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Abstract

Plasmonic nanoparticles are great candidates for sensing applications with op-
tical read-out. Plasmon sensing is based on the interaction of the nanoparticle
with electromagnetic waves where the particle scatters light at its resonance wave-
length. This wavelength depends on several intrinsic factors like material, shape
and size of the nanoparticle as well as extrinsic factors like the refractive index
of the surrounding medium. The latter allows the nanoparticle to be used as a
sensor; changes in the proximate environment can be directly monitored by the
wavelength of the emitted light. Due to their minuscule size and high sensitivity
this allows individual nanoparticles to report on changes in particle coverage.

To use this single particle plasmon sensor for future sensing applications it has
to meet the demand for detection of incidents on the single molecule level, such
as single molecule sensing or even the detection of conformational changes of a
single molecule. Therefore, time resolution and sensitivity have to be enhanced as
today’s measurement methods for signal read-out are too slow and not sensitive
enough to resolve these processes. This thesis presents a new experimental setup,
the "Plasmon Fluctuation Setup’, that leads to tremendous improvements in time
resolution and sensitivity. This is achieved by implementation of a stronger light
source and a more sensitive detector. The new setup has a time resolution in
the microsecond regime, an advancement of 4-6 orders of magnitude to previous
setups. Its resonance wavelength stability of 0.03 nm, measured with an exposure
time of 10 ms, is an improvement of a factor of 20 even though the exposure time
is 3000 times shorter than in previous reports. Thus, previously unresolvable
wavelength changes of the plasmon sensor induced by minor local environmental
alteration can be monitored with extremely high temporal resolution.

Using the 'Plasmon Fluctuation Setup’, I can resolve adsorption events of single
unlabeled proteins on an individual nanorod. Additionally, I monitored the dy-
namic evolution of a single protein binding event on a millisecond time scale. This
feasibility is of high interest as the role of certain domains in the protein can be
probed by a study of modified analytes without the need for labels possibly intro-
ducing conformational or characteristic changes to the target. The technique also
resolves equilibrium fluctuations in the coverage, opening a window into observing
Brownian dynamics of unlabeled macromolecules.

A further topic addressed in this thesis is the usability of the nanoruler, two
nanospheres connected with a spacer molecule, as a stiffness sensor for the inter-
particle linker under strong illumination. Here, I discover a light induced collapse
of the nanoruler. Furthermore, I exploit the sensing volume of a fixed nanorod
to study unlabeled analytes diffusing around the nanorod at concentrations that
are too high for fluorescence correlation spectroscopy but realistic for biological
systems. Additionally, local pH sensing with nanoparticles is achieved.
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1 INTRODUCTION

1 Introduction

Nanotechnology is a relatively young topic for research but has become more and
more important over the last decades. Investigation of the number of publica-
tions in the Web of Knowledge with 'nanoparticle’ as the buzzword reveals an
exponential increase since the 1970s. The word 'nano’ goes back to either the
Greek word 'nannos’ or to the Latin word 'nanus’. The translation in both cases
is ’dwarf’. In physics, it is therefore used as a prefix to abbreviate values in the
order of 107%. Due to the dramatic increase in surface to volume ratio, nanoparti-
cles can exhibit characteristics totally uncommon for particles of much larger size
but of the same material. Examples are higher catalytic efficiencies or higher sta-
bility. In a number of commercially available products nanoparticles can already
be found. To name only a few of them: In textiles, nanoparticles provide water
resistance without significantly reducing breathability and surfaces are designed
with nanoparticles to be self-cleaning. Also optical characteristic of nanoparticles
are exploited: Sunscreens and cosmetics use titanium dioxide nanoparticles as
physical sun blockers as they absorb UV light.

Metal nanoparticles provide strong optical response caused by the light excited
quasi-particle - the plasmon. An incoming electromagnetic light wave induces an
oscillation of the conduction electrons. If the frequency of the illuminating light
matches the eigenfrequency of the electrons, efficient scattering and absorption
can be observed.

Romans used metal nanoparticles to color glasses in the 4" century AD even
though the origin of the color was not understood then. A nice example is the
Lycurgus cup exhibited in the British Museum. Many church windows from the
Middle Ages also owe their colors to silver and gold colloids suspended within the
glass. One famous example is Sainte Chapelle in Paris [1]. However, it was not
until 1857 that Michael Faraday published his pioneering work on the coloring
characteristics of colloidal gold. Half a century later (1908) Gustav Mie derived
the theory for the particle-light interaction by solving the Maxwell equations for
spherical objects. For metal nanoparticles this is important as it quantifies the
color observed. In 1912, Richard Gans extended this description to spheroidal
shapes. Nowadays, the interaction of light even with complex particle shapes can
be solved numerically.

These days, interest in plasmonic nanoparticles has grown tremendously. One
major area is sensing, e.g. surface enhanced Raman scattering (SERS) due to
strong enhancement at interparticle gaps called hot spots or nanolenses [2]. The
use of plasmonics also increases in applied physics like wave guiding technology or
the integration of nanoscale components in electronics and optics [3]. The grow-
ing demand for data storage could also be met by optical recording mediated by
surface plasmons in gold nanorods [4]. Even the fairy tale item ’cloak of invisibil-
ity’ could become reality by developments in negative refractive index materials
[5, 6, 7]. Light-driven nanoscale plasmonic motors have recently been achieved
as a step towards nano-machines [8, 9]. Less fiction-like and beneficial to health



care are plasmon sensors that test for pregnancy, prostate cancer, heart attacks,
or HIV [1]. Here, improvements on the utility for everyday life are an important
future task. The requirements are multifaceted, ranging from inexpensiveness,
to rapid and accurate read-out to easy handling by inexperienced users. Cur-
rent, research pursues not only sensing but also the potential to include plasmonic
particles for cancer treatment. For this, the photo thermal effect in addition to

selective binding driven by surface functionalization to malicious cells are aspects
[10].

Most plasmon sensors on the market only exploit the presence or absence of
nanoparticles and do not yet take advantage of the particle sensitivity to changes
in its environment monitored by a resonance wavelength shift. Researchers in-
vestigated this possibility in the last decade with the finding that this shift can
either be read out from a nanoparticle dispersion or even better from a single
particle measurement. Latter one does not suffer from sample polydispersity and
senses on the attoliter scale. Therefore it is the method of choice for measure-
ments of individual molecules. So far, this single particle plasmon sensor was used
besides others to study molecule coverage of the whole sensor. Time resolution
and spectral sensitivity of setups at the beginning of my thesis were too slow and
little sensitive to detect a single adsorbing molecule or even its conformational
change. Therefore, I maximized the temporal and spectral resolution with which
plasmonic spectra can be acquired.

