] + Im[e(w)]. For slowly-varying or small
I'mle] the resonant condition is simplified to R[e] = 2¢;,. This expression is called
the Frohlich condition.

The simplest way to derive the dielectric function of a metal is the free-electron
or Drude model [24]. In this model metal consists of positive ion cores and quasi-
free non-interacting electrons characterized by the damping constant . The
total response is calculated by solving the equation of motion for one electron
and multiplying the response by the total number of electrons. The resulting
expression for e(w) is:

Ne? 1 w

2
p
(W) = e gome w? +iyw O w?4iyw

(2.5)
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where €., describes the contribution from positive ion cores, N is the density
of free electrons and e and m, are electron charge and mass, respectively. The
quantity w, is called the plasma frequency and corresponds to the frequency at
which the electromagnetic field starts to penetrate the metal.

In gold and other noble metals, visible light can induce not only excitation of
electrons within the conduction band, but also the transition of electrons from
lower bands to the conduction band. In this case the free-electron approximation
fails, which is illustrated by the discrepancy between measured and calculated
dielectric functions for noble metals in the visible range [28]. In practice ¢ derived
from the free-electron model is used for calculations in the deep red and infrared
range of the spectrum, while for the visible range the interpolated curve obtained
from the experimental data in reference [29] is used.

The electric field inside and around the particle can be calculated from the
potentials as £ = —V® |28]:

3¢en

E,,=E 2.6
0€+25h (2:6)

3n(n-p)—p1l

Eout = E
out ot drepey, 13

(2.7)

From these equations and recalling the expression for the dipole moment (Eq.
2.3), it can be seen that at the Frohlich condition a resonant field enhancement
inside and outside of the particle is observed. In this thesis a field enhance-
ment around plasmonic particles is used to manipulate energy transfer between

molecules attached to them.

2.1.2 Optical properties of gold nanoparticles

Plasmon oscillations in a nanoparticle result in photon emission at the resonant
frequency, which can be experimentally detected as elastic scattering. The pho-
ton emission represents a radiative decay of plasmon oscillation. Simultaneously
a nonradiative decay process takes place, resulting into the absorption of energy
by the nanoparticle. Nonradiative decay occurs via Landau damping — the mech-

anism where the plasmon in the nanoparticle decays into an electron-hole pair
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[30, 31]. Here both interband (within conduction band) and intraband (valence
band to conduction band) transitions are possible. Excited electrons then ther-
malize with other conduction electrons changing the thermal distribution of the
Fermi sea. Subsequently the energy is transferred to the volume of the particle
by electron-phonon scattering and by scattering on defects or impurities. The
absorption of light energy by a plasmonic nanoparticle determines its optother-
mal properties: by transferring the excess of energy to the surrounding medium

the plasmonic nanoparticle performs as a highly localized heater.

Optical properties of AuNPs are characterized by scattering and absorption
cross sections, Cy., and Cgy,, which quantify the amount of scattered and ab-
sorbed light. Their sum is called the extinction cross section C,,;. Cross sections
can be understood as apparent areas with which a nanoparticle gathers light, and
they have a unit of area. Cross-sections, expressed through the dipolar polariz-

ability, are written as

k4 9
Ciea = 6—7T|a| (2.8)
Cext = kIm[a] (2.9)
Cabs = Cext - Csca (210)

where « is the polarizability calculated in the quasi-static approximation. At
resonance frequencies extinction cross sections of plasmonic nanoparticles exceed
their geometrical sizes so their absorption and scattering spectra show a peak
at these frequencies. The peak position is determined by the real part of the
dielectric function. It can also be largely influenced by the refractive index of the
surrounding medium: an increase of the refractive index results in the redshift of
the plasmonic peak, because the frequency of plasmonic oscillations decreases in
the medium with higher polarizability. The width of the plasmonic peak is related
to nonradiative decay and energy absorption and is described by the imaginary

part of the dielectric function.

Although giving a good qualitative picture, the quasi-static approximation fails
with the increase of the nanoparticle size. Namely, broadening and redshift of the
plasmonic peak is observed, which is known as a retardation effect. The reason for

this effect is that with the increase of the nanoparticle’s size the field distribution
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is not constant over the whole nanoparticle’s volume [32], so to describe the field
distribution correctly, not only dipolar order but also higher multipole orders have
to be considered. The overview of the different theoretical methods to calculate

the optical response of plasmonic nanoparticles precisely is given in reference [33].

In this thesis the Mie theory implemented in a commercial software MQMie is
used to calculate the cross sections of AuNPs with diameters of 40 nm and 60 nm.
In the Mie theory, Maxwell’s equations are solved for spheres of known size and
known dielectric function situated in homogeneous medium. The exact analytical
solution is obtained for internal and external fields and for cross sections [27, 34].

The resulting expressions for the cross sections are

P s
Coea = ﬁ2(2n+1)(|an|2+ 1, |%) (2.11)
n=1
Clo — Z—Wien +1)Refay + by (2.12)
ext — k2 £ n n .

where k is wave vector and a, and b, are Mie coefficients expressed in the

following way:

_ mapn(ma)iy, (z) — Pn (@), (ma)
S i (m2)E () — () (m) (2:43)
Un(maz)y, (x) — map,(x) 4, (ma)
b, = ) 2.14
Un(m)EL(z) — mé, (@) (ma) 214
Here m = = and v, and &, are Riccati-Bessel functions. Different numbers

Ve
n describe multipole contributions, e.g. n = 2 corresponds to dipole. When

considering only dipolar contributions one arrives back to the quasi-static limit.

Figure 2.1 shows the scattering and absorption spectra of spherical AuNPs of 40
and 60 nm size calculated with MQMie. One clearly sees the plasmon resonance
both in absorption and scattering response. Also the change of relative intensity
of scattering and absorption with size is observed: scattering originating from

radiative decay becomes more prominent for larger particles.

10
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Figure 2.1: a) Calculated absorption (red) and scattering (blue) cross section of
40 nm AuNP in the visible range. b) Calculated absorption (red) and
scattering (blue) cross section of 60 nm AuNP in the visible range.

2.1.3 Plasmonic coupling in gold nanoparticle dimers

Plasmonic dimers can be defined as a pair of plasmonic nanoparticles separated
by a distance smaller than the nanoparticle’s radius. In this arrangement the
properties of the whole structure differ drastically from the properties of its iso-
lated components. In the extinction spectra of such dimers, broadening of plas-
monic peak or appearance of another peak that is redshifted in comparison to the
original one is observed [35]. Moreover, it was reported that the field enhance-
ment in the central region between two nanoparticles is larger than the sum of
the field enhancement from each particle [36]. This region of extraordinary field
enhancement is referred to as the “hot spot”.

The change in the properties of dimer as compared to monomers originates
from the coupling of plasmon oscillations [37]. When two nanoparticles are sit-
uated close enough, their fields are influenced by each other [38, 39]. There are
two plasmonic modes in a dimers, each one giving rise to a peak in the extinc-
tion spectrum. Excitation of these modes has a polarization dependency: the
transversal mode is excited with light polarized perpendicular to the dimer axis
and the longitudinal mode is excited with light polarized along the dimer axis.
This is schematically shown in Figure 2.2, where P indicates the direction of po-

larization of the incident field. For the longitudinal mode the individual particles

11



Chapter 2. Hybrid systems of gold nanoparticles and (bio)molecules

are situated in the enhanced fields of each other, so this mode can be excited
with lower energy and redshift of the plasmonic peak is observed. Higher polar-
izability of the longitudinal mode leads to an increase of C.,;. The transversal
mode, on the other hand, is slightly blue-shifted, however since this blue-shift is

not prominent it almost coincides with a single-particle mode [37].

QR B

Figure 2.2: Transversal and longitudinal mode of plasmon coupling between two
spherical nanoparticles of equal size. P indicates the polarization
direction of the incident field

The difference in energy needed to excite two plasmonic modes in a dimers
has strong dependence on the interparticle distance. The plasmonic near field
is present only in the immediate vicinity of a nanoparticle, so with the increase
of interparticle separation the interaction between fields of two nanoparticles
rapidly vanishes. In reference [40] the dependence of plasmonic coupling on the
separation between particles is exressed as:

A .
AA koot (2.15)
Ao

where % is the plasmon shift normalized by the resonant wavelength of a single

particle, a is the diameter of the particle and D is the interparticle distance.

In [17] distance-dependent plasmonic coupling is used to apply a plasmonic
dimer as a resonator which selects particular transitions of a fluorescent molecule
placed in the interparticle gap. Different interparticle distances result in en-
hancement of different modes, so a different shape of the molecule’s fluorescence

spectrum at different interparticle distances is observed.
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2.2. Optical trapping of nanoparticles

In this thesis the cross sections of AuNP dimers are calculated with commercial
software MQAggr. This sofware is based on Mie theory and reference [41] and
considers interaction of all multipoles of the fields of both particles in a dimer.
The expression used for the polarizability of dimers in this software is as follows

[42]:
2a

1—F {5} =2

e+2¢ep

(2.16)

Adimers =

where [ is a factor taking value 2 for longitudinal mode and —1 for the transversal

mode.

2.2 Optical trapping of nanoparticles

When photons impinge on an object they exert force on it. An example for this
effect from astronomy is a comet, whose two tails originate from dust and gas
particles deflected by solar radiation. In case of light sources available on Earth,
radiation pressure is as weak as several femtonewtons and cannot be recognized
in the everyday life. That is why it was not untill the end of the last century
that manipulation of micro and nanoobjects with tightly focused laser beams was
discovered [43]. This method, called optical trapping (OT) or optical tweezing,
is nowadays a well established touchless, noninvasive and effective manipulation

tool on micro and nanoscale [44-47].

Optical trapping of nanoparticles can be described in terms of Lorentz force
acting on a small object. The induced polarization on the particle is expressed
as p = goepaE, where ¢y and ¢, are dielectric constants of vacuum and of the
medium (host), respectively, « is the complex polarizability of the particle, and
E is an incident field. Proceeding by applying the vector equality to Maxwell’s
equations, and averaging the total force over one optical cycle, the optical force
density is written as [25]:

<F,, >= %Re[a}V(E*E) + ?lm[a}fm {Z E;VEZ} (2.17)
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Chapter 2. Hybrid systems of gold nanoparticles and (bio)molecules

Here * stands for complex conjugate, and i is an index accounting for i = z, vy, 2.
From this expression it can be seen that the total optical force has two components

corresponding to terms of the sum. The first term is called the gradient force:

< Fypaq >= %Re[a]V(E*E) (2.18)

The gradient force is acting towards the region of the highest intensity, which
for a focused Gaussian beam corresponds to the beam waist. Control of the
gradient force is achieved by tightening the focus of the trapping laser. In practice
objectives with high numerical aperture are used for trapping since they provide

the strongest focusing.

The second term in equation 2.17 is called the scattering force:

< Fyeat >= %Im[a][m {Z E;VE]} = @(Csm + Cups) <S> (2.19)
j

Here < S >= %Re(E x H*) is the Poynting vector, averaged over one optical cycle,
H stands for magnetic field; c is speed of light and C., and C,;s are scattering
and absorption cross sections of the particle, respectively. The scattering force is
acting in the direction of the beam propagation and increases with the power of
the trapping laser. The scattering force diminishes the action of the gradient force
by pushing the object out of the focal point. In other words, to trap the object
in three dimensions conditions under which the gradient force overcomes the
scattering force are required. If the scattering force prevails, only manipulation
in two dimensions may be possible while in the third dimension the particle is
mechanically confined by the underlying surface. If the laser is focused on the
surface and the laser power is increased the particle is positioned on the surface;

this effect is known as laser printing [48].

From 2.17 it can be seen that the gradient force depends on the real part
of the polarizability Re[a] and the scattering force depends on its imaginary
part Im[a]. For AuNPs of 60 nm the maximum of Re[a] is at ~ 560 nm and
the maximum of Ima] is at ~ 540 nm [25]. Towards the longer wavelengths

Re[a] slowly decays while the decay of I'm[a] is much faster. This means that if
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2.2. Optical trapping of nanoparticles

linearly-polarized trapping laser is tuned to the deep-red or infrared region, the
Fyraa ~ Rela] overcomes the Fy., ~ Im[a] providing stable optical trapping in

three dimensions.
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Figure 2.3: Calculation of the optical force acting on 60 nm AuNP in water at
wavelengths of the trapping laser of a) 520, b) 633 and ¢) 1000 nm.
The laser power on the sample is 100 mW. Arrows show the directions
of the force. Direction of beam propagtion is from the top to the
bottom of the box.

In Figure 2.3 the calculations for the total optical force acting on 60 nm AuNP
in water at three different trapping wavelengths are shown. Calculations were
performed based on references |25, 49, 50|. For each wavelength the laser power
on the sample is 100 mW. Laser light is propagating from the top to the bottom
of the box. Arrows show the direction of optical force. If the trapping laser is
operating at 520 nm (panel a), which is close to the optical resonance of the
trapped particle, Fy..t > Fyrqq since Imja] > Rela]. As a result the particle is
driven out of the focus of the trapping laser. If the trapping laser operates at
1000 nm (see panel c), which is redshifted compared to the plasmon resonance
of the particle, Fy.ot < Fyrqa since Rela] > I'm[a] and the particle is attracted
to the focus. In this case stable confinement in three dimensions is observed.
Trapping at 633 nm represents an intermediate case where both forces contribute
in a complex way and two-dimensional trapping is possible, see panel b of Figure
2.3.
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Chapter 2. Hybrid systems of gold nanoparticles and (bio)molecules

In this thesis optical trapping with an infrared laser is used to manipulate
single 60 nm AuNPs and to bring two AuNPs close to each other to investigate

their interaction on a single-pair level.

2.3 DNA in solution and on gold nanoparticles

2.3.1 DNA and formation of double helix

Nucleic acid molecules encode all the life diversity present on Earth and yet
have a very simple structure. Deoxyribonucleic acid (DNA) consists of only five
chemical elements — hydrogen, oxygen, nitrogen, carbon and phosphorus. These
elements are assembled into repeating building blocks called nucleotides. Only
four different nucleotides exist (the fifth is found in ribonucleic acid - RNA).
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Figure 2.4: Structure of DNA. Phosphate group is shown in orange, sugar is
shown in green and bases adenine and thymine are shown in pink and
blue respectively. Bases guanine and cytosine are not considered in
this example. a) Schematic of the chemical structure of the nucleotide
chain consisting of two nucleotides with adenine and thymine bases; b)
Cartoon showing the hybridization of two single DNA strands each
consisting of repeating adenine and thymine units. The hydrogen
bonds between two complementary bases are shown in the inset.

The structure of one DNA chain, also called single stranded DNA (ssDNA),
is shown in Figure 2.4a. Each nucleotide consists of a phosphate unit shown in

orange, sugar (deoxyribose) shown in green, and a nucleobase shown in blue or
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2.3. DNA in solution and on gold nanoparticles

pink depending on type. Combination of interchanging phosphate and sugar units
is responsible for the polymer’s stiffness, therefore it is called a DNA’s backbone.
Phosphate units are negatively charged, which results in the negative charge of
the whole polymer chain. All the deoxyribose units in one ssDNA are oriented
in the same way giving direction to the strand. Two different DNA ends are
referred to as 3’ and 5’ ends, the numbers corresponding to the nominal numbers
of carbon atoms in the deoxyribose unit.

The nucleotides can attach to each other in any order forming long linear
polymer chains - polynucleotides. The sequence in which the nucleotides are
assembled into polynucleotide sets a specific code, which defines the diversity in
structure and functions of all living organisms. Oligonucleotides, DNA chains
consisting of only several tens of nucleotides, can be synthesized in the lab and
serve as good model systems to study the properties of the natural DNA polymers.

Nucleobases, aromatic cyclic structures situated along the backbone and con-
nected to it covalently, define the differences between nucleotides and are respon-
sible for carrying the genetic information. The four types of nucleobases are:
adenine (A), thymine (7T), guanine (G) and cytosine (C). The chemical structure
of A and T is shown in Figure 2.4. In this thesis the DNA strands composed of
only A and T units are considered.

If two ssDNA approach each other under suitable conditions, the bases of the
strands connect by hydrogen bonds forming a double strand (dsDNA), see Figure
2.4b. While ssDNA are flexible chains attaining different shapes in solution (the
configuration referred to as a random coil), dsDNA are stiff compact structures
of a well-defined shape. This shape is frequently described as a twisted ladder
[51], where two strands are connected antiparallel (3’ ends attach to the 5" ends)
and are coiled around a common axis. The helix makes a turn every 3.4 nm. The
backbones of two strands are situated on the outside and the paired bases are
situated inside of the double helix. The discoverers of DNA’s double stranded
configuration Watson and Crick found that the four bases can form only two
pairs: A only binds to T while G only binds to C [52]. These bases are called
complementary and the pairs they form are called Watson-Crick pairs.