In most common systems to detect a spectrum of a single plasmonic nanoparti-
cle, the major restricting component is the weak light source, typically a halogen
lamp. Additionally, condensors are needed to focus a maximum amount of light
under a steep angle onto the sample to achieve dark field illumination. Due to
the geometry of the condensor the illuminated area is larger than needed and
photons are wasted. In contrast, a white light laser provides a collimated beam
of light with a high density of photons. With this device, 'dark field’-like illumi-
nation of the sample can be achieved easily. The beam is coupled into a prism
to obtain total internal reflection at the surface where the sample is deposited.
The second major improvement for achieving high time resolution is an electron
multiplied charge coupled device (EMCCD) with enhanced sensitivity due to elec-
tron multiplication during read-out. If used in combination with the previously
mentioned halogen lamps, the time resolution of full spectra can be decreased to
approximately 100 ms, while still obtaining reasonably low spectral noise. How-
ever, combining the EMCCD with the white light laser, a drastic improvement
into the microsecond regime can be achieved.

Following plasmonic spectra with this improved spectral and temporal resolution
allows me to use plasmonic nanoparticles as sensors for environmental changes
on small time scales, e.g. single unlabeled protein binding events. This ultimate
sensitivity has not been reached so far. However, as it will be possible to re-
solve adsorption processes, conformational changes of proteins and the influence
of a slightly altered amino acid sequence of the respective protein, the findings
presented here might even affect research of other fields, namely biology. Addition-



1 INTRODUCTION

ally, the setup allows me to uncover fluctuations in the coverage of the plasmonic
sensor, information generally hidden from larger sensors but very useful for study-
ing binding dynamics in equilibrium and non-equilibrium conditions. Thus, not
only is the sensor miniaturized but the new principle of fluctuation sensing is
introduced to plasmonic sensing.

Before T describe the new setup in detail, Chapter 2 presents the principle theory
of plasmons and their optical properties. I start with introducing the theory of
Drude and Sommerfeld, a relatively simple model for the motion of electrons in
a metal, predicting most features of all metals qualitatively and quantitatively
correct. Then I present the concept of plasmon sensing, fundamental for the
work of this thesis. Insight into further important features of plasmonic particles,
plasmon coupling and nanoparticle heating, are also given. These two effects play
a major role for particles in close proximity, a situation I investigated. To have
a good understanding of the nanoparticle illumination, I describe the evanescent
wave created by total internal reflection, the type of illumination used in the
experiments. The chapter concludes with an introduction to optical forces on
particles, important for nanoparticles exposed to strong electromagnetic fields.

Prior to more advanced studies with high time resolution, I investigated the re-
sponse of particles to an environment change of the entire surrounding. Chapter 3
shows how single nanoparticles can be used for local pH-sensing. The nanoparticle
pH-sensor has the advantage over dyes commonly used for this purpose to provide
a long term stable signal as they neither blink nor bleach. I present the accom-
plishment of the necessary functionalization with a pH responsive polymer and
show data verifying the respective response. As each of these pH-sensors reacts
only to the volume directly surrounding it, the possibility to map pH-distributions
e.g. within a single cell is given. Even though this is an interesting study the lim-
itation in sensitivity and time resolution manifested motivated me to construct a
setup with improved time resolution and sensitivity features.

The Plasmon Fluctuation Setup combines the advantages of a much stronger light
source and a more sensitive detector (Chapter 4). With this an improvement
in temporal resolution of 4-6 magnitudes compared to earlier setups is realized.
Furthermore, its performance concerning spectral resolution as well as stability
is enhanced as I also show in this chapter. With this setup I investigated three
systems: single nanorods as molecular sensor, dimers as plasmon ruler, and single
nanorods as sensors for diffusers.

Chapter 5 shows the detection of individual unlabeled proteins. Such an enhanced
sensitivity allows to investigate the molecule binding without the need for labels
which possibly alter the conformation or characteristic behavior of the analyte. I
include additional experiments confirming the hypothesis of having single molecule
events. Furthermore, I provide a proof of principle experiment that analyzes for
fluctuations as a new and powerful tool to investigate binding kinetics. Such
equilibrium fluctuations can only be observed for sensors limited in their reactive



surface to a few tenth of molecules as the fluctuation is otherwise hidden by the
number of parallel events.

The usability of the nanoruler recently introduced for nanoscale distance and ori-
entation sensing applications is investigated in Chapter 6. Here, assemblies of two
spherical nanoparticles connected by a spacer molecule, called dimer or nanoruler,
are studied under intense illumination. I found out that this strong illumination
with visible light induces the particles to approach each other, eventually resulting
in complete collapse of the space between them. Therefore, their convenience for
distance sensing application in improved setups is questionable but they might
serve other demands like nanoshutters or positioners.

In addition to the study on dimers under strong illumination, I approached the
possibility of using these dimers to determine the stiffness of the spacer molecule
by investigation of distance fluctuations. This study can be found in Chapter 7
where I provide a number of experiments to learn about this method. Astonish-
ingly, a mysterious slow distance fluctuation was discovered which could not be
significantly influenced due to environment changes and was not matching the
value predicted by theory.

Plasmon correlation spectroscopy, a method related to fluorescence correlation
spectroscopy, is explained in Chapter 8. Here, the sensing volume of a plasmonic
nanoparticle is used to sense unlabeled diffusers. The advantage of plasmon cor-
relation spectroscopy over common methods is the increase in accessible concen-
trations to values as found in biological systems. Despite profound theoretical
investigations finding reasonable sensor dimensions this study was not yet com-
pleted to experimental difficulties.

Finally, the thesis is summarized in Chapter 9 followed by a short Appendix
including information about particle synthesis (A) and functionalization (B). Also
technical devices and mathematical concepts used in this thesis are described (C).
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2 Plasmons in a Nutshell

Noble metal nanoparticles show bright colors under illumination. This optical
phenomenon is owed to the combination of two major factors: the free electron
cloud present in metallic materials and particle sizes smaller than the penetration
depth of light. The generated, so-called, particle or localized surface plasmon can
be investigated in suspensions as well as at single particle level. Throughout this
work I will refer to localized surface plasmons simply as 'plasmons’.

In the following chapter I give a brief summary of the theory of plasmons relevant
to this thesis. First, in Section 2.1 I introduce the features of extinction and scat-
tering spectra for the two cases of ensemble and single particle measurement as the
understanding of these spectra is essential. To get a picture of the plasmon process
a theoretical explanation is then given, using the theory of Drude and Sommerfeld.
Several models used in this thesis to mathematically predict plasmonic spectra
are also presented. Therefore, I introduce the quasi-static approximation model
(QSA) followed by extending the computational models to arbitrary shaped par-
ticles. Thus, the boundary element method (BEM) is presented for more complex
implementations. As plasmonic nanoparticle spectra are influenced by the parti-
cle’s environment they can be exploited for sensing applications. This principle,
central to the work I present in this thesis, is briefly introduced in Section 2.2.
Another interesting attribute of plasmonic nanoparticles is their strong plasmonic
interaction if placed in close proximity. The importance and characteristics of such
optically coupled nanoparticles is discussed in Section 2.3. As this work is carried
out under high illumination powers, the aspect of heating has to be considered.
Information on nanoparticle heating due to absorption of illumination light can
be found in Section 2.4. Also related to the special illumination is the occurrence
of an evanescent wave created via total internal reflection at the sample interface.
The necessary theoretical background is given in Section 2.5. Finally, information
about optical forces can be found in Section 2.6. This is provided as optical forces
are assumed as one mechanism for an effect later discussed within this work.

As the entire field of plasmonics is broad and can only be briefly introduced here,
I would like to refer the interested reader additionally to very good reviews on the
field of plasmonics that have been published recently [11, 12, 13].

2.1 Plasmon spectra

Looking at a nanoparticle suspension by eye under different illumination angles
reveals a characteristic color change. This effect is due to two different types of
light-particle interactions: absorption and scattering. In front of a dark back-
ground only the scattered light is visible. In front of a bright background ex-
tinction becomes visible (see Figure 2.1a and b). Extinction appears when light

! There are also surface plasmon polaritons which are electromagnetic waves propagating at
an extended 2D interface between a plasmonic metal and a dielectric [1].
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Figure 2.1: a) Photograph of the same solution of nanoparticles in front of a dark and a
bright background. In front of a dark background only the scattered component can be
observed, whereas in front of a bright background the color arises from the absence of the
scattered in the transmitted light. b) Sketch of the different processes and the occurring
colors. c) The curves show the extinction spectra of a 60 nm Au sphere (green) and a 20 nm
x 50nm Au rod (red). For the sphere only one resonance peak is present. For the rod there
are two peaks presenting the short and the long axis. The inset shows a variation of possible
colors arising from samples of different shape, size and material.

transmitting a sample is not only altered due to absorption but the sample also
scatters part of the light away from the incident direction of the beam. In gen-
eral, spectra can be acquired from single particles or ensembles. First, a glance
at typical single particle extinction curves: in Figure 2.1c the spectra of a gold
sphere and a gold rod are shown, respectively. The run of these spectra shows
peaks for which I first want to introduce two definitions: The wavelength of the
maximum of a peak is called resonance wavelength, A\..s. The width of a peak is
characterized by the full width at half maximum, FWHM. For a sphere only one
distinct resonance peak is present. In the case of a rod, two peaks appear, one
at longer wavelengths and one at about the sphere resonance wavelength. These
peaks belong to the long and the short axis of the particle, respectively. What is
remarkable is that the resonance position of the longitudinal peak is dependent
on the aspect ratio of the particle. Furthermore, we get from the single particle
spectrum insight into the damping of the system as it is directly connected to the
FWHM of the corresponding peak.
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However, acquiring such a single particle extinction curve is difficult due to the
strong background. Thus, more commonly the ensemble spectrum is measured.
Therefore, a particle suspension is analyzed by measuring the transmitted light.
In this case the detected light is manipulated by all particles present in solution,
resulting in a different meaning of the FWHM. Here, resonance peaks from all
particles present will superimpose, leading to a broadening of the curve as the
particles are not monodisperse, but slightly differ in size and shape.

The investigation of the plasmon at a single particle level can be accomplished
via the single particle scattering spectrum. In a microscope, such a scattering
spectrum can be obtained by illuminating the particle either with dark field or
total internal reflection illumination. In both cases, no direct illumination light
will be gathered by the microscope objective. The sample picture consists there-
fore only of bright diffraction limited spots on a dark background (see Figure 4.6).
A nice analogy is the presence of stars during the day, but only being visible in
the absence of the strong background of our sun, namely at night. This kind of
spectrum is the spectrum mainly acquired in this thesis.

After giving some general information about plasmonic spectra and the methods
to measure them, I discuss the theoretical background of plasmons in the next
paragraph.

2.1.1 Drude-Sommerfeld model

A number of physical properties of metals can be well explained qualitatively and
quantitatively by the model of the free electron gas. Drude was the first one
who transferred the kinetic gas theory to metals, assuming electrons to be point
like and non-interacting, except for direct collisions with total loss of directional
information. A quarter decade later, after the introduction of quantum mechanics,
Sommerfeld applied the Pauli exclusion principle to the speed distribution of
electrons [14].

Interaction of an oscillating external force, an electromagnetic wave, with this free
electron gas will lead to oscillation of the electron cloud with respect to the fixed
positive nucleus of the atoms. The resulting movement of the electrons can be
treated as a damped harmonic oscillator. Using these assumptions and solving
the dynamic equation will give the dielectric function:

w2

e(w) = 1_w(Tpi%) (2.1)

The plasma frequency is denoted w, = 4/ egfj with n as density of free electrons

and m* as their effective mass?. Fitting Equation 2.1 to values obtained from
bulk experiments measured on nanometer thick layers by Johnson and Christy
[15] introduces the parameter e, [16].

2The band structure of the electron orbitals is the origin of the effective mass. The effective
mass can take different values depending on the position of the electron within the band.
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w2 W2 w2
. P ~e o po 0%
€(w) = € ot i70) €co 5 i 3

(2.2)

The approximation on the right hand side of Equation 2.2 is valid for w > 7
which holds down to near-infrared frequencies for materials used here.

This frequency dependent dielectric function e(w) = €’ 4 i€” describes most of the
optical properties exhibited by plasmonic particles of the material rather than
the complex index of refraction n = n + ik (for conversion € = n?, ¢ = n? — k?
and €’ = 2nk) [17]. Side remark: Additional factors which influence the exact
resonance position of a particle are the atomic surface roughness, the end-cap ge-
ometry and the amount of particle charging [18, 19, 20, 21]. The real part of € gives
insight into the amount of polarization of the material whereas the imaginary part
holds information about the dissipated energy. Kramers-Kronig relation describes
the conversion of the real and imaginary part into each other [22]. The quantita-
tive relation between dielectric function and scattered or absorbed spectrum for
particles much smaller than the wavelength of the incident light is discussed in
Section 2.1.2. Prior to this, I give a brief overview on the damping mechanism
relevant for electrons moving in metal nanoparticles.

Damping mechanism

The theoretical results stated above, show good agreement for particles bigger
than 10nm. In the case of smaller particles the dielectric function differs from the
values of the bulk material and starts to be size dependent. The explanation is the
mean free path?® of an electron exceeding the particle dimension itself, leading to a
surface-scattering effect which is inversely proportional to the particle’s dimension
[23].

If the photon frequency enters the material dependent regime of interband tran-
sitions, discrepancies to Equation 2.2 appear. In this regime, € is influenced by
optically excited transitions of electrons from the d-band into the conduction
band. This takes place at an energy of ~1.7eV (~730nm) for gold and ~2.4eV
(~517nm) for silver [24]. Thus, measured and predicted imaginary parts of the
dielectric function show discrepancies for shorter wavelengths.

Furthermore, the electron oscillation can be disturbed due to scattering events
of electrons with e.g. impurities or phonons that lead to a dephasing. For more
detailed information on damping mechanisms in general I can refer the reader to
Hu et al. [25].

3This mean free path is related to the relaxation constant (also called bulk damping constant)
7o in Equation 2.2.
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embedding medium

light

collective oscillation of the
conduction electrons

Figure 2.2: A noble metal nanoparticle penetrated by an electromagnetic field. As the
particle’s dimensions are much smaller than the wavelength of the light it can be assumed
that every point within the particle feels the same phase. This is the assumption of the
quasi-static approximation.