There are two hydrogen bonds formed in an A-T pair and the number of hy-

drogen bonds in the C-G pair is three, making this connection stronger. The
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Chapter 2. Hybrid systems of gold nanoparticles and (bio)molecules

most stable connection occurs between two strands with two completely comple-
mentary sequences, while mismatches destabilize the double helix. In addition
to the hydrogen bonds, hydrophobic and electrostatic interactions between bases
situated next to each other also contribute to the stability of the double strand.
These interactions are called base-stacking.

Single DNA chains can also self-hybridize if they have complementary stretches
within the structure. In this case the molecule bends over itself and complemen-
tary stretches attach. The part of the molecule between these complementary
stretches is then forming a secondary structure called a loop or a hairpin [53].

Kinetics of DNA hybridization is a complex issue. Generally, reactions between
biomolecules can be described by the first passage time theory developed in [54].
In this approach the interactions between different parts of biological macro-
molecules are considered to be diffusion-controlled. The intramolecular diffusion
rates are calculated and the time needed for two reactive groups situated at some
distance apart to collide and react is deduced. This theory was applied to study
the formation of hairpin by single DNA strands, and the dynamics of the ssDNA
attached to DNA double strands (a structure called dsDNA with a dangling end),
as well as for the investigations of other biomolecules like proteins [55-57].

The formation of a double strand by two ssDNA molecules of different types
can be seen as a bimolecular reaction (a reaction where two molecules take part)
of the form SS; + 5SSy = DS. This reaction is of the second order, which

means that reaction rates k depend on the concentration of both reagents in

d[DS
[dt L=k

bimolecular reaction of second order is a two-states-one-step process: two separate

solution: [SS1][SS2], where square brackets stand for concentration. A
species assemble into a complex in one single step.

Reaction rates of most of chemical reactions depend on temperature. Namely,
the increase in temperature leads to the increase in frequency of collisions as
well as to the increase of amount of molecules with energies large enough for the
reaction to occur. Quantitatively the temperature dependence of the reaction rate

~Fa/ksT Here A is the frequency

is described by the Arrhenius equation: k = Ae
constant describing intermolecular collision, also called as Arrhenius constant, F,
is the activation energy of the reaction, kg is the Boltzman constant and T is

the temperature. k£ values can be determined experimentally, so if one takes the
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2.3. DNA in solution and on gold nanoparticles

logarithm of the Arrheius equation and plots In k versus %, the value of F, can
be deduced from the slope of the graph. For conventional chemical reactions F,
values are positive. However for the association of two ssDNA, apparent negative
E, values corresponding to the decrease of the reaction rates with increase in
temperature are sometimes reported [57-59|. The term “apparent” should be
used since the negative values of F, are unphysical.

Apparent negative activation energies can be explained by the presence of an
intermediate step present in the binding reaction so that the reaction is not of
two-states-one-step type [58, 60]. In other words, for successful hybridization
the formation of a so-called nucleus consisting of several basepairs is required.
There is a critical size of the nucleus, and if the amount of hybridized bases at a
certain stage of interaction is smaller, the dissociation back to single strands will
be observed. Only if the amount of hybridized basepairs is sufficient is “zipping”
to the fully hybridized state expected.

It should be mentioned that in some cases positive activation energies corre-
sponding to the acceleration of DNA binding with temperature were also reported
[61, 62]. Authors in [61] point out the large influence of the exact sequences of
bases in the interacting strands on the E, values. Authors in [63] suggest that
negative F, values observed at high temperatures change to positive values if the
temperature is lowered.

While kinetics of DNA hybridization is not fully clarified yet, the thermody-
namics of this process is well described. The developed thermodynamic theory for
DNA hybridization allows for modeling of interaction between two DNA strands
of arbitrary sequences and lengths at different experimental conditions. This

theory is described in the next subsection.

2.3.2 Defining DNA melting temperature

As mentioned above, two strands are assembled into a double helix by hydrogen
bonds which form between complementary nucleobases as well as by the base
stacking. These interactions are weak, so the hybridization of DNA is a reversible
process. Generally speaking, at any moment molecules in both unhybridized and

hybridized states are present in the mixture of complementary DNA strands
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Chapter 2. Hybrid systems of gold nanoparticles and (bio)molecules

in solution. The concentration of either state can be tuned by, for example,
changing the salt (NaCl) content and pH [64, 65|. By increasing the amount of
Na™ ions, which screen the charges of phosphate groups, the repulsion between
single strands is suppressed and binding is promoted. Extreme pH values hinder

binding due to the excessive pro- or deprotonation of the DNA strands.

The temperature of the solution also has an effect on the hydrogen bonding
between complementary bases and on the hydrophobic interactions in base stack-
ing. High temperatures result in an increase of kinetic energy of the molecules
and as a result bonding is destabilized, leading to the dissociation of strands.
The temperature at which hybridized and unhybridized states are present at
equal concentration is called the melting temperature T,,. Common experimen-
tal methods to measure T,, are based on the difference in light absorption of ss
and dsDNA in the ultraviolet. By plotting the absorption of the sample at a
particular wavelength versus temperature one obtains a curve of sigmoid shape
called the melting curve. The maximum of the first derivative of the melting

curve gives the exact T,, value.

Melting temperature can be also predicted theoretically. The expression for
T, is derived according to [66]. Combining thermodynamic equations AGy =

AHy — TASy and AG = —RT In(K,.) one gets T = ﬁﬁ(&)‘ Here AGy,

AHpy and ASy are respectively Gibbs free energy, enthalpy and entropy of the

hybridization of N bases and R is the molar gas constant. K is an equilibrium

constant of duplex formation, K = Uf—J]:)QC, where f is a fraction of hybridized
bases and c¢ is the total concentration of strands. At 7,,, , f = 1/2 and with this

the expression for 7;, in Celsius becomes

B AHy
- ASy+RIn (%)

m

—273.15 (2.20)

For the mixture of strands of different concentrations ¢/4 should be substituted

by [S51] — [SQS 2l and for the self-complementary strands it should be substituted

by ¢ [66, 67].

Since the concentration of strands is a known number, defining the values of

entropy and enthalpy remains the only challenge. For finding these values the
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2.3. DNA in solution and on gold nanoparticles

nearest neighbor model may be used, which was developed in the second half
of the last century [68, 69]. The key point of this model is to calculate AHy
and ASy of two interacting strands of sequences X;X5.. Xy and Y Y5...Yy as

following;:

AHy = H[X\Y1)ina) + H[ X1 X0/ V1Yo + H[ X0 X3/Y2Y3] + ... + H[XNYN/init)
(2.21)

Here H[X;Y;/init) and S[X;Y; i) with ¢ = 1 or N are the enthalpy and entropy
of the initiation of connection. The other terms are the enthalpy and entropy of
connection of neighboring pairs. At preserved experimental settings all the terms
are constants. Their values were measured at different conditions [70-73] and
then summarized and unified for the NaCl concentration of 1 M [67]. For the
corrections of the T, values at salt concentrations other than 1 M the following

expression suggested in reference [67] should be used:
AScom"ected = ASlMNaC’l +0.368 - N - ln([Na+]) (223)

where N is the number of nucleotide pairs in the strand and [Na'] is the concen-
tration of Na™ ions.

To summarise, the nearest neighbor model can be applied for the calculation
of T,, for the systems of ssDNA of any length, composition and at different salt
concentrations. In this thesis the modified formula for 7,, was used to calculate
the melting temperature of DNA strands attached to gold nanoparticles. The

insight into this hybrid system is given in the following subsection.

2.3.3 DNA attached to gold nanoparticles

AuNPs have very distinctive optical and optothermal properties, originating from
their plasmon resonances, but are chemically rather inert. They are therefore
good candidates to be connected to DNA strands to serve as carriers, markers
and heaters [12, 74-76]. Following this idea, diverse AuNP/DNA hybrid systems
were prepared, from single particles to extended aggregates [18, 77-79]. These
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were successfully used in different detection and sensing applications [80-84].
Considering these recent advances, the studies of DNA interactions on the surface
of AuNPs are of high interest.

DNA can be connected to gold surfaces either by electrostatic or by thiol
bonds, referred to as semi-covalent or dative bonds [85]. In case of attachment
via thiol bond, 3’ or 5 end of a DNA strand is functionalized with an -SH
group, which has high affinity to gold. The thiol bond between DNA and gold is
very stable — to break it high laser powers are required, which result in particle
re-shaping [87, 88]. By tuning the DNA coverage density the configuration of
strands on the surface can be controlled [86]. At high densities the molecules are
oriented perpendicular to the surface with segments of molecules closest to the
surface completely stretched. The remote parts of the molecule attain random coil
configuration so that the ends of ssDNA are freely hanging from the particle and
can interact with other species present in solution. Due to the negative charge of
the DNA strands and high density of coverage the colloid of these hybrid particles
is stabilized both electrostatically and sterically. Particles are usually dispersed

in common biological buffers.

C. Mirkin and co-workers were the first to assemble single DNA-functionalized
AuNPs of two types into extended aggregates [18|. This was done by adding a
DNA linker to solution — a free DNA chain, which is partially complementary
to strands of both types. The same group suggested to use an optical response
of AuNPs for the T,, measurements [89]. This idea is elegant and simple: if
upon hybridization AuNPs are brought closer than the particle’s radius, plas-
mon oscillations of individual particles couple leading to a redshift of the peak
of the extinction spectrum of the sample. Upon the dissociation of DNA chains
at T' > T,,, the reversed change of the extinction spectrum is observed. Plotting
the optical response at one of the resonances versus temperature one obtains a
T, curve. In this study the bulk heating of the whole sample is done and AuNPs
are used only as optical markers. The authors in [19] propose an important im-
provement for this technique, namely they suggest to use plasmonic properties of
AuNPs to locally heat the dsDNA attached to them. When a plasmonic particle

is excited by laser light the absorbed energy is converted into heat, resulting in a
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local temperature increase and the dehybridization of the DNA strands near the
particle’s surface, so that no global heating is required any more.

Studies of DNA hybridization on a planar surface show that it differs from
the hybridization of free DNA chains in solution, with both stronger and weaker
interchain binding being reported [90-92]. In the case of hybridized DNA in
AuNP aggregates, sharper melting transitions were observed [18|. The reason for
this behavior is cooperatively originating from multiple binding. More insights
into the factors influencing the 7, of DNA in AuNP aggregates can be found in
[93|, where the influence of the interparticle distance, salt concentration, DNA
coverage and other effects on T,, of the system are addressed. In [94] and [63]
the thermodynamics of hybridization of free ssDNA strands with complementary
ssDNA attached to AuNPs is studied in detail. The authors show that in this
case T,, of the system is lower compared to the T, of the corresponding free
chains in bulk. This effect is attributed to the destabilization of the connection
between strands by competitive attraction to the gold surface.

All the studies mentioned above are ensemble measurements conducted in bulk.
In [95] binding of two single dielectric microparticles covered with DNA is inves-
tigated. The interaction potential is deduced from the change of positions of
particles confined in the focus of optical trap. No studies combining optical ma-
nipulation, optical heating and optical detection of DNA hybridization process
are reported so far.

In this thesis, the specific binding of DNA-coated AuNPs manipulated by light
is studied for the first time on a single-particle level. Moreover, by changing the
experimental conditions, the kinetics of particle binding is tuned via plasmonic

heating.

2.4 Fluorescent dyes near gold nanoparticles

2.4.1 Fluorescence and Forster Resonance Energy Transfer

Fluorescence is emission of photons by a molecule or other species driven to
the excited electronic state due to interaction with incident light. The typical

timescales of fluorescence are on the order of 1078 s. Sometimes the more general
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term photoluminescence (PL) is used although this also includes phosphorescence
— an emission from the quantum mechanically forbidden states with timescales
on the order of milliseconds to minutes. Good introduction into fluorescence can
be found in the reference [96].

The most famous for showing fluorescence are organic molecules having aro-
matic rings in their structure. Fluorescence is also detected from semiconductor
nanocrystals called quantum dots and from metallic nanoparticles [97, 98]. In
this section we focus on fluorescent organic molecules, which are referred to as

fluorophores or dyes.
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Figure 2.5: The processes of (a) fluorescence and (b) FRET shown as a Jablonski
diagram.

In molecules the transition to the excited electronic state occurs via the absorp-
tion of a photon with suitable energy. The emitted photon has lower energy than
the photon, which was absorbed. The reason for this difference, called a Stokes
shift, lies in the fine structure of energy levels of a molecule. This structure is
shown in Figure 2.5 in the form of a Jablonski diagram. Every electronic energy
level has a distribution of vibrational levels associated with it. The molecule,
which is driven to the higher vibrational level of the excited electronic state, first
relaxes to the lowest vibrational level of the first electronic excited state by dis-
sipation of the excess of vibrational energy. After this relaxation to one of the

vibrational states of the ground state by spontaneous emission of a photon can

24



2.4. Fluorescent dyes near gold nanoparticles

occur. The fine structure of energy levels also explains the fact that fluorescence
spectra of molecules are a continuum and do not appear as single lines.

A fluorophore’s absorption is characterized by the absorption cross section Cls,
and its emission is characterized by the average lifetime 7. Average lifetime is
defined as the time the molecule needs to decay to the ground state. The inverted
quantity I' = 77! is called the decay rate. The relaxation to the ground state can
occur not only via the spontaneous emission of a photon but also via nonradiative
decay. Therefore two different decay rates, [',.q and T',0,qq €Xist, and the joint
decay rate is the sum of them. The values of both decay rates are defined by the
intrinsic properties of the emitting molecule.

From the decay rates another important characteristics of a fluorophore can
be derived: the fluorescence efficiency. The fluorescence efficiency also called the

quantum yield QY is a ratio of the radiative decay rate to the joint decay rate:

FT’owi

The fluorescence quantum yield can be decreased due to a process called quench-
ing. In this case additional nonradiative decay rates enter the denominator in
the expression for the quantum yield. Consequently the average total fluorescent
lifetime decreases. Quenching can be a result of interaction of molecule with a
solvent, of an excited state chemical reaction or a result of energy transfer from
the fluorophore to another object.

Forster resonant energy transfer (FRET) is one of the possible energy trans-
fer mechanisms and occurs without emission of a photon. The molecule which
transfers energy is called a donor and the molecule to which energy is transfered
is called an acceptor. FRET can take place between two fluorophores, between a
fluorophore and a non-fluorescent molecule, between a fluorophore and a quantum
dot or between two quantum dots. When the donor is excited, the fluorescent
acceptor will emit as a result of FRET. A detailed explanation of the FRET
process is given in references [96] and [99].

Commonly FRET rates and efficiencies are described by the Forster theory
[100]. In this theory Coulomb mediated charge interaction, which lies in the

origin of FRET, is treated as interaction between two point dipoles representing

25



Chapter 2. Hybrid systems of gold nanoparticles and (bio)molecules

both fluorophores. The FRET rate krpgrpr is expressed as

tener = 220 (SUIOY [ epesomtar=2 ()" ooy

TpR6 \ 12875 N 4nt ™

Here QY is the donor quantum yield, 7p is the donor lifetime, R is the distance

between donor and acceptor, x?

is an orientation factor, Fp()) is the donor
fluorescence spectrum with A being the wavelength, 4 is the acceptor molar
extinction spectrum, n is the refractive index of the medium and N, is Avogadro
number. Ry is called a Forster radius - the distance between donor and aceptor
at which the probabiliy of FRET is equal to the probabity of donor radiative
decay. In this formula all the quantities of the donor are given in the absence of
an acceptor.

2 = (cosfips — 3cosfpcosh 4)?, where

The orientational factor is expresed as k
Op4 is an angle between transition dipole moments of the donor and acceptor,
and 04 and 6p are angles between the transition dipole moment of the acceptor

and donor, respectively, and the distance vector between them.

From this formula the requirements for successful FRET can be extracted.
First, the emission spectrum of a donor and the excitation spectrum of an accep-
tor should overlap. Additionally, due to the % dependence of the FRET rate,
the distance between the molecules should be sufficiently small to observe FRET.
Finally, the dipoles of the donor and of the acceptor should not be situated per-
pendicularly.

FRET efficiency is defined as

TDA 1
E=1-— = 2.26
D 1—|—(%)6 ( )

Normally FRET efficiency is manipulated as suggested by the Forster theory: a
donor and acceptor with overlapping spectra are chosen and the distance between

them is decreased.
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2.4.2 Modification of decay rates near gold nanoparticles

Before focusing on the change of FRET near plasmonic structures we discuss the
influence of plasmonic structures on the behavior of single fluorescent species.
Studies of radiative and nonradiative rates of fluorescent species in the vicinity
of plasmonic stuructures show that the interactions in these systems are very
subtle and the change in rates depends on many factors. Experimentally both
the enhancement [101-105] and decrease [106-108| of fluorescence in the vicinity

of plasmonic nanostructures are observed.