2.1.2 Quasi-static approximation

In the quasi-static approximation (QSA) particle sizes much smaller than the
wavelength of the illuminating light (r << \) are considered. Each point of the
particle feels the same phase of the light wave (see Figure 2.2) and electrostatic
calculations can be carried out using the boundary conditions of a spheroidal par-
ticle surface [23]. No excitation due to the magnetic field occurs within QSA. The
scattering and absorption cross sections calculate as follows:

k4 k 1
C(scat D) ’ o ‘27 Cabs = —Im(a), Iscat, abs — O(M)

—Csca abs 2.3
6rel €0 A b ab (2:3)

Cécat, abs: Scattering / absorption cross section

k = 2m,/€m/\: wave vector

eém: dielectric constant of the embedding medium®
A: wavelength of the light in vacuum

€p = 8.854 - 10_12\'/“—;: vacuum permittivity

a: polarizability of the particle

Iy(w)/A: light intensity per area

*Within this thesis the dielectric function of glass and water is approximated to a constant
value.
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Interestingly, also Rayleigh’s law Csear o< 1/A* can be found in Equation 2.3 if we
assume only a weak wavelength dependence of a.

The polarizability o« can be deduced from the electric displacement field
D = ¢y F + P with the electric field E and the polarization density P = NaE|oca|
(N number of dipoles per volume; N = 1/V in the case of a single particle). Here,
the local electric field Elocal seen by an atom is the sum of the externaldﬁeld Eext
and the electrical field Ey caused by neighboring atoms. With Ey = £ it leads

" 3eo
to:
€p — €m i : .
a =3¢V —F— (Clausius Mossotti relation) (2.4)
€p + 2€m
ep: dielectric function of the metal nanoparticle
em: dielectric constant of the surrounding medium at optical frequencies
From Equation 2.4 the presence of a pole at
€p = —2€m (2.5)

can be seen. This condition can be fulfilled by noble metals and is the source of
the existence of a resonance position. Noticeably, the direct influence of the em-
bedding medium on the resonance position makes plasmonic nanoparticles perfect
candidates for environmental sensors.

QSA for spheroids

As particles under investigation are often of spheroidal shape, it is necessary to
extend the polarizability, «, to be able to calculate the plasmon spectra of these
particles, too. In 1912, the first analysis of a plasmon spectrum for an ellipsoid was
made by Richard Gans. For ellipsoids of sizes much smaller than the wavelength
of the illuminating light he predicted the split of the plasmon resonance into two
peaks. He analytically calculated the polarizability of an ellipsoid as a function
of particle dependence to be [26]:

Oy y z = Viep — em) , V =dmwabe/3 (2.6)
€m T Ly y, 2(€p — €m)

Here Ly y , is a geometry factor for the respective axis given by:

1—¢2 1 1 1— Ly b
Y, L, = C =1 (Y (2.7)

Ly
2¢ 1—e¢

(&

10
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The described ellipsoid has the diameters a, b, and ¢ with a > b = ¢. In the
case of a sphere, the eccentricity, e, is zero and the geometry factor, L, is 1/3.

Similarly, for a ellipsoid with the dimensions a = b > ¢ a geometry factor can be
defined.

QSA for functionalized particles

Very often, nanoparticles are surrounded by a material with a different refractive
index. In this work this is introduced by functionalization of the nanoparticles
with a biomolecule or simple adsorption. To accurately simulate this situation a
slight variation of the polarizability has to be considered. Liu and Guyot-Sionnest
approximated the polarizability of spheroids with a shell under the conditions
ap s > bp s = Cp, s t0 be [27]:

{(es — em)les + (6 — ) (L — FL)] + feslep — &)}

i =V,
O M e T (e — ) (L — FLO)lem + (60 — em) L] + L es(ep — )

(2.8)

Van = 4magbscs /3: volume of the coated particle

f = apbpcp/asbscs: volume fraction of metal particle from covered particle
ep: dielectric function of the core nanoparticle

es: dielectric function of the shell medium

€m: dielectric constant of the surrounding medium

i=1,23

_e2 _
Lgk% =(1- Lék))/l Lgk) = 165“ (-1+ ﬁ In }J_FZ:) geometrical factors

9 & ] ..
e =1-— o (k=p, s): eccentricity

In the case of a biomolecular shell the dielectric function e simplifies to
€s = n? = 2.25 which is in first approximation true for all biomolecules [28].
More accurate estimations, for the case when single molecules adsorb, can only be
carried out with numerical methods. In this thesis the boundary element method
(see Section 2.1.3) is used.

Limits of QSA

As already mentioned in Section 2.1.1 there are limits for particle sizes smaller
than the mean free path of the electrons in bulk material. For very small particles
quantum mechanical effects have to be considered as the number of electrons is
limited.

If the nanoparticle dimension exceeds the regime valid for QSA, meaning not
all spots of the particle feel the same phase anymore, Equation 2.3 no longer
holds true. For these large particles the plasmon spectra have to include higher
multipole terms. Furthermore, for large particles the penetration depth of light
has to be taken into account.

11



2.2 Plasmon sensors

2.1.3 Numerical methods for arbitrary shaped nanoparticles

With the equations introduced so far the response of spherical or spheroidal par-
ticles to an incident electromagnetic field can be calculated with high accuracy
within the given restriction of size. To gain information about the spectra of plas-
monic nanoparticles in the presence of an additional close by particle or molecule
numerical solutions have to be considered. First, I want to give a short overview
over the major methods and then describe briefly the boundary element method
(BEM) as simulations for complex systems in this thesis are based on this method.

To this date, several different methods have been suggested to calculate the plas-
mon spectra of nanoparticles within more complex configurations in the incidence
of illumination. Purcell and Pennypacker [29] introduced the discrete dipole
approximation (DDA) in 1973 to calculate light interaction with dust parti-
cles in space. As the name suggests, this method divides the arbitrary shaped
nanoparticle into N polarizable elements to approximate cross-sections of extinc-
tion, absorption, and scattering. For each element the Clausius-Mossotti relation
(Equation 2.4) with the corresponding volume V is considered and the differential
equations, describing the interaction of a dipole with the others and the external
field, are solved [30].

In the last decade further approaches like the finite difference in the time do-
main method (FDTD), based on the propagation of the electromagnetic field
defined on a spatial grid through consecutive time steps, became popular [31].

Boundary element method (BEM)

The numerical approach applied within this thesis is the boundary element method
(BEM). Within BEM the particle surface gets discretized into small triangles for
which appropriate boundary conditions are imposed by the continuity condition
of the parallel components of the electric and magnetic fields. The system of
surface-integral equations obtained in this manner is transformed into a set of
linear equations and then solved with established mathematical methods.
The BEM software used in this work was written by [32] and
from the University of Graz (Austria). The present version
(MNPBEM-Version 11) allows calculating particles of manifold shapes. Further-
more, implementations for coated particles, coupled particles, coupled particles
of different materials and particles on a surface are possible. All this is kindly
provided to our group in a Matlab-toolbox.