In references [109, 110| the emission of a fluorescent species near a metal
nanoparticle is expressed as a product of excitation in the presence of metal

[ . and metal-modified quantum yield QY":
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Here I" , is a metal-modified intrinsic radiative rate. I . is a metal-modified
nonradiative rate, which includes all decay channels other than photon emis-
sion.The authors suggest to treat the change of fluorescence as a result of com-
petition between several effects. Depending on which effects prevail, both fluo-

rescence enhancement and decrease can be observed.

If the dipole of the emitting molecule is oriented tangentially to the surface
of the particle, destructive interference between the dipoles takes place and the
I, of the dye is decreased [111, 112]. Also, the decrease of fluorescence emission
in the presence of metal nanoparticles can be attributed to the FRET process
taking place between the excited fluorophore and a metal nanoparticle in its vicin-
ity. In this case the electromagnetic energy of the fluorophore is transferred to
the plasmon oscillation of the nanoparticle, which leads to high I';,,,rqq. Like in
the case of fluorophore-fluorophore FRET, the distance between the dye and the
plasmonic particle plays an important role. This means that the dyes situated
directly on the surface will suffer from substantial quenching. On the contrary
to fluorophore-fluorophore FRET, no dependence on the relative orientation be-
tween the molecule’s and the nanoparticle’s dipole for FRET between molecule

and nanoparticle is found [113].
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The increase of the fluorescence emission in the presence of AuNPs is assigned
to two factors. One factor is the increase of the incident field arising from the
plasmon oscillations, which leads to the increase in I, .. Another factor is the
increase in the radiative rate of the dye. This effect can be expected if the
dipole moment of the molecule is situated radially towards the particle’s surface

resulting into the constructive interference of their dipole fields [114, 115].

Considering these findings it should be expected that FRET between donor and
acceptor influenced by gold nanoparticles situated in the vicinity is a very complex
process. In [116] authors theoretically consider a prolate solid state particle,
which is situated near a FRET pair and expand the Férster theory for this case.
The authors calculate energy transfer rates krpgrpr for different positions of donor
and acceptor. They predict the enhancement of FRET for the case when the
transition frequency coincides with a resonant frequency of the solid particle, but
simultaneously point out the competing damping processes, which could result in
the overall decrease of FRET. In [117] the increase in FRET efficiency and FRET
distance for fluorescent dyes incorporated into dielectric shell around single silver
nanopshere is shown. Authors in [118] report the increase of FRET efficiencies
in the presence of silver nanoislands. Also enhancement of FRET between two
quantum dots in the presence of plasmonic nanoparticles is reported [20].

In [119] authors provide general theoretical treatment of any Coulomb-mediated
interaction (including FRET) taking place near plasmonic nanosystem. They
show that in the vicinity of plasmonic metal nanostructures FRET is governed
not by the bare interaction potential but by the plasmon-dressed or renormal-
ized one. The plasmon-dressed interaction potential includes the bare interaction

potential and shows resonant frequency dependence:

4
W(r,r;w)=V(r—r')+ E—WGT(I‘, r’;w). (2.28)
h

Here r and r’ are coordinates of interacting charges, V(r — r’) is the bare
interaction potential and w is the resonant frequency. Using quantum mechanical
treatment the authors derive the expression for the plasmon-enhanced FRET rate
and show that plasmon-mediated FRET has a longer range (expanding over the

whole nanoparticle) compared to regular FRET. These findings turn plasmonic
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2.4. Fluorescent dyes near gold nanoparticles

nanostructures into good candidates to manipulate FRET beyond the the Forster
theory.

While single AuNPs provide high field enhancement due to their localized sur-
face plasmon resonance, dimers of AuNPs can host coupled plasmon resonances,
as explained in Section 2.1. This plasmonic coupling results in highly enhanced
fields localized in the central region between particles. Therefore the dimer con-
figuration may have a different impact on FRET between molecules attached to
the surface in comparison to the influence of monomers.

In this thesis the FRET process between molecules situated in the inter-particle
region of AuNP dimers is investigated for the first time. The performance of
AuNP dimers and monomers for modification of FRET rates and efficiencies
is compared by measuring the fluorescence lifetimes of donor and acceptor in

different configurations.
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3 Preparation of samples and

experimental setups

AuNPs can be synthesized by a variety of methods including both top-down (wet
chemistry) and bottom-up (lithography, laser ablation) approaches [120]. The
most popular method, however, is a wet chemistry technique since it provides
very good shape and size homogeneity [121, 122|. Spherical nanoparticles of
high quality and with diverse surface chemistry are available commercially. The
synthesis of non-spherical shapes such as nanostars is more challenging and is
normally performed only in research laboratories [123-125].

(Bio)molecules attached to AuNPs play multiple roles. Due to electrostatic (in
the case of charged molecules) or steric (in the case of branched and long poly-
mers) stabilization mechanisms molecules on the surface can prevent aggregation
of the colloid. Also they can be used as linkers to assemble single nanoparticles
into bigger structures. Moreover, (bio)molecules can serve as analytes to probe
the performance of AuNPs. All of these functions are used in this work.

In this chapter the properties of AuNPs and (bio)molecules decorating their
surface are described. The molecular interactions used to connect AuNPs are
explained and the protocol for AuNP dimer formation in bulk is given. Fur-
ther the methods to characterize the properties of single nanoparticles and their
aggregates are discussed, namely electron microscopy and the dark-field mode
of optical microscopy. The optical trapping technique combined with dark-field
microscopy to detect and to move single AuNPs is introduced. Also the spectro-
scopic methods used to investigate the optical properties of AuNPs and hybrid

systems containing AuNPs and organic molecules are described.
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3.1 Biofunctionalized gold nanoparticles

In this thesis spherical nanoparticles of ~60 nm diameter and of ~40 nm diameter
as well as star-shaped nanoparticles with a core diameter of ~100 nm were used.
Below details about these nanoparticles and DNA, proteins and other organic
molecules decorating their surface are given. Also, the mechanisms employed to
modify the nanoparticle’s surface and to assemble nanoparticles into aggregates

are explained.

Unfunctionalized citrate-stabilized AuNPs of ~60 nm diameter were purchased
from British Biocell International, UK. According to the information provided,
the nanoparticles are produced by one of the metal salt reduction methods. The
surface coverage of the particles with citrate molecules indicates variation of the
Turkevich method [126]. In this method an aqueous solution of gold precur-
sor chloroauric acid HAuCly is mixed with sodium citrate NagCgH5O7 and the
temperature of the solution is increased. Citrate reduces Au®* ions to Au® fol-
lowed by the growth of spherical AuNPs with a face-centered cubic crystalline
phase. Simultaneously, the citrate molecules serve as a capping agent forming a
negatively charged AuNP surface. As such, AuNPs repel each other providing

stability to the bulk colloid in Mili-Q water or common buffers.
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Figure 3.1: DNA-functionalized AuNPs of ~60 nm size. (a) Schematic represen-
tation of the A-type and T-type particles. (b) Transmission electron
microscope images of the A-type particles. (c) Statistics on the size
distribution of the A-type particles. Adapted from [153]
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3.1. Biofunctionalized gold nanoparticles

DNA-functionalized AuNPs of ~60 nm are provided by GNA Biosolutions
GmbH, Germany. The nanoparticles are dispersed in a modified phosphate buffer
saline (PBS) from the same company. Functionalization with single-stranded
DNA (ssDNA) is performed according to [127]. In brief, DNA single strands
(ssDNA) terminated with a thiol group on one end are connected to the surface
of AuNP via a semi-covalent thiol-gold bond. Two types of ssDNA chains are
used for functionalization: one consisting of repeating adenine units (poly-A) and
another consisting of repeating thymine units (poly-T). Two batches of AuNPs
are prepared, each functionalized either exclusively with poly-A chains (A-type
AuNPs) or with poly-T chains (T-type AuNPs). Poly-A chains contain 25 bases
of adenine and poly-T chains contain 24 bases of thymine. Considering the inter-
base distance of 0.34 nm, the length of the poly-A chain is 8.5 nm and the length
of the poly-T chain is 8.2 nm. Each particle has ~ 1500 ssDNA distributed over
its surface so that the molecules densely cover the nanoparticles.

DNA single strands are negatively charged resulting in an electrostatically sta-
bilized colloid. Additionally, the colloid is stabilized sterically due to the dense
coverage with DNA oligomers. Dense coverage is further required to prevent
“curling” of DNA molecules around the AuNP due to the unspecific interaction
of ssDNA with the surface [86]. At the coverage densities used in this thesis the
strands are close enough to repel each other and are therefore situated perpen-
dicular to the nanoparticle’s surface. In this configuration DNA ends are free to
interact with other molecules if those are present in solution. Figure 3.1a shows
a schematic representation of the A-type and T-type particles. Panel b of the
same figure shows a transmission electron microscope (TEM) image of the A-type
particles. Statistics of the size distribution of A-type particles is shown in panel
c. The average particle size is 58.9 nm with the standard deviation of 4.9 nm.
The size distribution is not dependent on the functionalization so a similar result
for T-type particles can be expected.

Interactions between complementary DNA strands can be used to prepare
AuNP aggregates. If A-type and T-type AuNPs are brought into close vicinity
to each other, poly-A chains hybridize with complementary poly-T chains and
double stranded DNA (dsDNA) connecting two nanoparticles is created. Ac-
cording to the hybridization of A-type and T-type AuNPs in bulk performed by
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Chapter 3. Preparation of samples and experimental setups

GNA Biosolutions GmbH using the method reported in [19], particles hybridize
at NaCl concentrations of 50-500 mM at temperature below 56° C. At NaCl con-
centrations below 50 mM the electrostatic repulsion between the nanoparticles
is too strong so that no aggregation is observed. At NaCl concentrations larger
than 500 mM the electrostatic repulsion is too weak, and particle aggregation is
no longer governed by chemical affinity and becomes unspecific.

Another type of biomolecular interaction exploited in this work is biotin-
streptavidin binding. Biotin is a small organic molecule belonging to the vitamins
of group B [128]. Biotin has a molar mass of 244.31 g/mol and its chemical for-
mula is C19H16N2O3S. Streptavidin, on the other hand, is a protein consisting of
four tetramers. It has a molar mass of ~ 60000 g/mol [129] and a size of around
5 nm?® [130]. Each of the four streptavidin subunits has a “pocket” in its struc-
ture where the biotin molecule is “docked” when approaching (see the cartoon in
Figure 3.3). Five hydrogen bonds are formed between the ureido ring of biotin
and the amino acid residues of streptavidin; also hydrophobic interaction and
structural changes of the streptavidin molecule contribute to the binding [131].
Taken all together, this results in a very strong connection with an association
constant K, on the order of 10'°.

Although the biotin-streptavidin binding is non-covalent, the strength of it is
comparable to covalent bonds. As such, the biotin-streptavidin complex survives
a large variety of pH conditions and temperatures up to 70°C [132]. TIn this
thesis the advantage of the biotin-streptavidin connection is used to control the
assembly of AuNPs into aggregates and to place fluorescent dyes close to the
AuNP surface.

Biotin-functionalized nanoparticles of ~60 nm size are purchased from Nanopartz,
USA. These nanoparticles have 70 biotin molecules per particle bound to the
surface via the covalent polymer bridge, called streptavidin binding sites. These
nanoparticles are dispersed in the PBS buffer and are stable at pH values between
4 and 9.

Biotin-functionalized nanoparticles of ~40 nm size are purchased from Roche
Diagnostics GmbH, Germany. Biotin is attached to the gold surface via the
protein bovine serum albumin (BSA). There is an unsaturated thiol bond in one

of the cysteine residues of the BSA molecule so it readily attaches to gold by
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3.1. Biofunctionalized gold nanoparticles

a mechanism similar to the binding of thiol-modified ssDNA to gold. Biotin
is connected to the lysine residue of BSA via a valeric acid group. The entire
surface of the nanoparticles is passivated by BSA molecules, some of which are
biotinylated so that each particle has at least 50 binding sites. The approach
to assemble biotinylated AuNPs into aggregates with a controlled number of
particles connected via a streptavidin linker in bulk is discussed in the next
section. A schematic of a ~40 nm AuNP with BSA and biotin on the surface is
shown in Figure 3.2a. In panel b a TEM image is shown and panel c illustrates
the statistics of size distribution: the mean nanoparticle size is 36.2 nm with a
standard deviation of 4.9 nm.

Apart from connecting AuNPs, the biotin-streptavidin link is used in this thesis
to place fluorescent dyes close to a AuNP’s surface. These dyes are used to study
the Forster resonance energy transfer (FRET) in the presence of AuNPs. Two
fluorescent dyes taking part in FRET are called a FRET pair. One dye plays the
role of a donor and the other is performing as an acceptor. In this thesis, the
multi-subunit protein R-phycoerythrin and Alexa fluor 647 are used as donor and
acceptor, respectively. The FRET pair connected to streptavidin was purchased
from Sigma-Aldrich, Germany. A sketch of this system is shown in Figure 3.3a,
while in Figure 3.3b the photoluminescence excitation (PLE) and fluorescence
(PL) spectra of the dyes are presented. For R-phycoerythrin the maximum of
the PLE spectrum is at \., = 542 nm and the maximum of the PL spectrum is
at Ao, = 575 nm, while for Alexa fluor 647 \., = 647 nm and )., = 661 nm.
The spectral overlap between the PL spectra of the donor and PLE spectra of the
acceptor, which is a necessary condition for the FRET process, is clearly seen.

The last type of particles discussed in this section are non-spherical spiked gold
nanoparticles called nanostars. These particles were synthesised in-house by the
method described in [133]. In short, the gold precursor chloroauric acid is reduced
by the mild reducing agent ascorbic acid in the presence of the surface stabilizer
cetyltrimethylammonium bromide (CTAB) and a small amount of silver ions.
Both CTAB and Ag ions play a role in formation of the non-sperical shapes.
CTAB molecules preferentially adsorb on particular crystal planes of the freshly
formed small particles. In this way the CTAB chains block growth in some
directions and promote the formation of sharp tips [134]. The role of the Ag
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Figure 3.2: Biotinylated AuNPs of ~40 nm size. (a) Schematic representation
(b) Transmission electron microscope
images of the particles. (c) Statistics on the size distribution of the
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Figure 3.3: (a) Schematic of the streptavidin molecule with a donor and acceptor
attached. (b) Photoluminescence excitation (PLE) and fluorescence
(PL) spectra of dyes forming the FRET pair: donor R-phycoerythrin

and acceptor Alexa Fluor 647 (three molecules).
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3.1. Biofunctionalized gold nanoparticles

ions is not clear yet but most probably they are playing a similar blocking role
[134, 135|. In Figure 3.4a schematics for a CTAB-stabilized nanostar is shown.
Panel b of the same figure shows a TEM image of the nanostars (clustering is
due to the sample drying). The average core size of these particles, as revealed

from statistics in Figure 3.4c, is 101 nm with a standard deviation of 16.8 nm.
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Figure 3.4: Gold nanostars. (a) Schematic representation of the nanostar with
the surface stabilizer CTAB. In reality spikes protrude in all direc-
tions, also out of the plane of drawing. (b) Transmission electron
microscope images of the gold nanostars. (c) Statistics on the core
size distribution of the nanostars.

The aim of this thesis is to investigate the influence of AuNPs on the interaction
between (bio)molecules situated near their surface. The origin of this influence
lies in the plasmonic properties of AuNPs. These properties can be characterized
optically. Thus, in the following the optical response of the AuNPs used in this
thesis is discussed.

In Figure 3.5 the extinction spectra of hydrosols of spherical biotinylated ~40
nm AuNPs, of spherical citrate-stabilized 60 nm AuNPs and of Au nanostars with
a core size of 101 nm are shown. The measurements of the extinction spectra in
bulk were performed on the colloidal gold suspensions dispersed in Mili-( water.
The spectrum of the 40 nm particle shows the plasmon resonance at around 526
nm, while the plasmon resonance of the 60 nm particles is redshifted to around
537 nm. The spectrum of the nanostar shows broad response in the wavelength

range above ~ 650 nm. This response is a sum of several peaks corresponding
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to different plasmonic modes of the particle [136]. In case of spectroscopy on a
single particle, different peaks of the nanostar can be selected from the general

response by installing a polarizer in the detection path [137].
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Figure 3.5: Extinction spectra of gold nanoparticles used in this thesis. (a)
nanospheres of 40 nm diameter, (b) nanospheres of 60 nm diameter
and (c) nanostars with a core size of 101 nm. The response of spher-
ical particles is characterized by a single peak originating from one
plasmon mode. The spectrum of nanostars exhibits broad extinction
of high intensity due to the overlap of several plasmon modes.

3.2 Protocol for gold nanoparticle dimer

formation in bulk

The method for controlled production of AuNP dimers in bulk used in this work
was introduced in [110]|. The preparation of dimers consists of three steps and is
illustrated in Figure 3.6. In the first step streptavidin is added to the hydrosol
of biotinylated AuNPs resulting in the formation of streptavidin-linked AuNP
aggregates of different sizes. In the second and third step the separation of
aggregates according to size and the extraction of aggregates consisting of two
particles, i.e. of dimers, is performed. The separation and extraction steps are
based on the classical gel electrophoresis technique modified for nanoparticles
[138, 139].
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3.2. Protocol for gold nanoparticle dimer formation in bulk

The main principle of the gel electrophoresis is the application of a constant
electric field to a group of charged species, such as biomolecules or nanoobjects,
which are introduced into the porous medium. Charged species move in one
direction under the influence of the electric field and the speed of each species
depends on its charge and size. If the size and charge distribution in the group
of species is discrete, the spatial separation of different species after some time

is observed. In this way the mixtures of different small species can be sorted by

components.
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Figure 3.6: Schematic of the preparation of AuNP dimers in bulk. The prepara-
tion consists of aggregation, separation and extraction steps.

Aggregation. To induce the aggregation, streptavidin molecules are intro-
duced into the suspension of biotinylated AuNPs. Prior to this the colloid is
redispersed in a citrate buffer with a pH of 5.5. At this pH the repulsive force
between the nanoparticles is reduced, which enables their aggregation upon ad-
dition of the streptavidin linker. The FRET pair consisting of R-Phycoerythrin
and Alexa Fluor 647 is already attached to the streptavidin molecule, so it is
placed into the central region between the particles in the AuNP dimer upon
biotin-streptavidin binding.

In general, if the amount of streptavidin molecules in the solution is too high,
a passivation of the AuNP’s active sites occurs and the formation of aggregates
is suppressed. Also, at too low streptavidin concentrations dimers will be formed
only with a very small yield. Therefore the concentrations of streptavidin and

biotinylated AuNPs are chosen such that there are two to three streptavidin
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molecules available for one biotin molecule. This concentration ratio increases
the probability of dimer formation [110].

Separation. After the addition of the streptavidin linker, the solution is in-
cubated for 3 h. Subsequently the sample is centrifuged and the supernatant
is removed. The precipitate is then introduced into the gel piece, which is
prepared in the following way. Powder of agarose, a polysaccharide derivative
of agar, is dissolved in a Tris-Acetate-EDTA (TAE) buffer containing 40 mM
tris(hydroxymethyl)aminomethane, 20 mM acetic acid and 1 mM ethylenedi-
aminetetraacetic acid to yield a concentration of 1%. The mixture is brought to
boiling, poured into the mold and cooled down. Upon cooling the agarose poly-
merises and forms a porous structure with pore sizes on the scale of hundreds of
nanometeres [140]. The specific shape of the mold serves for the formation of the
wells in the gel piece.

After this, the aggregated sample is introduced into one of the wells. Another
well is filled with the reference droplet containing only single biotinylated AuNPs
with no streptavidin addition. The gel piece is placed into the electrophoresis
bath filled with a TAE buffer of pH 8.3 and a DC electric field (140 V, 400 mW)
is applied. The different friction experienced by the aggregates of different sizes
alters speed of motion in the gel. As time passes, monomers, dimers, trimers and
bigger aggregates travel a different distance, resulting in formation of distinct
bands in the gel. The furthest band relative to the starting point is the monomer
band, closer is the dimer band, and so on. The solution of AuNP monomers with
no streptavidin addition is placed into the neighbor well and serves as a reference.

Extraction. To extract AuNP dimers, the dimer band is cut out of the gel
and placed in the dialysis tube filled with TAE buffer. Current is applied for
a short time and the nanoparticles move out of the gel towards the wall of the
dialysis tube. The pores of the dialysis tube are small enough to constrain the
movement of the dimers out of the tube (molecular weight cutoff = 5000). As
a result, the particles are extracted from the gel into the buffer. The solution is
further filtered to get rid of the remaining gel. In this way a hydrosol of AuNP
dimers of high yield is obtained. The byproduct of the separation step - the
hydrosol of the AuNP monomers decorated with streptavidin bearing the FRET

pair - is obtained in the same way.
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Due to losses of the nanoparticles in the gel edges, in the walls of the dialysis
tube and in the filter, the overall yield of the extraction procedure is around 20%
[110]. That is why for the time-resolved measurements presented in Section 5.3,
the extraction step was not performed. The dimer band embedded in the gel was

cut out and placed into the cuvette for measurements, instead.

3.3 Electron microscopy

AuNPs with sizes of several tens of nanometers cannot be resolved in the optical
microscope due to the Abbe diffraction limit [141]. The microscope resolution
roughly equals half of the wavelength of the illuminating light, which means
that particles of nano sizes are clearly beyond the resolution limit. Electron
microscopy, on the other hand, uses electrons for illumination, which allows res-
olution of several nanometers and below. In this thesis transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) are used to gather
information about the morphology of samples.

In the TEM the electrons are emanating from the electron gun in the process
of thermionic emission. The electron beam is focused by a system of electromag-
netic condenser lenses and apertures and directed towards the sample. The beam
transmitted through the sample is then focused by the projection system consist-
ing of objective and imaging lenses. Finally, the beam hits the phosphorescent
screen, where the magnified image is formed. The magnification of the TEM is
determined by the objective lens. Its resolution is defined by the wavelength of

the electrons used for illumination, which in turn is controlled by the accelerating

h ~ 1.22
(2meE)1/2 = EU2>

where h is Planck’s constant, m is electron mass, e is electron charge and E' is an

voltage. The wavelength of the electrons is calculated as A\ =

accelerating voltage [142]. Therefore with a proper alignment and at an acceler-
ating voltage of 100 kV the resolution is clearly below 1 nm. In this dissertation
the samples for the TEM measurements were prepared by drop casting ~ 5 ul of
gold hydrosols onto a carbon-covered copper grid. The JEM 1011 transmission
electron microscope from Jeol, Germany, was operated at accelerating voltage of
100 kV.
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While a TEM is usually used to acquire information about the size and shape of
AuNPs, an SEM is more advantageous for studies of the topology of the sample.
Here, the image is formed by raster scanning over the sample with an electron
beam. The position of the electron beam focused by the condenser lenses is
changed by a system of scan coils situated in the objective lens and directed
to different points of the sample. Electrons scattered from the sample are col-
lected by a detector. In the SEM several detectors are used. The InLens detector
collects electrons inelastically scattered by the sample and is used to obtain infor-
mation about the surface structures. The SE2 detector gathers both inelastically
scattered electrons and elastically scattered electrons and is used to study the
topology.

The resolution of the SEM is determined by the beam diameter, the voltage
applied to the scanning coils and the working distance, since these effects define
the amount of electrons gathered by the detector. The resolution of SEM is
on the range of several nm. The magnification of the SEM is defined as the
ratio between the area scanned on the sample and the area of the display of the
imaging part. In this thesis the SEM measurements were performed with an Ultra
Plus 55 field emission SEM (Zeiss, Germany) operated at accelerating voltages
of 5-25 kV. Since SEM of non-conducting samples is challenging due to sample
charging, samples prepared on glass were covered with a carbon layer prior to

characterization.

3.4 Optical trapping dark-field microscopy

Other ways to observe particles having sizes beyond the diffraction limit are
fluorescence microscopy and optical microscopy in the dark-field configuration.
Dark-field microscopy takes advantage of the high scattering cross sections of
metallic nanoparticles at their resonant wavelengths. The sample is illuminated
with white light and only the scattered signal is detected, while the directly trans-
mitted light is blocked. As a result, plasmonic nanoparticles or other strongly
scattering objects situated on the surface appear as bright spots on the black

background. The color of the bright spots corresponds to the resonant wave-
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Figure 3.7: Optical trapping dark-field microscopy setup. White light emanating
from the illumination source passes through the dark-field condenser.
Light scattered by the sample enters the objective, which is simulta-
neously used to couple in the trapping laser (cw, 1064 nm, 2.1 W).
Detection is performed by the consumer digital camera or alterna-
tively by the spectrometer coupled to a CCD. adapted from [153]

length of the scattering spectrum. A change of the plasmonic properties of the
imaged object is observed as a change in color of the scattered light. At low parti-
cle concentrations, spatially separated plasmonic single particles can be observed
in the dark-field microscope.

In this thesis, dark-field microscopy is performed on an AxioScope A.1 upright
microscope from Zeiss, Germany. A Halogen Lamp with 100 W continuous output
in the visible range of the electromagnetic spectrum was used as an illumination
source. Dark-field configuration of the microscope is achieved by inserting a dark-
field condenser between the illumination source and the sample. An opaque disk

situated in the dark-field condenser blocks the central part of the light beam
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creating a hollow cone of illumination. A condenser lens focuses the light, which
then impinges on a sample at very large angles. If the numerical aperture (NA)
of the condenser lens is larger than that of the objective lens, the light, which
was directly transmitted through the sample, is not collected by the objective.
At the same time some of the light scattered by the sample (which has therefore
changed its direction) enters the objective. The NA of the dark-field condenser
used in this thesis is 1.45 while NAs of the objectives used for imaging range from
0.2 to 1.2 for magnifications from 10 to 100 times, respectively.

In Section 3.2 the approach to create AuNP aggregates with a controlled num-
ber of particles in bulk is described. By combining dark-field microscopy and
the powerful technique of optical trapping (see Section 2.2 for details ) one can
manipulate single AuNPs, bring them close to each other and monitor this in-
teraction process in the microscope. In this thesis optical trapping of AuNPs in
aqueous solution was performed with a Rumba diode-pumped solid state laser
from Cobolt AB, Sweden, operating at 1064 nm in continuous wave mode. The
laser was coupled into the microscope through a Achroplan 100x water-immersion
objective (Zeiss, Germany) and focused on the sample. In a minority of experi-
ments a Tsunami (Newport, USA) Ti:sapphire laser operating at 808 nm is also
used as a trapping laser.

The choice of the laser wavelength for optical trapping of nanoparticles has to
be performed with a great care, especially for those having large extinction cross
sections. As discussed in section 2.2, three-dimensional optical manipulation can
be achieved only if the gradient force acting on the trapped object dominates
over the scattering force. For the typical experiments with AuNPs of 60 nm size,
a laser operating at A=1064 nm allows stable trapping.

The maximum output of the trapping laser in the system used in this thesis
is 2.1 W. The output power of the laser is controlled with the software provided
by Cobolt AB, Sweden, and AuNPs are trapped at 100-200 mW measured under
the microscope objective. The quality of the beam is of high importance for
optical trapping and the nearly Gaussian beam profile of the Rumba is beneficial
for optical trapping experiments. Also the trap stiffness and trapping efficiency
directly depend on the focusing of the laser beam. Strongest focusing can be

achieved if the laser beam slightly overfills the back aperture of the objective.
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That is why the initial beam diameter of 2 mm is enlarged 8-fold by installing
a telescope NT64-415 from Edmund Optics, USA, in the optical path. The
Achroplan 100x objective is not corrected for infrared illumination, therefore
the focal plane of the trapping laser does not coincide with the focal plane of
detection. To correct this, an additional lens with focal length of 1 m (Thorlabs,
Germany) is installed in the laser path just in front of the microscope opening.
In the detection path a notch filter NF03-532/1064E-25 from Semrock, USA, is
installed to block the IR radiation.

There are two detection outputs at the setup. One is connected to a Canon
EOS 550D digital camera, which acquires videos with a frame rate of 50 frames

per second, and another is connected to the spectrometer.

Among the different techniques employed for imaging of optically trapped ob-
jects, dark-field microscopy is unique because it provides the opportunity to de-
tect both the trapped object and the area around it [143, 144|. This enables
monitoring of the arrival and departure of single particles into and out of the
trap, which is of paramount importance for the experiments performed in this

thesis.

3.5 Steady-state and time-resolved spectroscopy

Steady-state single-particle spectroscopy. Depending on the size, shape and
number of AuNPs, their color in the dark-field image can vary from faint-green
to deep-red. The plasmon resonance of an AuNP can be therefore approximately
estimated by its appearance in the dark-field image. To characterize the wave-
length of the plasmon resonance precisely, the Rayleigh scattering spectra of
nanoparticles are taken with the ARC SpectraPro SP2556 spectrometer (Prince-
ton Instruments, USA) and a liquid nitrogen-cooled CCD Camera PI Spec-10
LN400BR (Roper Scientific, Germany) coupled to it. The spectrometer and the
camera are operated by the software WinSpec32 provided by the same company.
A polarization filter (Thorlabs, Germany) is installed in front of the spectrometer

to perform polarization-dependent Rayleigh scattering measurements.
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As mentioned previously, by controlling the concentration of the AuNPs in the
sample it can be achieved that the plasmonic particles appear as well separated
spots in the dark-field image. In this case it is possible to acquire a spectrum
of a single particle or of a single aggregate. This is done in the following way:
first the spectrometer is moved to the zero position so that the collected light
proceeds to the CCD chip spectrally unresolved. In this mode an image of the
sample is taken and each particle is located. Then, the specific region containing
only the particle of interest is selected and the spectrally resolved signal of this
region is acquired. This scattering spectrum is then corrected by subtracting the
background signal taken from an empty spot of the same size. Finally, the result
is divided by the spectrum of the illumination source. In this way one obtains

the scattering spectrum of a single particle.

Steady-state ensemble spectroscopy. Plasmon oscillations in metal nano-
particles result in enhanced extinction cross sections at their resonant wave-
lengths. Since the resonant wavelength of each sample depends on its size, ma-
terial and shape, one can obtain rich information about the hydrosol by defining

the position, shape and width of the plasmonic peak(s) in the extinction spectra.

In this thesis the extinction spectra of gold colloids in bulk were measured
with the Varian Cary 5000 spectrophotometer from Agilent Technologies, USA.
In this device a Xenon flash lamp is used as a white light source. Light is sent
through the double out-of-plane Littrow monochromator where it is dispersed
in the spectral range between 200 and 1100 nm. The dispersed light impinges
on the cuvette filled with the colloidal suspension and the intensity transmit-
ted through the cuvette is measured by the photodetector. The signal is then
corrected by the software for 100% and 0% transmission and plotted as trans-
mittance or absorbance (optical density) versus wavelength. The transmittance
is defined as a linear ratio between the intensity of light transmitted through
the sample and the intensity of light on the sample at each wavelength in per-
centage T' (100%) = % The absorbance is defined as a common logarithm of
transmittance A = —log19T". Tt should be pointed out that the absorbance is not
the measure of absorption but of extinction since reflection and scattering by the

sample contribute to the losses of intensity as well.
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Figure 3.8: Time-resolved fluorescence setup. A Ti:sapphire laser is used as an
excitation source. The detected signal is resolved spectrally with a
spectrometer and temporally with a streak camera. Inset: the oper-
ational principle of the streak camera. Adapted from [145].

Steady state photoluminescence excitation (PLE) and fluorescence (PL) spec-
tra were measured with the Cary Eclipse fluorescence spectrophotometer from
Agilent Technologies, USA. In this device the excitation light from the Xenon
flash lamp is captured by a Schwarzschild mirror system and directed through
the excitation monochromator to the sample. The fluorescence signal from the
sample passes through the emission monochromator and photomultiplier and is
collected in 90 © geometry. Amplification of the signal can be tuned by chang-
ing the detector voltage. The wavelength range for both excitation and emission
spectrometers is 200 - 900 nm. The resolution of the spectrometer is related to
the scanning speed; the minimum value for resolution is 1.5 nm. The reference

signal is collected in parallel and sent through the reference photomultiplier tube.

Time-resolved ensemble spectroscopy. To quantify the energy transfer
process between molecules in the presence of AuNPs, which is discussed in Chap-
ter 5, the fluorescent response of the molecules is resolved in time. This is done on
a home-built setup capable of picosecond time resolution. This setup is illustrated

in Figure 3.8.
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Here a Mira 900-F pulsed titanium sapphire (Ti:sapphire) laser from Coherent,
USA, operating in the femtosecond mode serves as an excitation source. The Mira
900-F is pumped by a continuous wave (cw) diode-pumped solid state laser Verdi
(Coherent, USA) with an output power of 10 W at a wavelength of 532 nm.
The pulsed operation of the Mira 900-F is achieved by mode self-locking due to
the nonlinear optical Kerr effect [146]. Since the refractive index of nonlinear
media is intensity-dependent, the amplifying medium acts as a convergent lens
for high-intensity Gaussian beams. The tunable aperture on the output selects
the strongly focused central part of the beam. The nonlinearity in the refractive
index results in broadening of the spectrum of the light and in simultaneous
reduction of the duration. In this way the short-pulsed response is preferred over
the continuous wave operation. The repetition frequency of the Mira 900-F is 76
MHz, which corresponds to 13 ns between pulses. The operational wavelength
can be tuned in the range between 750 and 1000 nm. To induce operation below
500 nm the output beam is let through a nonlinear crystal where the second
harmonic is generated, so as a result the operational wavelength is half of the
initial one.