2.2 Plasmon sensors
It is well known that noble metal nanoparticles are good sensors for refractive
index changes in their direct environment [33]. This can be understood by imag-

ining the electromagnetic field lines penetrating the outer medium (see Figure

12



2 PLASMONS IN A NUTSHELL

2.2). Mathematically this can be derived from the dependence of the resonance
position on €, (Equation 2.5). Keeping all other parameters constant besides the
environment, allows the use of the resonance position as indicator for changes in
the local environment. These changes can either be a solvent exchange |34], or,
more interestingly, the binding of small particles or molecules to our sensor [35].
In the case of dense layer coverage this leads to the relation [36]:

AdXmax = SxAnags[1 — exp(—2d/1y)] (2.9)

Here, S is the bulk refractive-index sensitivity of the nanoparticle, An,qgs is the
change in refractive index induced by the adsorbate, the size of the adsorbate is
incorporated by d, whereas [; is the sensing distance of the nanoparticle®. An
increase in the refractive index of the surrounding medium is therefore reflected
in a red shift of the resonance wavelength.

Optimized choice of the Sensor

To achieve the maximum wavelength
shift, especially necessary if the vol- Material: Au: width: 20 nm

ume of adsorbing analyte is small, the 800 _ ]
. . . £ S, =AM/ An

sensing particle has to be optimized £ 750 ki

in shape, size and material. To im- gmo o

prove the sensitivity, S, defined as % o @Rz,

wavelength change per refractive in- §650

dex change, A\/An, the particle shape 8 600 ]

can be optimized. A spherical parti- g '/

cle has a much weaker sensitivity than é 550 7k¥7k,7////”//w

a rod shaped particle. Furthermore, 500 —
12 13 14 15 16 17

rods with a high aspect ratio outper-
form low aspect ratio rods. Mathemat-
ically this can be seen from Equations Figure 2.3: QSA simulation for gold particles in
2.3, 2.6 and 2.7. Nanoparticles with different retfract.ive indices. The width simulated
sharp tips further improve the sensitiv- for all particles is 20 nm.

ity due to the generation of hot spots

[38]. Nevertheless, in this case the very limited adsorption area in the hot spot
is disadvantageous. Of course also rod shaped particles show a field enhancement
and the connected sensitivity dependence from the attachment position on the
rod (see Table 5.1 and Figure 5.8). However, in the case of rods this effect is still
acceptable. Thus, normally the selected shape for this thesis is a rod.
Additionally, a metal with a strong wavelength dependence of the real part of the

Refractive index

5The factor two in the exponential appears due to normalization reasons. For further details
see [37].
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2.3 Coupled nanoparticles

dielectric function would be advantageous. Limitations of the Plasmon Fluctu-
ation Setup (see Chapter 4) cut the possible resonance wavelength down to be
between 500nm and 700nm. This rules all metals out except gold, silver® and
potassium which have a comparable €(\) dependence [39]. Potassium is not fur-
ther taken into account as its reactivity makes it too dangerous. The chemical
stability of gold is much better compared to silver. Thus, even though the imagi-
nary part of silver is smaller, and therefore the plasmon peak is sharper, the metal
of choice in this thesis is gold.

Specific biorecognition

To achieve a specific binding of the analyte onto the sensor a matching receptor
has to be introduced. Coating the nanoparticle initially with this receptor will
trade off the specificity with a decrease in sensitivity as the most sensitive region
is directly around the particle (Equation 2.9) [40]. It must also be noted that a
high surface binding efficiency as well as a large mass density of the biomolecule
are requirements for inducing a large resonance shift [37].

2.3 Coupled nanoparticles

In the last few years, the field of nanoscience has also evolved into investigation
of well defined nanostructures made out of a small number of nanoparticles. This
interest is due to the change in resonance frequency when the nanoparticles are
brought into proximity. At a first glance this is easy to understand as the em-
bedding media influences the resonance position as discussed in Section 2.1.2 and
2.2. In the case of two approaching nanoparticles the field lines overlap, leading
to a coupling of the plasmon.

In the case of nanoparticles in proximity to each other the electric field seen
by a single particle will be altered due to the near-field of the other particles.
Therefore, the electric field is the sum of the incident light field and the near-field
of surrounding particles: F = Ey + FE,. This leads to a change in resonance
frequency called plasmon coupling. Furthermore, the electric near-field in the
interparticle gap is strongly enhanced up to several magnitudes and a hot spot is
created [41].

Large aggregates

For the first time in 1996 Mirkin and coworkers used plasmon coupling for sensing
purposes [42]. DNA functionalized nanospheres were incubated with counter DNA
strands, leading to an hybridization induced assembly of the particles. As this

6Silver spheres have a resonance below the stated regime. Only differently shaped particles
like rods or triangles can be investigated with the Plasmon Fluctuation Setup.

14



2 PLASMONS IN A NUTSHELL

assembly is accompanied by a strong red shift of the resonance position, this
constitutes a sequence-specific sensor for trace amounts of DNA strands. In the
presence of higher amounts of DNA, nanoparticles form huge clusters, settling on
the bottom of the vial and the solution turns colorless. Since then, even more
universal sensing methods were developed using conjugation polymers and single
stranded DNA to inhibit or trigger the aggregation of gold nanoparticles in the
presence of a broad range of targets [43].

2.3.1 Dimers of spheres

The simplest system of coupled nanoparticles consists of

two identical spheres. Here, a polarization dependent split- transverse axis
ting of the resonance wavelength into two resonances oc- —
curs. The resonance position obtained with light polarized
parallel to the interparticle axis is strongly red shifted. The
smaller the gap between the particles the bigger the red
shift. In contrast we find a very weak blue shift compared
to the individual particle when illuminated with light po-
larized perpendicular to the interparticle axis (see Figure
2.4). Several models try to explain and predict the coupled
resonance wavelength qualitatively as well as quantitatively. £

[
L

n|distance

longitudinal axis

&
<

In 2003, scientists approached their experimental results Figure 2.4: Parameters
of the interparticle coupling with theoretical explanations: used for dimer descrip-
Rechberger et al. visualized the coupling effect of the in- tion

duced particle dipoles with springs [44]. Whereas the approximately exponential
shift decay with increasing particle spacing made Su et al. suggest a mechanism
already known from quantum mechanics, namely photon tunneling [45]. Despite
the nice picturing of the situation, no clear mathematical description of the de-
pendence of the shift on the separation distance is given in their publications.

Such a mathematical description can be found in two further models which I
will briefly present: The hybridization model and the excition-coupling model.
Both have in common that they describe the separation dependent coupling quite
well for larger separation distances. However, they are still lacking the case of
nearly touching particles. Further theories accounting this situation separately
are discussed later in this chapter.