The laser beam is further directed to the sample by a system of lenses and
mirrors. The light transmitted by the sample is blocked and the fluorescence
signal is collected at 90° geometry. The signal first passes through the imaging
spectrograph (250is, Cromex, USA) where it is resolved spectrally, and afterwards
it enters the streak camera (C5680 Series, Hamamatsu, Japan) where it is resolved
temporally.

The working principle of the streak camera is illustrated in the inset of Fig-
ure 3.8. Spectrally resolved light passes through the slit and is focused on the
photocathode where the photons are converted to electrons. As the electrons pro-
ceed towards the anode, they pass through the sweep electrodes situated in it.
The electrons, which reach the sweep electrodes at different times are deflected
at different angles. After that the electrons travel through the micro-channel
plate where the signal is multiplied and reach the phosphor screen where they
are converted back to photons. Since the electrons were deflected by the sweep
electrodes they hit the phosphor screen at different locations. In this way the

temporal evolution of the signal can be visualized.
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Finally the spectrally and temporally resolved signal is imaged on the chip
of the CCD camera and the image is transferred to the computer. The remote
control of the camera as well as data acquisition and analysis are performed by an

HPD Temporal Analyzer digital image processing system (Hamamatsu, Japan).
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4 Tuning DNA binding kinetics
in an optical trap by plasmonic

heating

In this chapter the hybridization of DNA strands attached to gold nanoparticles
(AuNPs) is investigated. Single AuNPs with DNA on their surface are manip-
ulated in three dimensions (3D) by a tightly focused laser beam performing as
an optical trap (OT). When two nanoparticles are in the vicinity of each other
they bind due to the hybridization of complementary DNA strands. The binding
event is detected optically by the change in the plasmon resonance frequency
upon plasmonic coupling of AuNPs.

We find that this specific binding can be tuned by the plasmonic heating. At
larger trapping powers the hybridization rates decrease by more than an order
of magnitude. This result is explained by higher temperatures preventing the
formation of dimers with lower binding energies.

Since factors other than chemical affinity can result in the binding of two nano-
particles in the OT, we further discuss the results of several control experiments,
which prove the specificity of binding.

In the outlook we introduce the attempts to extend the idea of binding in
the OT to other systems including protein-functionalized AuNPs and AuNPs of

non-spherical shapes — nanostars.
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Chapter 4. Tuning DNA binding kinetics in an optical trap by plasmonic
heating

4.1 Specific binding of DNA-functionalized gold

nanoparticles

Consider two AuNPs of 60 nm size, which are optically trapped by the tightly
focused laser beam operating at A =1064 nm. The region of the OT can be
approximated as a sphere with a radius corresponding to the waist radius of the

trapping beam. According to [147] the waist radius of the Gaussian beam is

A
TNA?

the trapping laser and N A used here, the waist radius is &~ 340 nm and the waist

calculated as r = where N A is the numerical aperture of the objective. For
diameter is &~ 680 nm. Therefore the OT region is several times larger than the
size of the confined particles which allows the free diffusion of particles in the
trap. In the dark-field configuration of the optical microscope, where the sample
is illuminated by white light and the scattered light is detected, two diffusing
AuNPs confined in OT appear as a single green spot due to the resolution limit
of the setup. The reason for the green color is the enhanced scattering on the

plasmon resonance wavelength of ~ 545 nm.

If AuNPs approach each other and the separation distance becomes smaller
than the particle’s radius, their plasmon oscillations couple. This gives rise to the
excitation of the longitudinal plasmon mode along the axis of coupling resulting
in a redshift of the scattering peak. This principle provides the basis of the
approach used in this thesis to detect the specific binding of DNA-functionalized
AuNPs in the OT. The scheme of our experimental strategy is shown in Figure
4.1a.

The properties of DNA-functionaized AuNPs are described in detail in Sec-
tion 3.1. Briefly, two types of AuNPs are considered: A-type particles densely
covered with single stranded DNA molecules (ssDNA) of 25 adenine units each
and T-type particles densely covered with ssDNA of 24 thymine units each. Due
to completely complementary strands, A-type and T-type particles have a high
chemical affinity to each other. Since particles are functionalized by poly-A and
poly-T chains, connection in different configurations can occur. In the case of
full hybridization and formation of 24 base pairs, the interparticle distance, con-

sidering the interbase distance of 0.34 nm, is 8.5 nm. For the formation of only
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Figure 4.1: (a) Schematic of the specific binding in the OT. Hybridization is
detected optically via the scattering signal change due to the plas-
monic coupling. (b) Cartoon presenting the interparticle region of two
AuNPs bound via hybridization between poly-A and poly-T chains.
Full hybridization shown here is only one of many possible configu-
rations. In case of full hybridization the interparticle distance is 8.5
nm. Adapted from [153]

one basepair, the interparticle distance is 16.3 nm. The scheme of full hybridiza-
tion is shown in Figure 4.1b. To induce the specific binding, A-type and T-type
nanoparticles are injected into the droplet of phosphate buffer saline (PBS) on
the cover slip under the dark-field microscope. The concentration ratio between
A-type and T-type particles is 1:1. Subsequently, NaCl solution is injected so
that the final concentration of NaCl in the sample droplet is 200 mM.

The trapping laser is activated and focused well above the surface of the cover
slip. One of the particles diffusing near the laser beam is attracted to the focus
and becomes optically trapped. Very stable optical trapping is observed and
AuNPs escape only if the trap is released by blocking the laser; otherwise the
nanoparticles reside in the OT region for tens of minutes. Moreover, by moving
the focus of the trapping laser, AuNPs can be moved along z, y and z-axis. This
proves that at our experimental conditions the trapped object is confined in all

three dimensions.

We set the total concentration of particles in solution very low, ~fM. With
this concentration one can monitor arrival of individual particles to the OT and

exclude the possibility of uncontrolled multiple trapping.
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With the settings described above the subsequent trapping of two single parti-
cles is performed and the interaction between them is monitored. Out of 242 ex-
periments where two DNA-functionalized AuNPs are trapped one after another,
we observe redshift of the scattering peak in 114 cases. This is consistent with
the statistical expectations. Since AuNPs of two types are present in solution in
equal quantities, the probability to observe hybridization should be 50%. In the
other cases two non-complementary nanoparticles are present in the OT. Events
in which no coupling is observed after 3 minutes are considered as no-coupling

events and are not included into the analysis.

A typical result of the binding experiment is demonstrated in Figure 4.2. Two
micrographs show a pair of complementary AuNPs in uncoupled and coupled
states (Figure 4.2a). Redshift of the scattering response can be seen by the naked
eye. Figure 4.2b shows the normalized measured scattering spectra of AuNPs in
the uncoupled and coupled state. Two single AuNPs in the OT scatter at ~ 555
nm (green line). Tt is similar to the spectral response of the single particle, only
the magnitude of the intensity is different, because two particles scatter twice as
much light. The scattering peak of single DNA-functionalized AuNP or of two
uncoupled DNA-functionalized AuNPs is slightly redshifted with respect to the
plasmon resonance of the unfunctionalized citrate-stabilized AuNPs. This can
be explained by the increased refractive index of the surroundings of the particle

due to the dense DNA coverage of the surface.

In the coupled state, the redshift of the scattering peak to ~ 575 nm is ob-
served (orange line). This corresponds to the calculated value of the longitudinal
plasmon peak of the dimer consisting of 60 nm AuNPs separated by 10 nm, as
shown in the normalized calculated scattering spectra in Figure 4.2¢. A deviation
from the calculated interparticle distance is possible since in this calculation the
increased refractive index around the particles is not taken into account. Never-

theless this value is in the expected range between 8.5 and 16.3 nm.

It should be pointed out that the shorter separation distances between nano-
particles result in larger redshifts. Two mechanically touching spheres would
scatter not in yellow but in red [148]. This behavior is not observed in our exper-

iments. This again proves that the dimer is formed due to specific interactions
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Figure 4.2: (a) Micrographs of a pair of A-type and T-type AuNPs in the OT.
Two single nanoparticles scatter in green while chemically bound and
plasmonically coupled AuNPs scatter in orange. (b) Measured scat-
tering spectra of uncoupled and coupled AuNPs in the OT. Spectra
are normalized to unity. (c¢) Calculated transversal and longitudinal
scattering response of two 60 nm nanoparticles separated by 10 nm.
Spectra are normalized to unity.

between complementary DNA strands which are preventing two AuNPs from

direct interaction.

At this point it is important to discuss the alignment of the AuNP dimer in
the OT. If the dimer was situated parallel to the optical axis, one would not
be able to register the longitudinal mode of the plasmon resonance but only the
transversal one. However, it was shown, in contrast to elongated micro-sized
objects, which align in the OT parallel to the laser beam axis [149, 150|, that
elongated nanoobjects like gold nanorods or AuNP dimers align perpendicular
to the laser axis and parallel to the polarization of the beam [151, 152]. There-
fore in our configuration the longitudinal plasmon resonance of the AuNP dimer
can be registered. To selectively collect the longitudinal plasmon resonance, a

polarization filter is installed in the detection path.

To conclude, through the appropriate choice of the surface decoration the for-
mation of a single dimer in an OT is achieved. The formation of dimer due to
specific interaction of complementary DNA strands is statistically confirmed. The

unique experimental conditions allow the detection of the plasmonic response of
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the particles in unbound and bound states. The interparticle distance in a dimer
deduced from the calculated plasmonic response is ~ 10 nm which is consistent
with the distance in a DNA-bound AuNP dimer. These precise experimental con-
ditions facilitate a further step in the controlled manipulation of hybridization of

DNA near AuNPs as described in the following section.

4.2 Tuning DNA binding kinetics by plasmonic
heating

4.2.1 Reduction of coupling rates with increasing laser

power

In the experiments described above the plasmonic properties of AuNPs are used
to detect the binding event. In this section the plasmonic properties of AuNPs are
utilized to actively influence the hybridization of DNA strands attached to them.
In particular it is shown that the kinetics of DNA binding can be manipulated
by changing the power of the trapping laser which defines the temperature of
AuNPs.

The experimental approach employed here is based on the experimental con-
ditions described in the previous section. Complementary A-type and T-type
nanoparticles are optically trapped and bind via hydrogen bonding thus forming
a dimer. The process is monitored in the dark-field microscope. The strategy is
to change the power of the trapping laser and to study the influence of this change
on the kinetics of particle coupling. To this end, the videos of the coupling events
are recorded at different trapping powers and the kinetics of the coupling is an-
alyzed. A typical timeline of one experiment is demonstrated in Figure 4.3. The
lower panel shows the micrographs taken at different times of the experiment and
the upper panel presents the corresponding cartoons. In this specific example the
power of the laser is set to 141 mW. At the beginning of the observation the first
particle is optically trapped and time is set as zero, t = 0s. At t — 1 s the second
particle appears in the focal plane and diffuses around the region of the OT. At

a certain moment, in this case at t = 1.16 s, the second particle diffuses into the
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T=5s

Figure 4.3: Snapshots from a typical experimental video and corresponding
sketches. At t=0 s a single DNA-functionalized AuNP in the OT
scatters green light. At t = 1 s a second DNA-functionalized AuNP
appears nearby the trap and enters the trap at t = 1.16 s leading
to an increased scattering intensity. At t = 6.16 s DNA hybridiza-
tion occurs leading to plasmonic coupling observed as a color change
of the scattered light. The binding time 7 (i.e. difference between
time of color change and time of entry of the second particle) is 5 s
in this case. Reprinted with permission from [153]. Copyright 2013
American Chemical Society

region of the OT. As soon as both nanoparticles are in the OT they cannot be
optically resolved and thus appear as one object. The presence of the second
particle, though, can be detected by the increase of the scattering intensity. No
plasmonic coupling is observed yet since the wavelength of the scattered light did
not change. After five seconds (t = 6.16 s) the redshift of the scattering peak
indicating the plasmonic coupling is observed. The coupling time 7 is defined as
a difference between the moment of arrival of the second particle to the trap and

the moment of the plasmonic coupling.

Figure 4.4a shows the coupling times 7 measured at three trapping powers on
a logarithmic time scale. A total of 69 coupling events were recorded for the
trapping power of 120 mW on the sample, 25 coupling events were recorded for
141 mW and 24 events were recorded for the highest power used in the experiment
of 170 mW. Events in which no coupling was observed after 3 min are considered

as no-coupling events and are not included in the data set. The medians of the
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coupling times are 0.93, 6.95, and 26.20 s for the three trapping powers of 120, 141
and 170 mW, respectively. Clearly, the coupling time increases with the trapping

power by more than an order of magnitude.
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Figure 4.4: (a) Vertical drop line plots of measured coupling times 7 at three dif-
ferent trapping powers. Each symbol corresponds to one coupling/hy-
bridization event. A total of 69, 25 and 24 events are observed for
trapping powers of 120, 141 and 170 mW, respectively. The coupling
times increase with increasing trapping power. (b) Data of panel A
plotted as a cumulative distribution function Fr(t), which expresses
the probability to find a coupling event at time 7 < ¢.Reprinted with
permission from [153]. Copyright 2013 American Chemical Society
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If the total number of coupling events at each trapping power is normalized
to one and coupling times are put in ascending order while keeping the x-axis
the same, these data can be plotted as a cumulative distribution function F,(t)
versus coupling time 7, Figure 4.4b. A cumulative distribution function is defined

by the following expression:
Fi(r)=P(t <) (4.1)

where P stands for probability. For a given coupling time 7 the value of the
cumulative distribution function reflects the percentage of dimers that couple by
that time in a set of experiments. The median coupling times for each trapping
power therefore correspond to the value of cumulative distribution of 1/2. Each
dot in the drop line plot for each power corresponds to one dot on the cumulative
distribution curve for each power. A smaller slope of the function corresponds to
a broader distribution of coupling times and vice versa. The representation via
cumulative distribution function clearly illustrates the deceleration of the binding

kinetics at larger powers.

As shown in this subsection, the specific binding process between DNA- func-
tionalized AuNPs and therefore the hybridization of DNA near AuNPs can be
manipulated by choice of the trapping conditions. Namely, the decrease in bind-
ing rates with the increase of the trapping power is observed. The factors influ-
encing the binding kinetics of the DNA-functionalized AuNPs in the OT, as well
as the qualitative model explaining the observed behavior, are introduced in the

following subsections.

4.2.2 Effects originating from the increase of the trapping

power

The power increase of the trapping laser has two main consequences, which in-
fluence the binding kinetics of DNA-functionalized AuNPs: increase of the trap
stiffness and increase of the local temperature due to the plasmonic heating by

nanoparticles. In the following we first discuss the effect of the trap stiffnes and
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then turn to the discussion of the influence of plasmonic heating on the DNA
hybridization.

If the trap potential U(z) is assumed to be harmonic, the trap stiffness x is
related to the trapping potential via U(x) = %/@-xQ where z is the displacement of
the trapped object from its equilibrium position. With the experimental settings
employed here, the non-resonant trapping conditions can be assumed and the
OT is dominated by the gradient force. In this case, the stiffness is proportional
to the trapping power [143]. With the growing trap stiffness, AuNPs become
more confined in the optical trap region and collide more often. More frequent
collision would lead to a higher probability for DNA hybridization and therefore
result into increase in the binding rates. However, this result is in contradiction to
the observed deceleration of coupling rates with increase in power. Therefore the
increased trap stiffness is not governing the DNA-functionalized AuNPs binding
kinetics at the increased trapping laser power.

Further we discuss the increase in the local temperature around the particles
due to plasmonic heating and quantify the temperature increase at each trapping
power. Determination of temperature on the nanoscale is a non-trivial task both
from the experimental and theoretical point of view [13, 154-156]. Authors in [12]
show that the temperature of AuNPs scales with volume. The authors use the
heat transfer equation — the expression for the temperature distribution around
optically stimulated nanoparticles:

p(r)c(r)% = Vk(r)VT(r,t) — Q(r, 1) (4.2)

Here r and t are spatial coordinate and time, respectively; 7" is the local temper-
ature; () represents the heat source; and p, ¢ and k are the mass density, specific
heat and thermal conductivity, respectively.

In this thesis, the temperature near AuNPS due to plasmonic heating is esti-
mated numerically using a combination of Comsol Multiphysics amd MQMieAg-
gregates commercial programs. In these programs, the optically trapped dimer
consisting of two AuNPs of 60 nm is assumed to act as a heat source. The optical
power absorbed by a dimer is calculated as Q) = P - Cys/V where P is the laser

power density, V is the volume of the dimer, and C}; is its absorption cross sec-
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tion. Cyps of the dimer at the trapping wavelength (1064 nm) is calculated with
the MQMieAggregates software. We assume the interparticle distance as 8.5 nm,
which corresponds to the length of 25 adenine bases and is the minimum distance
possible. We designate that this minimum distance corresponds to the maximum
calculated temperature possible in the experiment and the actual temperature is
lower. For larger interparticle distances, Cgps of the dimer at 1064 nm decreases
resulting in lower temperatures. In the calculations the dimer was embedded in
a sphere of water with a radius of 5000 nm and a refractive index of 1.33. Effects
of the DNA functionalization are neglected in the calculations. Furthermore, the
heat distribution around AulNPs is found by solving the heat transfer equation

employing the finite element calculations with Comsol Multiphysics software.
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Figure 4.5: Simulated temperature profile of two AuNPs of 60 nm separated by
8.5 nm when excited with linearly polarized 1064 nm laser of 170
mW power. (a) Temperature dependance from the distance from the
central region between two nanoparticles. (b) Temperature spatial
distribution. (c¢) Zoom into the central region of (b).

As a result, the maximum temperatures in the center of the dimer, consisting of

two AuNPs under excitation with 1064 nm light polarized along the dimer’s axis,
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are 45, 49 and 55 °C for the trapping powers 120, 141 and 170 mW, respectively.
In literature there are no reports on the temperature of dimer consisting of AuNPs
of 60 nm so far. For single particles, however, our calculation procedure provides
values that are in agreement with those reported in [13, 155|.

In Figure 4.5 the spatial distribution of the simulated temperature values at a
trapping power of 171 mW on the sample is shown. The distance from the center
is given in nm and the direction is indicated by the red arrow in panel b. At 60
nm away from the center, the temperature falls to half of the initial value. Panel
¢ shows a zoom into the central region of panel b.

Concerning the temporal gradient, we estimate the relaxation time for 60 nm
AuNPs to reach the temperature equilibrium with the environment as ~580 ps.
This conclusion is based on work where it is shown that the maximum relaxation
time for 50 nm AuNPs is 400 ps and that the relaxation time in nanoscale systems
increases with the square of the particle’s radius [157]. One can therefore conclude
that the processes described in this section are not influenced by the temporal
relaxation since they occur on a different timescale.

The temperature increase has several effects: first, it accelerates the diffusion
of the AuNPs in the OT volume; second, it increases interactions between single
strands; and third, it brings the system closer to the DNA melting temperature
region. The increased diffusion of the AuNPs in the OT volume would lead to
the same effect as an increased trap stiffness: the probability of particle colli-
sion grows and an increase of coupling rates is expected. It can be concluded
that increased particle diffusion, though present, is not dominating the observed
coupling behavior at elevated laser powers.

Changes in interaction between strands with growing temperature can be dis-
cussed in terms of Arrhenius law k = Ae=Fe/k¥8T_introduced in the Chapter 2.3.
For chemical reactions, which follow the two-states-one-step scheme the reaction
rates k increase when increasing temperature. The values of reaction activation
energies F, are positive in this case. In contrast, binding kinetics of DNA strands
is sometimes modeled as a two-step three-state process [60]. In that model, at
particular values for E, and frequency factors A for each of the two steps of re-
action, the dependence between the temperature and reaction rates is reversed.

This means that the temperature increase causes the decrease of binding rates
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and increase of the binding times [60]. However, for our system and with the
simulated temperature values discussed above, we could not find any set of Ey4
and A parameters satisfying the two-step-three-state model, which would have a
physical meaning. This model is therefore not applicable in our case. Obviously,
the fact that the system is brought close to the melting temperature region should
be considered in the explanation of the observed result.

The calculated temperature maxima in a localized area between the parti-
cles are lower than the bulk aggregate hybridization temperature of ~ 56 °C,
which is necessary to observe binding. Indeed, binding (although with differ-
ent rates) was observed at all trapping powers. Nevertheles we claim that the
vicinity to the melting temperature region is governing the binding kinetics of
the DNA-functionalized AuNPs. In the next section the semi-quantitative model

supporting this idea is introduced.

4.2.3 Semi-quantitative model for the dimer melting

temperature

We propose the following semi-quantitative model to explain the observed de-
crease in the coupling rates with increasing trapping laser powers. The DNA
sequences attached to AuNPs are not specific but consist of either purely ade-
nine or purely thymine bases. This does not allow one to define the specific
configuration in which the AuNPs can form a dimer, for both the number of hy-
bridized strands Nyg taking part in the connection and the number of base pairs
hybridized in each pair of strands Nyp can vary. For each type of these configu-
ration the binding energy will be different. As a result, at higher trapping powers
and thus higher temperatures, dimers with a lower number of connections will
not form anymore. Therefore at higher temperatures the probability of successful
binding is smaller, which directly means the decrease of binding rates.

In order to develop the model proposed above, we introduce the dimer melting
temperature 7T,,_ g4, expressing the collective melting temperature of the number
of hybridized DNA double-strands connecting two AuNPs. The more strands and
base pairs are hybridized in a given dimer, i.e., the larger Nyg and Nyp are, the

higher the dimer melting temperature will be. We estimate the dimer melting
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temperatures for different configurations and compare them to the previously
calculated temperatures in the hot spot of a dimer induced by plasmonic heating.

The melting temperature of the AuNP dimer 7,,,_4,, is calculated using the
variation of the formula for T}, of the free DNA strands hybridizing in bulk, which

is introduced in Section 2.3.

AHy,,,
ASn,,,; + Rin ()

To—dim = —273.15 (4.3)
where AHy,,, is the enthalpy and ASy,,, is the entropy of the hybridization of
two single strands with Ny p base pairs each, R is the molar gas constant and Cr
is the normalized total concentration of strands, calculated as Cr = Nyg/Vor.
Here Npg is the total number of hybridizing strands and V7 is the OT volume.

AH, and AS, are calculated within the nearest neighbor model, where con-
tribution to enthalpy and entropy from neighboring overlapping pairs is summed
over the whole length of the double helix. The detailed explanation of this model
is given in Section 2.3. According to the nearest neighbor model the expressions
for AH,, and AS,, are as follows:

AHy,, =2 H[ATyi) + (Nup — 1) - H{AA/TT] (4.4)

ASn,, = 2 S[ATi] + (Nup — 1) - S|[AA/TT] (4.5)

where H[AT;.;] and S[AT;,;| are the enthalpy and entropy of the initiation of
connection, and H/AA/TT] and S[AA/TT] are enthalpy and entropy of connec-
tion of subsequent pairs, respectively. These parameters are taken from [67] and

corrected for the NaCl concentrations of 200 mM according to:
AScorrected = ASLMNULCZ +0.368 - IV - ln([NCL+]) (46)

where N is the number of nucleotide pairs in the strand and [Na™] is the con-
centration of Na™ ions.

The minimum number of connections between two nanoparticles is one, com-
prising two hybridizing strands, Nyg = 2. To estimate the maximum possible

number of connections between nanoparticles, the following geometrical consid-
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Figure 4.6: Geometri-
cal model to
calculate the

30 nm \4-25 nm number  of
hybridizing

— —
/25 A; 24 T\ strands

eration is applied. A 60 nm AuNP is assumed as a sphere with a total surface
area of 11304 nm?. With a known number of DNA molecules per nanoparticle’
surface (~ 1500) the footprint of one molecule is estimated as 7.5 nm?. Only
the molecules situated in the spherical caps marked in orange in Figure 4.6 are
considered to take part in connection. Molecules situated outside of these zones
cannot form even a single base pair at any angle. The area of the spherical cap,
with the height that equals half of the length of one single strand, h = 4.25 nm,
is ~ 800 nm?. Therefore the maximum number of possible connections between
nanoparticles is ~ 100, comprising ~ 200 hybridized strands, so Nggs = 200.
The minimum number of hybridized base pairs is 1 and the maximum number of
hybridized base pairs is 24.

The calculated T,,,_4m curves for different numbers of strands in the dimer
Npys as a function of number of hybridized base pairs Nyp are shown in Figure
4.7. These values are compared to the estimated dimer temperatures due to
the plasmonic heating. Two trends can be clearly recognized. First, the dimer
melting temperature increases if more base pairs participate in the hybridization;
and second, if more strands hybridize.

It can be concluded from Figure 4.7 that the change of dimer melting temper-
ature with the number of strands and number of bases taking part in binding
approximately equals several Kelvin. This, in turn, is approximately equal to
the temperature range which corresponds to the laser powers used in the ex-
periments. This can serve as strong support for the semi-quantitative model
introduced above. Indeed, as the trapping power grows, the increased tempera-
ture prevents the formation of weakly bound dimers with small number of bases
or strands participating in the hybridization. The higher the temperature, the

more base pairs and strands need to hybridize to form a stable dimer. In other
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Figure 4.7: Estimated dimer melting temperatures as a function of number of
hybridized base pairs Ny p for dimers with 2, 50 and 200 strands par-
ticipating in the hybridization, respectively. Estimates of the tem-
peratures achieved by plasmonic heating are indicated as horizontal
lines. Reprinted with permission from [153|. Copyright 2013 Ameri-
can Chemical Society.

words, the probability of forming a stable dimer decreases, binding time increases

and a deceleration of the binding kinetics is achieved.

Another observation is related to the fact that the AuNP dimer close to the
melting-temperature region behaves as a dynamic system. Therefore, the distance
between the nanoparticles fluctuates even after the initial hybridization. This is
experimentally observed as a blinking phenomenon in the recorded videos - rapid
change of the green (uncoupled) to yellow (coupled) color of the trapped object
after initial binding. The timescale of blinking ranges from sub-seconds to several
seconds. For detailed analysis it would be beneficial to perform a tracking study

and deduce the confinement of particles from the stiffness of the trap. However,
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at this late stage of experiment, after several minutes of the observed initial
hybridization, the concentration of particles in the near-trap region increases and
the trapped pair must be optically moved to prevent diffusing of a third particle
into the trap. This movement would influence the tracking study and the analysis
of the trap stiffness would not be reliable. When the OT is released by blocking
the laser, the nanoparticles escape from the trap region. In some experiments, the
escape of a single object scattering in yellow, attributed to the AuNP dimer, is
observed. Also in some experiments, two separated nanoparticles each scattering
in green leave the region of the trap and diffuse in different random directions.
It appears that the state of the released object (coupled dimer or two uncoupled
nanoparticles) can be correlated to the power used in the trapping experiment.
With 120 mW used on the sample, the release of coupled dimer is observed in
72%. When the trapping power is increased to 141 mW, the release of the coupled
dimer is observed in 55% of the cases. With the maximum power of 170 mW,
the amount of observed coupled dimers after the trap release decreased to 44%.
This observation supports the semi-qualitative model introduced above, in that
with the increase of the trapping power the stability of the dimer decreases as a

result of the increased temperature in the interparticle region.

4.3 Control experiments to prove the specificity

of binding

We claim that the observed plasmonic coupling between the A-type and T-type
nanoparticles in the OT is the result of the hybridization between complemen-
tary DNA strands decorating their surface. However, effects other than chemical
affinity may play a role in plasmonic coupling of AuNPs. To eliminate these ef-
fects and prove specificity of A-type and T-type AuNPs binding, several control
experiments are performed.

First, the coupling of unfunctionalized citrate-stabilized AuNPs in an OT is
studied. Two citrate-stabilized AuNPs of 60 nm size are trapped with a laser
operating at 808 nm with a power of ~ 25 mW on the sample. The particles are

trapped one after another (see Figure 4.8a) and their interaction in the OT is

67



Chapter 4. Tuning DNA binding kinetics in an optical trap by plasmonic
heating

monitored. Most of the trapped pairs exhibit no plasmonic coupling, which can
be seen from the micrographs of the OT region, taken at the interval of several
seconds. This behavior is illustrated in Figure 4.8b. No detectable change of
the wavelength of scattering light is observed with time, and hence no plasmonic

coupling occurs.

Figure 4.8: Characterization of two citrate-stabilized AuNPs in the OT. (a) Mi-
crograph and schematic of one particle trapped (1) and second particle
approaching the region of the OT (2). (b) Micrograph and schematic
of two AuNPs showing no coupling in the OT (c¢) Micrograph of AuNP
dimer moving away from the region of the OT due to the optothermal
escape and schematic of plasmonic coupling of touching spheres.

Only in less than 20% of the cases is the redshift of the scattering peak ob-
served, indicating plasmonic coupling of AuNPs. Contrary to the A-type and
T-type AuNPs, which are densely covered with long DNA chains and can not
mechanically touch, citrate-stabilized AuNPs can approach each other to very
small distances and can mechanically touch in case of inhomogeneity in the sur-
face coverage. This leads to stronger plasmonic coupling and more pronounced
redshift of the scattering peak as compared to DNA-connected AuNP pair. At a
certain point, the scattering peak becomes close to the wavelength of the trapping
laser (808nm), destabilzing the three-dimensional OT and allowing the escape and
diffusion of the dimer away from the region of the trap. This effect, known as
optothermal escape, was first described in [144]. In the micrograph in Figure 4.8,
the dimer diffused out of the OT region is marked with an arrow. The redshift
of the scattering signal of the dimer can be seen with a naked eye.

In [158] the dimerization of citrate-stabilized AuNPs is induced by adding NaCl

to the sample droplet. Increased concentration of NaCl should lead to screening
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of charges on AuNP’s surface leading to the decrease in electrostatic repulsion
between the AuNPs. In this thesis, however, the addition of the same amount
of NaCl promoted the adhesion of the particles to the cover slip but did not

influence their interaction in the OT.

Not only do artificially high salt concentrations lead to unspecific binding of
AuNPs, but also excessive laser powers both making the role of chemical affinity
of AuNPs in the binding process negligible. The next series of control exper-
iments are dedicated to find the range of salt concentrations and laser powers
where the specific binding is observed. For this, two samples are considered. The
first one consists of exclusively A-type AuNPs without the addition of comple-
mentary T-type AuNPs. The second sample contains both types of AuNPs in
the concentration ratio of 1:1. Laser power is tuned in the range between 111
mW and 199 mW. Two NaCl concentrations are used: 200 mM and 500 mM.
Other experimental conditions including the total concentration of AuNPs in the

sample droplet are kept similar to those in sections 4.1 and 4.2.

The results of these experiments are summarized in the tables below. Crosses
stand for “no coupling” and ticks stand for “coupling”. At a salt concentration
of 200 mM for the system of two A-type particles coupling is observed in less
than 15% of all meeting events at any laser power. At the salt concentration
of 500 mM, coupling is observed in almost all the cases. This is different for
the sample containing A-type and T-type particles in the concentration ratio of
1:1. At salt concentration of 200 mM and at laser powers between 111 and 170
mW on the sample, the plasmonic coupling is observed. At the power of 199
mW on the sample the coupling is not observed. At salt concentration of 500
mM coupling is observed in almost all the cases, similar to the case of A-type
particles only. Therefore it can be concluded that at laser powers of 111-170
mW and at salt concentration of 200 mM complementary AuNPs bind while the
identical AuNPs do not bind. In other words, at these experimental conditions

only specific binding is observed and unspecific binding can be neglected.
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Laser power | [NaCl| = 200 mM | [NaCl] = 500 mM
111 mW b 4 4
120 mW X v
141 mW b 4 4
170 mW b 4 4
199 mW X v

Table 4.1: Binding at different conditions when only A-type AuNPs are present
in solution.

Laser power | [NaCl| = 200 mM | [NaCl] = 500 mM
111 mW v 4
120 mW v v
141 mW 4 v
170 mW 4 4
199 mW b 4 v

Table 4.2: Binding at different conditions when A-type and T-type AuNPs are
present in solution in ratio 1:1.

Finally, the control experiment “competitive binding” is performed. Free single
strands of T-type are injected into the solution, initially containing A-type and
T-type particles. Free strands of T-type can hybridize on the A-type particles,
thereby blocking them from interaction with the T-type particles. The concentra-
tion of the free T-type strands is set to be 1000-fold the concentration of A-type
strands decorating the A-type particles. Prior to the optical experiment, the
sample is incubated for 1 hour. The laser power on the sample is kept at 120
mW and the concentration of NaCl is set to 200 mM, thus ensuring the specific
binding regime. In these series of experiments the coupling is observed only in
less than 15% of the cases. This experiment represents another argument for the

specificity of binding between A-type and T-type particles.