Hybridization model [46, 47]

In the hybridization model the electrons of the conduction band are simulated
as an incompressible, charged liquid. The positively charged nucleus is uniformly
distributed inside the particles boundaries and fixed in space. In the absence of
an electromagnetic field the electron liquid, too, is homogeneously distributed in
the particle, thus no dipole moment is formed. If light falls onto the system, the
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side-by-side state end-to-end state
dark plasmon

. + + +9-€+ Figure 2.5: Hybridization model for
VY T sphere dimers. In the case of illu-
~ Ve ( + mination perpendicular to the inter-
- rm 20, particle axis the side-by-side state is
excited state realized, for parallel illumination the
- ' end-to-end state. Only the symmet-
LY ric modes are bright. The asymmet-
o + @+ ric modes are dark. The value for the
splitting energy U is larger for parallel

ground state illumination.

monomer dimer monomer

electron liquid is forced out of the equilibrium position and charge separation takes
place (see Figure 2.5). The dynamics of the plasmon oscillation can be modeled
with Coulomb interaction, keeping in mind the essential condition of the system
size being much smaller than the illumination wavelength.

This model gives a detailed understanding of the energies and the extinction cross
sections of dimers. However the model lacks the description of higher multipole
interactions which have to be considered if particles are in close proximity.

Exciton-coupling model [24]

In the exciton-coupling model the effects seen for nanoparticle coupling are related
to the very similar behavior of chromophore dimerization. Assuming that every
particle is a point like dipole leads to an interaction approximated by Coulomb’s
law:

E=FEy,+ f_u’ & = 3cos b cosBy — cos by (2.10)
deggd

E: electric field of a coupled particle

Ey: electric field of a single particle

&: orientation factor

w: dipole moment of the monomers

g: distance between the dipoles

f1: angle between dipole 1 and interdipole axis
02: angle between dipole 2 and interdipole axis
f12: angle between dipoles

with the interaction energy:

(2.11)
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Figure 2.6: Symmetric and antisymmet-

ric configurations of dipole arrangements

are shown. In the upper part of the figure T T
the particle dimer is illuminated with light

polarized perpendicular to the interparti-
cle symmetry axis. The coupled particle
has a blue shifted resonance. In the lower
part of the figure the illumination light is
polarized parallel to the interparticle axis. > > > 44—
Here, the resulting plasmon resonance is E
red shifted. As no light is emitted in the
antisymmetric modes they are called dark
plasmons.

T

blue shifted plasmon dark plasmon

m

red shifted plasmon dark plasmon

As the orientation of the dipoles is predetermined by the polarization of the in-
cident light, only symmetric or antisymmetric configurations are imaginable (see
Figure 2.6). However, the antisymmetric ones are not possible as the dipoles are
oriented oppositely and are of equal size. Thus, they are called 'dark plasmons™.
For illumination parallel to the interparticle axis we obtain the values £ = 2 and
U < 0. Negative interaction energy implies an attractive interaction leading to a
red shift of the resonance wavelength. For illumination perpendicular to the inter-
particle axis £ = —1 and U > 0. This implies a repulsive interaction and therefore
a blue shift. This shift is smaller than in the parallel case as the interaction energy

is twofold smaller.

In the hybridization model as well as the exciton-coupling model, experimentally
measured shifts can be qualitatively and quantitatively well explained if particle
separation is larger than approximately 0.2 times the particle diameter. The
exciton-coupling model has additionally the advantage to describe the coupling
of nanorods, whereas, the hybridization model cannot provide this information.
Furthermore, the author of the exciton-coupling model has been able to find a
universal scaling law which describes the dependence of the resonance shift on the
gap distance for differently sized nanoparticles. I present this universal scaling
law in the next paragraph.

2.3.2 Distance sensing with dimers

Several authors have shown an exponential distance dependence of the resonance
wavelength on interparticle gap distance [45, 49, 50|. In 2007, Jain et al. were
able to derive a universal scaling law covering differently sized nanoparticles. They

"Yang et al. managed to study dark plasmon modes within octahedral gold nanocrystal
dimers by using a TIR setup [48].
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2.3 Coupled nanoparticles

introduced a normalization of the wavelength shift with the resonance wavelength
of the individual particle, AX/)g, as well as a normalization of the gap distance
with the particle size, g/D. With this parametrization a consensus of the measured
data points for different particle sizes can be found.

AN, o
0

(2.12)

AM\: resonance shift compared to individual particle

Ap : resonance position of individual particle

g: gap distance

D: particle diameter

k: scaling factor for maximum plasmon shift; condition dependent

This universal scaling behavior of the distance decay of plasmon coupling in metal
nanoparticles is exponential. Keeping in mind that the near-field decay is inversely
proportional to the third power of the distance [46, 51| a nearly exponential decay
is a good approximation [50]. Furthermore, Jain et al. investigated systems with
different metal types, shapes and surrounding media by simulation and compared
published experimental data with the finding that Equation 2.12 is valid for all of
these cases |50]. The decay length, also refereed to as near-field coupling depth,
is always ~0.2 times the diameter [24|. The scaling factor k£ can vary slightly
depending on the surrounding medium and the type of metal. This is reasonable
as it predetermines the maximum coupling strength which is dependent on factors
like the surrounding medium or the metal type. As an example, electromagnetic
fields in silver are much more intense compared to gold where the interband damp-
ing already occurs. Furthermore, it needs to be mentioned that this scaling law is
only accounting for dipole interactions and is proven to be valid for gap distances
bigger than 0.1 D. The true distance dependence accounting for multipoles has to
be done numerically and should produce a steeper curve. Especially for nearly
touching particles, as discussed in the next paragraph, the multipole approach
has to be considered.

Nearly touching particles

For gap distances smaller than ~0.2 times the particle dimer the resonance posi-
tion is further in the red compared to the earlier presented universal scaling law
from Jain et al. [52]. This red shift is expected by including multipole interac-
tions in the scaling behavior of nanoparticles [46]. Additionally, further studies
of nanodimers near the conductive contact limit emphasizes the appearance of
supplementary peaks which are assigned to the hybridization of the main dipole
mode with a higher-order multipole mode [53, 54]. E.g. the rise of a quadrupole
resonance is assumed at gap distances approximately 0.06 times smaller than the
particle radius.

18
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The numerical handling of nearly touching dimers becomes a serious challenge
as the smallest size in a system determines the amount of calculations needed to
simulate accurately. Madoyan et al. have developed a new method to quickly
determine the resonance position of coupled nanospheres in close proximity |55].
The idea of the method is the reduction of the wave equation to the Laplace
equation with corresponding boundary conditions. This leads to a shortening
of computational time with a higher accuracy due to rapid convergence of the
iteration procedure. Additionally, they proved their semi-analytical method to be
in good agreement in the regime of a gap distance bigger than particle radius.

Touching particles

The situation alters again if going from nearly touching particles to actual contact.
As soon as a conductive bridge between the particles is established, the resonance
wavelength blue shifts again [53]. Romero et al. explain this blue shift with
the release of before piled up charges at the interparticle gap. The charge can
now oscillate through the entire connected dimer. As before for nearly touching
particles near the contact point, additional multipole peaks are present in the
spectrum. For a particle not having the form of a dumbbell but rather one of a
rod these multipole peaks vanish.