To conclude, the results of several series of control experiments prove that
at the experimental conditions used in Sections 4.1 and 4.2, plasmonic coupling
between AuNPs in the OT should be attributed to chemical affinity of the com-
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plementary DNA-functionalized AuNPs while contribution of unspecific binding

can be neglected.

4.4 Outlook: protein binding and non-spherical

nanoparticles

Compared to the weak DNA-DNA binding, connection between the organic mo-
lecule biotin and the protein streptavidin is more stable. By using the biotin-
streptavidin link for creating single AuNP dimer in the OT, one would be able
to precisely set the interparticle distance at ~5 nm, defined by the size of the
protein. This interparticle distance would lead to the strong plasmonic coupling
beneficial for the field-enhanced spectroscopy. Other particles attractive for the
field-enhanced spectroscopy are non-spherical spiked AuNPs — nanostars — where
the high field enhancement on the ends of the spikes is observed [159]. Dimers of
these particles might provide even higher field enhancement due to the coupling
of the single tips. Motivated by these findings, as a next step we attempt to
extend the approach of creating single DNA-bound AuNP dimer in the OT to
the biotin-streptavidin bound AuNP dimer and to the dimer of Au nanostars.
Spherical biotinylated AulNPs in the OT. The optical properties and
other characteristics of single biotinylated spherical AuNPs of 60 nm are described
in detail in Section 3.1. These particles can be linked via protein streptavidin
which has high affinity to biotin situated on AuNP’s surface. Since biotin is a
small molecule, the interparticle distance in the streptavidin-connected AuNP
dimer is defined by the size of the streptavidin and is expected to be ~ 5 nm.
Two 60 nm AuNPs separated by 5 nm plasmonically couple giving rise to a
redshift of the plasmon peak. The calculated transversal and longitudinal modes
of the scattering spectrum of two AuNPs of 60 nm separated by 5 nm are shown
in Figure 4.9a. The peak related to the transversal mode corresponds to the
scattering peak of a single 60 nm AuNP. This peak appears at ~ 545 nm. The
peak related to the longitudinal mode appears at ~ 590 nm. The intensity of the
longitudinal peak is higher than that of the transversal peak. Due to the small

and fixed interparticle distance, the plasmonic coupling in such dimers is stronger
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Figure 4.9: (a) Calculated scattering spectrum of AuNP dimer where each par-
ticle has a size of 60 nm and the interparticle distance is 5 nm.
Transversal and longitudinal modes are shown. (b) Broadening of
the extinction spectrum in bulk solution of biotinylated AuNPs upon
addition of streptavidin.

and more well-defined than in the case of dimers created via the polyA-polyT
link. A coupling of two biotin-decorated AuNPs via streptavidin in the OT is
therefore expected to give an intense scattering signal with a strong shift to the
red end of the spectrum.

In the binding experiment, the concentration of streptavidin is very important
and should be controlled precisely since low concentration leads to low binding
efficiencies. If the amount of streptavidin molecules is not sufficient, the probabil-
ity of AuNP binding is very low. Besides, if the amount of streptavidin molecules
exceeds the required amount, the passivation of the biotin cites on the AuNP
surface occurs and the binding is not likely either. To evaluate the correct con-
centration of streptavidin, we perform bulk experiments similar to those described
in reference [110]. In these experiments, portions of solution of streptavidin are
added to the hydrosol of biotinylated AuNPs in the cuvette and the extinction
signal of the sample in bulk is monitored. The pH of the sample is kept at 5.5
to prevent electrostatic repulsion between the nanoparticles and induce their in-
teraction. At the amount of streptavidin sufficient for binding, AuNPs start to

aggregate and a slight broadening of the extinction peak is observed. This can
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be seen in Figure 4.9b, where the ratio between the streptavidin and biotin con-
centration is changed from 2:1 to 3:1, red and black curves, respectively. This
indicates that at a concentration ratio of 3:1, AuNP aggregation is initiated.

The relative concentrations of streptavidin to biotin used in the trapping ex-
periments are 0:1, 2:1 and 3:1. The experimental approach to detect this process
in the OT is as follows: the solution of streptavidin is injected into the droplet
of the of biotinylated AuNP hydrosol under the microscope and two AuNPs are
optically trapped one after another as their scattering signal is monitored. In the
experiments, the laser power on the sample is ~ 25 mW and the wavelength of
the trapping laser is 808 nm.

With these experimental conditions, the plasmonic coupling in the OT is ob-
served in only less than 10% of the cases. The addition of NaCl does not promote
binding but results into sedimentation of particles on the surface of the cover slip.
The plasmonic coupling in the OT is not observed, probably due to the fact that
streptavidin molecules are freely diffusing in solution and one cannot control their
arrival to the interparticle region. Another reason could be an increased heating
of the nanoparticle dimer due to its high absorption cross section at 808 nm. As
mentioned in the Chapter 3, the streptavidin-biotin binding is stable only below
70 °C.

One possible improvement of the expeiment would be to immmobilize strep-
tavidin directly on half of the AuNPs present in solution. In this case, similarly
to the system of AuNPs functionalized with polyA and polyT strands, for two
particles situated in the OT the expected probabilily of binding would be 50%.

Gold nanostars in the OT. Due to the high field enhancement near the
spikes, single Au nanostars have an excelllent performance in the Surface En-
hanced Raman Scattering (SERS) spectroscopy [137, 160]. In reference [161],
nanostars are arranged on the surface into arrays, which are probed as SERS-
active substrates. The scanning electron micrograph of these substrates is shown
in Figure 4.10a.

These substrates provide the enhancement of the Raman signal on the order
of ~ 10° as compared to the star-free solution of the analyte. The SERS sig-
nal of the analyte is shown in Figure 4.10b. Similar results are reported for

other SERS substrates consisting of nanostars or plasmonic particles with other
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Figure 4.10: Nanostar arrays as SERS-active substrates [161]: (a) Scanning elec-
tron micrograph of nanostar array grown on the surface. The nanos-
tars grown on the surface are roughly twice smaller than those syn-
thesized in solution. (b) Enhancement of the Raman signal of mer-
captobenzoic acid adsorbed on the surface of nanostars.

shapes arranged on a surface [162-165|. In such arrays of nanostars, the distance
between the nanoparticles is larger than their size and therefore no plasmonic
coupling between the particles is expected. If one, however, brought two nanos-
tars close by means of optical trapping, plasmonic coupling between tips could
occur. This plasmonic coupling would result into “hot spots” — regions between
tips of nanostars where the field enhancement is higher than the sum of field
enhancements of separate tips. These structures, thus, would offer a much higher
field enhancement than both nanostar monomers or dimers of gold nanospheres.
Optical trapping might serve as a powerful tool to allow interparticle coupling
between those nanostars, as already demonstrated for spherical particles. By
means of this technique it might be possible to controllably induce coupling be-
tween two tips of the nanostars and as such create region with exceptionally high

field enhancements, the so called hot spots.

Nanostars dispersed in the droplet of ultrapure water under the microscope
are trapped with the laser operating at 1064 nm. The power of the laser on
the sample is tuned between 100 and 200 mW. With these experimental settings

only 2D trapping is observed, i.e. the nanostars are confined by the cover slip
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Figure 4.11: (a) Elastic scattering spectra of four different nanostars on the sur-
face. Difference in the position of the peaks is due to the hetero-
geneity of the sample. (b) Dark-field image of the pattern of printed
nanostars.

in the z-direction. At low laser powers (~100 mW on the sample) the trapping
does not appear stable, while at higher powers the stability of the trap increases.
However, simultaneous increase in probability of particle deposition on the sur-
face by the trapping laser is observed. At trapping powers of 200 mW on the
sample nanostars are almost instantly optically printed on the cover slip. This
phenomenon is known as laser printing [48]. The dark-field image of a pattern of

printed nanostars is shown in Figure 4.11b.

The reason of nanostar printing at 1064 nm lies in the relative position of the
plasmon resonance of the nanoparticles relative to the wavelength of the trapping
laser. Plasmon resonances of nanostars in red and infrared region are observed
at 775 - 780 nm and at ~900 nm, see Figure 4.11a. Differences in the spectra are
due to heterogeneity of the sample. As explained in Section 2.2, if the linearly
polarized trapping laser operates near the plasmon resonance of the AuNP, the
absorption and scattering cross section of the particle is very high leading to an
increase of the scattering component of the optical force. This increase is more
profound than the increase in the gradient component, so the total force acting on

the particle is dominated by the scattering force. The scattering force is directed
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along the beam propagation resulting in the deposition of the nanoparticles on
the surface of the cover slip at higher powers.

Optical trapping of nanostars, therefore, is not possible at 1064 nm with a
Gaussian trapping beam profile. Laser sources of the wavelengths shifted even
further to the infrared (so that the trapping wavelength is far from the plasmon
resonance of the nanostar) are not currently available. To create a stable optical
trapping for nanostars, applying alternative trapping geometry is required. One
possible solution would be to use an optical vortex trap described in [143]. In this
case, the wavelength of the trapping laser is blue shifted compared to the plasmon
resonance of the particle, but the trap stability is regulated by the beam shape.
There is a region with a zero intensity in the center of the beam surrounded
by the ring of high intensity (“doughnut” shape). The nanoparticle is therefore
pushed out from the region of high intensity in the outer part of the beam and

confined in its middle.

76



5 Accelerating FRET with gold

nanoparticle dimers

The vicinity of AuNPs can have a strong effect on decay rates of fluorescent
molecules. This, in turn, can influence the interactions between these molecules
and change the efficiency of energy transfer between them. This chapter focuses
on the studies of FRET between organic molecules and complexes situated near
AuNPs. Performance of AuNP dimers in tuning the FRET is compared to the
performance of AuNP monomers.

First, FRET pairs are attached to AuNP monomers and dimers, and the prop-
erties of these hybrid systems are characterized. By exciting the donor in the
AuNPs/FRET pair system and detecting the acceptor fluorescence, the occur-
rence of FRET is proven.

The steady-state measurements reveal no difference between the FRET process
in the free donor-acceptor pair and the donor-acceptor pair attached to AulNPs;
therefore, time-resolved fluorescence measurements are conducted. This allows
fluorescence lifetimes of donor and acceptor in different configurations to be ob-
tained. From this data, FRET rates and efficiencies are deduced. It is shown
that both single AuNPs and AuNP dimers accelerate FRET. However, AuNP
dimers perform moderately better. Calculation of the field enhancement near
AuNPs show that in the case of AuNP dimers both regions of field enhancement
and field suppression are present. Therefore, to achieve the best performance of
AuNP dimers for FRET enhancement, the precise positioning of the FRET pair

in the interparticle region is necessary.
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5.1 Characterization of the AuNPs/FRET pair

system

Two molecules taking part in Forster resonance energy transfer (FRET) are called
a FRET pair. In FRET, energy is transferred from a donor molecule to a closely
situated acceptor molecule under the condition of a spectral overlap between
them. In this thesis, FRET pairs consisting of donor R-phycoerythrin (\., = 542
nm, Ae,, = 575 nm) and acceptor Alexa fluor 647 (., = 647 nm, A, = 661 nm)
are used. These dyes are placed near 40 nm spherical AuNPs or between two 40
nm spherical AuNPs situated close to each other. The two nanoparticles form
a dimer, and the influence of the AuNPs on FRET is studied. FRET without
AuNPs is compared to FRET in the presence of AuNP monomers and to FRET in
the presence of AuNP dimers. To get a full picture, samples in nine configurations
are investigated: gold-free donor, gold-free acceptor and gold-free FRET pair;
donor on monomer, acceptor on monomer and FRET pair on monomer; donor in

dimer, acceptor in dimer and FRET-pair in dimer.

Gold-free samples, used to study the FRET process in the absence of AuNPs,
are obtained by dissolving 5 ul of stock solution of streptavidin attached to donor,
acceptor or FRET pair in 500 ul of Mili-QQ water. Samples containing AuNPs are
prepared by connecting the dyes to AuNPs via streptavidin-biotin link, described
in detail in Section 3.1. In the monomers, streptavidin is used only to place dyes
near the gold surface, while in the AuNP dimers streptavidin simultaneously

plays the role of a linker between two AuNPs.

AuNP monomers and dimers are prepared in one batch. To separate them,
the gel electrophoresis procedure described in Section 3.2 is used. In Figure 5.1
the results of the gel electrophoresis procedure can be seen. The bands contain-
ing monomers, dimers and bigger aggregates are clearly distinguishable in the
gel piece marked “S” (sample). In the reference run, AuNPs without addition of
streptavidin are used, so that the formation of aggregates is not possible. There-
fore in the gel piece marked “R” (reference) only one band corresponding to single

particles is observed. The single band in the reference run confirms that the ap-
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pearance of different bands in the gel piece “S” is indeed due to the presence of

aggregates of different sizes and not due to the heterogeneity of the gold colloid.
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Figure 5.1: Results of the gel electrophoresis method. (a) Photograph of the
gel piece with sample (S) where different bands corresponding to
monomers, dimers and bigger aggregates can be seen and photograph
of the gel piece with reference (R) where only one band correspond-
ing to single particles can be seen. AuNPs absorb in green so they
appear red in the transmitted light. (b) Photograph of dimer band in
a cuvette and schematic of AuNP dimers connected via streptavidin
with a FRET pair on it. Difference in the red colors in panel a and b
originates from the settings of the camera.

After the gel electrophoresis procedure, the morphology of the particles and the
yield of monomers and dimers are studied by transmission electron microscopy
(TEM). For this, particles are extracted from the gel bands as described in Section
3.2 and solutions drop casted on the TEM grid are let to dry. In Figure 5.2
typical TEM image of AuNP dimer where two 40 nm AuNPs are connected via

streptavidin is shown.

Analysis of TEM images of particles from dimer bands shows that those contain
65% of dimers. The average interparticle distance in the AuNP dimers is 2 nm.
TEM studies show no change in the morphology of single AuNPs after the gel
electrophoresis and prove that the monomer band consists almost exclusively of

single particles.
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Figure 5.2: Transmission electron microscopy image of AuNP dimer consisting of
two monomers of 40 nm each connected via streptavidin.

We expect the plasmon oscillations in AuNPs placed near the FRET pair to
influence the FRET process. Therefore, we proceed with the characterization of
the plasmonic properties of AuNP monomers and dimers. These properties are
probed by elastic scattering spectroscopy of single monomer or single dimer, for
which an optical microscope in the dark-field configuration (only scattered light
is detected) is used. Solutions of AuNP monomers and dimers are drop casted on
the cover slip and the droplets are let to dry. The concentration of the particles is
low enough so that the observation of the single monomers or single nanoparticle
dimers is possible.

In the scattered light single AuNPs of 40 nm size appear as a green dots due
to their plasmon resonance at ~ 530nm which leads to the enhanced scattering.
The typical scattering spectra of 40 nm single AuNPs is shown in Figure 5.3a. The
plasmonic peak is on the edge of the overlap between the fluorescence spectrum
of the donor and the fluorescence excitation spectrum of the acceptor, marked
in pink on the graph. In the inset, the dark-field micrograph of 40 nm AuNP is
shown.

If two single AuNPs of 40 nm size are assembled into a dimer with an inter-
particle distance of ~ 2 nm, they appear as a red dot in the scattered light.
This can be seen in the inset of Figure 5.3b, showing the micrograph of such
dimer. Two particles appear as a single object due to the resolution limit of
the setup. The reason for the color change is the plasmonic coupling between
two AuNPs, resulting in a redshift of the plasmon resonance with respect to
the scattering peak of the AuNP monomer. The scattering signal of the dimer

is polarization-dependent, as can be seen in Figure 5.3b. Here, different colors
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of spectra correspond to signal taken at different positions of polarization filter.
The filter is turned in steps of 45°. If the polarization direction of the incident
light is aligned with the dimer’s long axis, the longitudinal plasmon peak attains
its maximum value. If these directions are perpendicular, the intensity of the

longitudinal peak is at minimum.
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Figure 5.3: (a) Typical scattering spectrum of single AuNPs of 40 nm size. Inset:
corresponding typical darkfield micrograph. (b) Typical scattering
spectra of the dimer consisting of two 40 nm AuNPs. Spectra are
taken at different positions of polarization filter. Inset: correspond-
ing typical darkfield micrograph. The spectral region of the overlap
between the fluorescence spectrum of the donor and the fluorescence
excitation spectrum of the acceptor is marked in pink color.

In the case of AuNP dimer, the spectral position of the coupled plasmon res-

onance matches the region of the overlap between the fluorescence spectrum of

81



Chapter 5. Accelerating FRET with gold nanoparticle dimers

donor and the fluorescence excitation spectrum of the acceptor molecule. More-
over, it should be noted that the intensity of the longitudinal peak from the
dimer is much higher than the intensity of the transversal peak, which corre-
sponds to the plasmon resonance peak in the monomers. Better spectral overlap
of the plasmonic response of dimers with the FRET region and the higher inten-
sity of plasmon oscillations in dimers are both expected to be beneficial for the

manipulation of FRET process with dimers as compared to AuNP monomers.