Heterodimers, hollow dimers, giant dimers and nanonecklaces

The coupling of nanospheres of different size or material are examined in literature
and reveal interesting otherwise hidden effects. Coupling two particles of different
size will exhibit the otherwise dark plasmon mode as a weak bright plasmon. This
is due to the differently sized dipole moments which cannot cancel each other out.
This effect was experimentally proven by Sheikholeslami et al. and is consistent
with the plasmon hybridization model [56]. Nevertheless, in comparison to the
symmetric mode, the antisymmetric mode is much weaker in intensity. In general,
the exciton-coupling model also explains the measured resonances well. However,
it is only valid for system dimensions much smaller than the wavelength of incident
light. Otherwise the particles feel different phases of the electromagnetic field and,
as in QSA (see Section 2.1.2), retardation effects have to be considered [57].

Further studies on the spectrum changes of heterodimers were carried out by
Brown et al. [58]. They find that the dipole of the smaller particle can couple dou-
ble efficiently to both the dipole and higher multipoles of the larger nanoparticle
introducing additional peaks in the plasmon spectrum. Furthermore, heterodimer
spectra are also strongly sensitive to the interparticle distance. In a heterosystem,
destructive interference of in phase and out of phase oscillations, bright and dark
plasmons, might even lead to Fano resonances as they were described by Mirin et
al. for septamers [59].
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2.4 Nanoparticle heating

Similar studies about the scattering spectrum of other unusual shapes like hollow
sphere dimers, large nanoparticle dimers or even nanonecklaces are also present
in literature [51, 60, 61, 62].

Dimers of nanorods

Theoretical investigation of a dimeric rod system with side-by-side and tip-to-tip
configuration was started in 2003 [63|. Six years later, the experimental stud-
ies followed also including a variable interparticle angle. Tabor et al. prepared
rod shaped gold nanoparticles which were synthesized by lithographic methods
[64]. They found a slightly altered interaction equation which has approximately
a cos? § dependence. Here, one nanorod is fixed with its long axis on the interpar-
ticle axis. € describes the rotation of the second nanorod to this angle. Further
measurements on coupled gold nanorods at variable distances and in different ge-
ometries were carried out in the Mulvaney laboratory [65] with the elucidation
of new hybridization interactions which are introduced by different interaction
geometries. A detailed mathematical analysis of the coupling phenomenon based
on dipole-dipole interactions, also providing equations for the scattering cross
sections of interacting rods, can be found in the publication of Shao et al. [66].

2.3.3 Conclusion

In the last decade scientists have noticed the high potential of coupled nanoparti-
cles for sensing applications. The distance and orientation dependence of coupled
nanoparticles can be exploited for this purpose. However, to reach this goal models
with reliable predictions for the experimentally measured spectral characteristics
of coupled systems are required. Today, the most popular theory, applicable for
medium distances, is the exciton-coupling model. The author of this model also
introduced the universal scaling law, practicable for dimer systems of different
materials, shapes and environments. In the more difficult case of nearly touching
dimers qualitative descriptions are available today. This knowledge I will use in
Chapter 6 to calibrate and analyze my dimer system.

Besides optical nanoparticle coupling the nanoparticle heating due to light absorp-
tion is also an important effect for this thesis. Thus, I will give a brief introduction
into this subject within the next section.

2.4 Nanoparticle heating

One of the interaction paths of electromagnetic waves with metal nanoparticles
is via absorption (see Section 2.1). The relationship of the power density to the
total absorbed power P is P = [ p(r)dr = CapsI. Obviously the absorbed power

is maximal if the illumination wavelength is in resonance with the particle. If not
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only one wavelength is used all scattering cross-sections have to be accounted for
with the corresponding illumination intensity.

To reach a steady state temperature distribution a certain time is needed. This
time depends on the characteristics of the system’s material, the mass density p
and the thermal capacity ¢,. Estimations of the time scale lead to [67]:

7~ R (2.13)
K

R: typlcal |ength of the system Cp: thermal capacity in ﬁ

. iy in ke _—
p: mass density in 5 k: thermal conductivity in -

This characteristic time is described by the material constants of the slowest
participating process. As the thermal conductivity for gold is much larger than
for water (kay, = 318 % > Kp,0 = 0.6 Ig’v—m), it is reasonable to use (pcy/K)m,0 =
1.43 - 1078 %28 as characteristic value of the system. A typical sphere size in
this thesis is R = 30nm, thus, the resulting time scale calculates to 7 ~ 62ns.
Comparison of this time scale with the repetition rate of the white light laser used
(80 MHz — one pulse every 12.5ns) accounts for the treatment as a continuous
wave laser. If this would not be the case, a time dependent analysis had to be
taken into account. In literature, this is done for femtosecond laser pulses [68, 69].

After T have shown that a steady state configuration will be reached, I will discuss
how the temperature distribution looks. Due to the high thermal conductivity of
gold a homogeneous temperature ATyp inside the particle can be assumed if the
particle size is moderate. In the case of a sphere, an analytical solution can be
found, resulting in the establishment of a 1/r decay of the temperature outside
the particle:

r

For other geometrical shapes the solution has to be found numerically. Notice
that the absorption of water in the visible regime can be neglected. ATxp is given
by Baffou et al. to be [67]:

C’abs[
ATyp = —————— 2.15
NP 471—R'%surrounding ( )

Figure 2.7 shows the temperature increase calculated by Equation 2.15 for gold
spheres of several sizes in water (blue) and for a 60 nm gold sphere in polymer
(gray) with Kpolymer = 0.2 KW—m

8

In literature the term pc,/k can also be found as thermal diffusivity D.
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Figure 2.7: Calculated temperature increase for differently sized Au nanospheres in water.
The gray line shows the temperature increase of a d = 60nm Au sphere surrounded by
polymer. The laser intensity of the Super-K Power white light laser is 103 Wm=2)\~! and
the respective temperature increase is marked with arrows.

Notice, the strong illumination of nanoparticles can also lead to a melting and
reshaping of the metal itself. As a result rods show a blue shift of the resonance
wavelength when transforming into spheres [70, 71]. Similar transformation into
spheres is also observed for other original nanoparticle shapes [72]. This kind of
transformation was not seen during my experiments, only the creation of bubbles
when illuminated with the SuperK-Extreme white light laser with a focused beam
at 100 % power was observed.

Optical heating of dimers

In Section 2.3 the variation of the resonance wavelength in a dimeric structure
was discussed. Also the creation of hot spots due to the enhanced near-field was
mentioned before. With this background it is not surprising that also the temper-
ature of closely situated nanoparticles is altered in comparison to the temperature
of individual particles when illuminated. Govorov et al. calculated the total tem-
perature change to be dependent on the number of assembled particles as well as
the assembling structure. For a one dimensional structure in the limit of Nyp > 1
he estimated:

Ry
ATior, ¢ & AT maxo %ln[NNp] (2.16)

ATmax, 00 temperature increase at the surface of a single nanoparticle

g: gap distance
Nnp: number of interacting nanoparticles
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The maximum temperature change reached with a dimer of 60 nm diameter par-
ticles is situated at the interparticle gap and is approximately twice as high as the
temperature of a single particle. For the temperature increase of a single particle
see Equation 2.15. The temperature will probably be even less as the mandatory
condition of Nyp > 1 is not sufficiently reached.