5.2 Steady-state fluorescence

To get the first insight into the influence of the AuNP dimers on the FRET
between R-phycoerythrin and Alexa Fluor 647, steady-state fluorescence mea-
surements are performed. Two systems are investigated: free FRET pairs on the
streptavidin molecule and FRET pairs placed between AuNPs in the streptavidin-
connected dimer. Both systems are investigated in bulk: the free FRET pairs in
the form of an aqueous solution of donor and acceptor attached to streptavidin,
and FRET pairs in a dimer in the form of particles dispersed in a band cut out
of gel piece.

Analyzing the relative intensity of the donor and acceptor in the fluorescence
responce of the FRET pair in these two configurations may give information
about the change of the FRET process in the presence of the AuNP dimer. A
decrease in the fluorescence intensity of the donor in a dimer band compared
to the free FRET pair would suggest an increase in the efficiency of the FRET
process in the presence of dimers.

For a steady-state ensemble fluorescence measurements, an excitation at 532
nm is chosen. This allows selective excitation of the donor without direct exci-
tation of the acceptor. In Figure 5.4, the fluorescence excitation spectrum of the
FRET pair, as well as fluorescence spectra of free FRET pair in solution and of
the FRET pair in dimer, are shown. Spectra are normalized to the maximum.
The green line shows PLE of the FRET pair. The peaks at ~ 500 at ~ 550 nm
correspond to the excitation of the donor R-phycoerythrin while the peak at ~

650 nm corresponds to the excitation of the acceptor Alexa 647. The black line
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5.2. Steady-state fluorescence

corresponds to the PL of the FRET pair. The peak at ~ 575 nm originates from
the donor emission and the peak at ~ 670 nm originates from the acceptor emis-
sion. The red solid line shows the PL response of the FRET conjugate situated
in the AuNP dimer. The concentration of dyes in the gel piece is much lower
than in free solution, which causes the signal from dimer band to appear noisy

in comparison to the signal from the FRET pair in water.
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Figure 5.4: fluorescence excitation (PLE) of the FRET pair excited with A=532
nm (green line) and fluorescence (PL) of the free FRET pair (black
line) and of the FRET pair situated between two AuNPs (red line).

From spectra in Figure 5.4 two observations can be made. First, R-phycoerythrin
and Alexa 647 placed in the AuNP dimer show the characteristic FRET-pair be-
havior. That is, upon excitation of the donor, fluorescence from the acceptor is
observed (compared to the fluorescence of single components introduced in the
Section 3.1). Second, the relative intensities of the donor and acceptor emission
in the free FRET system and in the FRET system placed in the dimer do not
differ. Therefore, the steady-state PLL measurements do not reveal any influence

of the AuNP dimer on the FRET process between the R-phycoerythrin and Alexa
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647. To obtain more details about the FRET process in this system, we perform

time-resolved fluorescence measurements.

5.3 Time-resolved fluorescence

With time-resolved fluorescence measurements, one can quantify the fluorescence
decay of the donor and acceptor in the free FRET pair and in the FRET pair
near AuNPs. From the fluorescence lifetimes, FRET rates and efficiencies in
different configurations can be calculated. Therefore, time-resolved fluorescence
is expected to give better insight in the influence of AuNPs on FRET betwen
fluorescent molecules near their surface than the steady-state measurements.

For time-resolved fluorescence measurements, dimer and monomer bands are
cut out of the gel piece and placed in a cuvette. The sample is excited with
frequency-doubled output of the femtosecond pulsed laser. The laser excitation
wavelength of 480 nm matches the fluorescence excitation peak of the donor but
not the fluorescence excitation peak of the acceptor. The detected fluorescence
signal is spectrally and temporally resolved by a spectrometer with a streak cam-
era connected to it. The software of the streak camera makes it possible to
separate the signal of the donor and the acceptor acquired in the same measure-
ment. For the analysis of the decay times spectral regions of 20 nm width around
the emission maximum of the donor and of the acceptor are chosen. The emission
decay of the donor is analyzed between 552 and 572 nm and the emission decay
of the acceptor is analyzed between 642 and 662 nm. In the data sets the decay
curves of donor and acceptor are normalized to the maximum and shifted to their
common starting time t=0.

First we characterize the fluorescence decay of the donor and the acceptor in
free FRET pairs and in the FRET pairs placed in dimers and compare them.
In Figure 5.5, the fluorescence decays of the donor and of the acceptor in two
different geometries — in free FRET pair in solution and in FRET pair in AuNP
dimer — are shown. In both cases, the donor shows a fast decay in the range
of ~ 100 picoseconds. For the acceptor, two processes are observed in both

configurations: first the “build up” of the fluorescent signal occurring on the
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5.3. Time-resolved fluorescence

sub-100-picosecond scale and subsequently a slower decay on the 100-picosecond
scale. Therefore, it is observed that both donor and acceptor qualitatively show
the same behavior in free FRET pair and in FRET pair in dimer. This holds also
for the donor and acceptor connected to the monomer (data not shown). The
fact that the decay of the donor and the build up of the fluorescent signal of the
acceptor are on the same timescale is a proof for FRET. It is also important to
mention that although the behavior of donor and acceptor do not differ between

the configurations qualitatively, quantitatively they are not the same.
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Figure 5.5: Fluorescence decay traces of acceptor and donor (open circles) in free
FRET pair and of acceptor and donor in a dimer band (solid circles).
Red stands for acceptor and green stands for donor.

The shape of the fluorescence decay curve of the donor needs a special discus-
sion. In general, the fluorescence decay signal of donor, when only one type of
donor is present in the system, should appear as a monoexponential decay|[166].
Apparently in our studies, the fluorescence decay of the donor in the FRET pair
cannot be fitted as a monoexponential function, this suggesting the existence of

several different lifetimes. The existence of several different lifetimes is sometimes
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explained by the presence of some fraction of the donor molecules not taking part
in FRET process [167]. However, in the system investigated here the existence of
different lifetimes may have a different reason. To investigate this fact we com-

pare fluorescence decay traces of donor in different configurations as explained

below.
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Figure 5.6: Donor fluorescence decay traces in dimers without acceptor (blue), in
free FRET pairs (violet) and in FRET pairs placed in dimers (green).

Figure 5.6 shows the donor fluorescence decay curves of donor molecules sit-
uated in dimers, free FRET pairs and of the FRET pair in dimer. The donor
decay is modeled by a biexponential function y = AeZ +Ce. It can be seen that
both components of the biexponential decay of the donor change upon addition
of the acceptor as well as upon placement of the conjugate in a dimer, which
proves that both time components are taking part in FRET. We suggest that
the biexponential behavior can be explained by inhomogeneity of the sample. As
discussed in Section 2.4, the fluorescence of dyes near the metal surface depends
on the distance between the molecules from the surface of AuNPs and on the rel-
ative orientations of them. Since we do not have precise control on these factors,

monoexponential decay cannot be expected.
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Furthermore we quantify the fluorescent lifetimes of the donors in two different
configurations — with and without the acceptor. This is done for three different
cases: free donor or FRET pair, donor or FRET pair situated near the monomer
and donor or FRET pair situated in the dimer. So, in total, there are six different
samples for which the fluorescence decay of the donor is quantified. For this the
fluorescence life-times are calculated as the amplitude-weighted averages from the
biexponential decay curves similarly to [118]. The results of these calculations are
summarized in Table 5.1. The lifetime of the donor in the presence of acceptor is
referred to as 7p4 and the lifetime of the donor in the absence of the acceptor is
referred to as 7p. For donor-only configurations, the lifetime decrease from 2670
ps in water to 460 ps in the monomer and dimer bands is observed. This decrease
of lifetime can be attributed to the fluorescence quenching by AuNP. Hence the

degree of quenching by monomer and dimer is the same.

Sample Tp in ps | Tpa in ps
Free FRET pair 2670 350
FRET pair on monomer 460 96
FRET pair in dimer 460 82

Table 5.1: Fluorescence lifetime of the donor in the absence of the acceptor 7p
and fluorescence lifetime of the donor in the presence of the acceptor
Tpa in different configurations.

In the presence of the acceptor, the donor lifetimes decrease from 350 ps in
the free FRET pair through the 96 ps in the monomer band to 82 ps in the
dimer band. We can therefore see the acceleration of the fluorescence decay of
the donor both upon addition of acceptor and upon placing the donor near metal

nanoparticles.

5.4 FRET rates and efficiencies in different

configurations

FRET rates k and efficiencies F in different configurations are calculated from

the lifetimes according to the expressions ks = % — % and £ =1-— TTD—DA Here
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7p includes all the decay processes that do not contribute to FRET because it
is measured in the absence of the acceptor. The calculated rates and efficiencies

for the different configurations are summarized in Table 5.2.

Sample krrer [ns7Y | E %]
Free FRET pair 2.5 87
FRET pair on monomer 8 80
FRET pair in dimer 10 80

Table 5.2: FRET rates and efficiencies in different configurations.

It can be concluded that upon attachment to AuNPs, FRET efficiencies stay
stable and high. FRET rates increase from 2.5 ns™! in free FRET pair to 8 ns™!
in FRET pair near AuNP monomer and to 10 ns~! in FRET pair placed in AuNP

dimer.

5.4.1 Calculation of the FRET enhancement

Since a straightforward conclusion about the performance of AuNP dimers for
FRET compared to AuNP monomers can not be made from the data discussed
above, calculation of the intensity enhancement for the electromagnetic field for
both monomers and dimers based on generalized Mie theory is performed. In the
geometrical model used in this calculation, AuNP dimer consists of two AuNPs
with the radius of 20 nm each placed at 4 nm distance form each other. The
oscillating dipole representing a fluorescent molecule is placed 2 nm away from
AuNP and is situated radially to its surface. The emission wavelength of the
dipole is chosen to be A=600 nm.

In Figure 5.7, the result of the FRET enhancement calculation is shown. For
both monomers and dimers, not only can the regions of enhancement be seen, but
also regions of intensity suppression. Intensity enhancement up to seven times
is possible and the enhancement regions are clearly larger than the suppression
regions. Averaging over a square at the position of dipole in panels a and b in
Figure 5.7 yields average FRET rate enhancements of 8% and 25% for AuNP
monomers and dimers, respectively. This is consistent with experimental results

discussed above.
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5.4. FRET rates and efficiencies in different configurations

Figure 5.7: a) Zoom-in into the FRET rate enhancement distribution (a) near the
surface of gold monomer and (b) in the hot spot of the AuNP dimer.
The plane where the emitting dipole is situated is shown. Surfaces
of AuNPs are seen as a light gray convex objects. Regions of the
intensity enhancement are indicated by >1; regions of the intensity
suppression are indicated by <1. Calculation was performed by Dr.
C. Hrelescu

Therefore it can be seen that FRET is influenced in the presence of AuNPs
and that AuNP dimers have higher potential for FRET enhancement than AuNP
monomers. In practice, the precise positioning of the FRET pair in AuNP dimer
is necessary to make full use of the superior performance of AuNP dimers. Since
the full control over the position is not feasible yet, the experimental data show

only slightly higher performance of AuNP dimers.
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6 Conclusions and outlook

The aim of this thesis is to manipulate interactions between molecules by plas-
monic properties of AuNPs situated in their vicinity. The focus is on the particu-
lar configuration of the system where interacting molecules are confined between
two spherical AuNPs forming a dimer. Two types of intermolecular processes
are investigated - the formation of DNA double strands and the energy transfer
between fluorescent molecules. In both cases, it is shown that the interactions
between molecules can be actively tuned using plasmonic properties of AuNPs
attached to them.

In the first part of this thesis, formation of DNA double strands in the vicin-
ity of AuNPs is manipulated. Hybridization of DNA single strands is actively
tuned by plasmonic nanoparticles in the optical trap for the first time. Using
laser light, single AuNPs decorated with poly thymine DNA strands are brought
close to single AuNPs decorated with poly adenine strands and their interaction
is monitored. When situated near each other, the AuNPs bind due to the hy-
bridization of complementary DNA strands on their surfaces. We show that the
detection of this binding can be done by registering the change of the plasmonic
properties of AuNP dimers in the bound versus the unbound state. Namely, at
small interparticle distances, the redshift of the scattering peak of the bound
AuNP pair is observed by the naked eye.

Based on this detection method we measure the hybridization times for single
AuNP dimers in the OT. By increasing the power of the trapping laser from 121
to 170 mW, we tune the median binding time from 0.93 to 26.2 seconds, i.e., an
increase by more than an order of magnitude is achieved. The observed increase
in the binding time at higher laser powers is explained with the semi-quantitative
model where the calculated temperatures near AuNPs due to the plasmonic heat-

ing are compared to the calculated temperatures required for the DNA double
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strand dissociation. Since AuNP dimer is connected via poly adenine and poly
thymine chains, different connecting in different configurations and sliding along
the connection is possible. By increasing the temperature near AuNPs via plas-
monic heating, the system is brought closer to the dissociation temperature and
the formation of loosely bound dimers is suppressed. Therefore more time is
needed to establish the stable connection.

To prove that the observed binding between AuNPs is taking place due to the
chemical affinity of the complementary DNA strands on nanoparticle’s surface,
several series of control experiments are conducted. These control experiments
confirm that at the conditions used to measure the hybridization times, unspecific
binding between AuNPs can be neglected and binding should be attributed indeed
to the chemical affinity between complementary AuNPs.

In the AuNP/DNA system described above, AuNPs are decorated with poly
adenine and poly thymine chains. One future development of the system would
be to consider DNA strands of specific sequence or to use the sequences which
are only partly complementary. This would exclude the possibility of sliding and
make only one binding configuration possible. The studies of binding kinetics
in such systems on the single-dimer level in the OT might give insights into the
exact mechanism of connection between two DNA strands.

Moreover, DNA-bound AuNPs in the optical trap could be used in field-
enhanced spectroscopy. Interparticle regions provide high field enhancemnts
[159], but unfunctionalized AuNPs in the optical trap can not build a stable
dimer since AuNPs might uncontrollably approach each other [144]. Dense DNA
coverage prevents AuNPs from mechanical interaction. Stable DNA-connected
AuNP dimer in the OT would represent a mobile region of field enhacement for
scanning the solution volume. Alternatively an analyte molecule could be fixed
in the interparticle region via chemical attachement to DNA strands.

Manipulating biomolecular binding events with plasmonic nanoparticles could
also find potential application in lab-on-a-chip devices, where macroscopic control
of chemical reactions inside the microfluidic channels is difficult due to laminar
flow. Plasmonic nanoparticles which could be moved between parallel flows by
means of optical trap would serve as optically-driven mobile reaction actuators

and increase the functionality of lab-on-a-chip systems.
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In the second part of this thesis, FRET between fluorescent molecules in the
vicinity of AuNPs is studied. For this, AuNP monomers and dimers decorated
with fluorescent dyes taking part in FRET are prepared. The optical properties
and morphology of monomers and dimers with the FRET pair are characterized
on the single-particle level. It is shown that the region of the plasmon resonance
of AuNP dimers has larger overlap with the FRET spectral region compared to
AuNP monomers. Therefore higher influence on FRET is expected for dimers
as compared to AuNP monomers. Steady-state fluorescence measurements con-
firm FRET between fluorescent dyes near nanoparticles but do not reveal any
difference between FRET in the absence or in the presence of AuNPs.

Deeper insight into the FRET near AuNP monomers and dimers is obtained
with time-resolved fluorescence measurements. The fluorescnence decay times of
the energy donor and energy acceptor deduced from these measurements are used
to calculate FRET rates and efficiencies in different configurations. It is observed
that FRET efficiencies near AuNPs stay as high as those observed for the free
FRET pair. At the same time, FRET rates are considerably influenced by the
presence of AuNPs. While for the free FRET pair the FRET rate is 2.5 s71,
the FRET pair near monomer and dimer show the FRET rates of 8 s~! and 10
s~1, respectively. Therefore, the acceleration of FRET in AuNP dimer is slightly
higher as compared to AuNP monomer.

Calculations of field enhancement distribution in the center of AuNP dimers
qualitatively support the experimental findings. According to these calculations,
there is a distribution of regions of field enhancement and suppression in the
interparticle region. Although the total area of enhancement regions is larger,
control of the precise positioning of donor and acceptor molecules is necessary to
fully explore the potential of AuNP dimers for FRET enhancement.

Plasmonic acceleration of FRET process could be used to improve the perfor-
mance of FRET-based dye-sesnsitized solar cells as well as the performance of
spectroscopic and microscopic techniques based on FRET process. Since faster
FRET decreases the time which donor molecules spend in the excited state, the

photostability of these molecules is increased.
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