We can summarize that nanoparticle heating is an interesting effect but should
only play a minor role for the work presented in this thesis. The maximum
expected temperature increase is reached for the case of a polymer coated particle
dimer and is less than 1 K. Despite this predicted non relevance of the effect, I
will show in Chapter 6 that nanoparticle heating might be important.

As nanoparticle heating is a growing field I will give a short excursion into the
subject in the following paragraph.

Heating a surrounding matrix

A very interesting application area is the photo thermal treatment of cancer cells
[10, 73, 74, 75]. Particles with resonance wavelengths in the near-infrared regime
are optimal candidates as tissue is transparent for these wavelengths. Due to heat-
ing of nanoparticles specifically localized in mutated cells, their cell death can be
induced. But how much heat is really located within the direct environment of
a particle? As one focus of this thesis is on PEG coated particles, T will briefly
reflect some work of Govorov et al. [76]. They considered a gold nanoparticle
covered with a polymer layer of thickness d,oymer- The heat released from the
particle will first heat the polymer layer before reaching the surrounding water.
Depending on the thickness of the polymer layer the heat is distributed according
to one of the following processes: For thin layers the entire polymer feels the same
mean temperature. An increase of the temperature results in a linear thickness
increase. For thicker shells a two phase model is more accurate. The inner part
of the polymer is already heated whereas outer regions are not influenced yet. In
this scenario thermal expansion will also increase the polymer size with increasing
light intensity. The time scale for such a stretching process lies in the millisecond
regime. This theoretical derivation was shown to agree with an experiment where
a nanoparticle was coated with a PEG layer. As indicator CdTe particles were
attached in a flower like structure. Changing the light flux periodically resulted
in a periodic variation of the emitted photo luminescence of the CdTe particles as
the altered distance to the gold particle varied the strength of the quenching [77].
It should be noted that for functionalized particles ATxp will be increased as the
heat conductivity of a polymer is smaller compared to water and the absorption
cross section increased. This can be also seen in Figure 2.7. Further experimen-
tal investigations focus on the melting of a surrounding ice matrix [78] which is
checked by time resolved analysis of the Raman signal with the finding that this
method allows to estimate the heat power generated by illuminated nanoparticles.
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2.5 Total internal reflection illumination

The illumination mode of the Plasmon Fluctuation Setup mainly used for this
thesis is via total internal reflection. Here, an evanescent wave, created at the
surface where the sample is deposited, illuminates the nanoparticles. To have a
good understanding of the light actually reaching the particle, I give a theoretical
overview of the topic.

2.5.1 Basic concept

If a light ray passes from an optical thicker into an optical thinner medium, the
ray is diffracted away from the axis of incident. At the critical angle the beam
travels parallel to the medium boundary. Larger incident angles lead directly to
total internal reflection. To determine the critical angle, Snell’s law Z;‘gt =
has to be used with the condition 6; = 90°. The critical angle for a glass-water-
interface is 62.4°. But, if no light could enter the thinner medium the story would
end here and the basis of this thesis - evanescent illumination - would be missing.
Therefore, lets move on to a more detailed consideration of the problem [79].
Thus, a reminder of Fresnel’s equations which are valid also for condition of total

internal reflection:

_ E. o nrelfQi -1 _ sin(G;—Gt)
Gl = B T Tuferl = "m0
_ By 2 _ 2 cos 6; sin O
L = B = et fo+1 sin(6;+0)
. ETH _ nrel_fQi . tan(&ifOt) (217)
Qr|| o ?H o nre|+f9i o tan(9i+0t)
_ t|| o 2 _ 2 cos 6; sin 6
Q) = K\I - el 1 fo, T sin(6;+0¢) cos(6;,—6:)

q: ratio of reflection (r), or transmission (t) with polarization
L perpendicular or || parallel to the plane of incidence

E., E;, E;: reflected, transmitted and incident field vectors

Npel = %T relative refractive index

n?elfsin2 0;

s osg: ratio of the ray cross sections

fo, = cos b/ cosb; =
6;: angle of incident

fy: emergent angle

As a side remark, it is interesting to note that if linearly polarized light is subject to
total internal reflection the polarization state is found to be elliptically polarized.

This implies a phase difference A between the components of the electric field.
.2

This phase difference is always positive with a maximum at tan % = IQn—nl' [79].

Under carefully selected conditions total internal reflection can produce circularly

polarized light from linear polarized light.
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The mathematical explanation for total inter- g)

nal reflection is the mandatory condition of n,
continuous tangential components of the elec- | n;>n,
tromagnetic field. To fulfill this demand at the /
interface of total internal reflection, the trans-

mission ratio ¢; has to be non-zero. An expla-

nation to help visualize this is that the surface b)

wave enters via diffraction at one boundary of n,

the size limited spot with the result of energy 'n>n, ~ “shit

leaking into medium 2 (see Figure 2.8a). The / NN
inserted energy is transferred back into medium '

1 at the other side of the spot. The so in-

troduced energy shift is called Goos-Héhnchen o

shift. A visualization for this effect is that the Fi8ure 2.8: Visualization of a) an
. . . . evanescent wave and b) the Goos-
light beam is reflected at the virtual plane posi- Hshnchen shift.

tioned inside the second medium at a distance

in the magnitude of the penetration depth of the actual reflection plane (see Figure
2.8h).

virtual reflection plane

The created surface wave, the evanescent field, can be described by plane waves
as eq = Eo,tei(ktf_“’t) |80]. One feature of such an evanescent wave is that at least
one component of k is imaginary and therefore no propagation in this direction
takes place. As ko = (ke sin 0y)x+ (ky cos 6y )z and according to Snell’s law cos 6, =
+(n2 — n?sin? 6;)"/2, we can conclude for the condition of TIR where sin ¢; > et

ky cos Oy = tiky(n? sin® 6, — n2)Y? = +ip (2.18)

The parameter § describes the exponential decay of the evanescent wave with in-
creasing distance to the surface. Analogously, we find sin 6, = Z—t sin #;. Combining
all these pieces leads to the following equation for the evanescent wave:

E’t _ E’07te—ﬁzei(ktxsin9;%—wt) (219)

Incident light with the polarization state either within the plane of incidence or
perpendicular to it will create the same polarization mode within the evanescent
wave. Nevertheless, the orientation of the pointing vector in the evanescent wave
has altered and points now parallel to the reflecting surface. Also the amplitude of
the two components is altered within the evanescent wave. For an incident angle of
72° and a glass-water-surface the parallel and perpendicular ratio of transmission
q; are plotted in Figure 2.9.

25



2.5 Total internal reflection illumination

25 - T
o ) /R n,=1.33 i
5 p > N=15 i Figure 2.9: Polarization of the
3 i i ! evanescent wave. Notice that
gl-5 : the ratio of transmission can be
= - IthI bigger ’Fha_n 1. This is not in
51 %} = 1 contradiction to the law of en-
G %I o ergy conservation as the energy
o - © is given by fonyeg?.
205 8: Py ] g Y falrel s
o 2 21qyl

. .. . 5 8 7
0 0 10 20 30 40 50 60 70 80 90

Incident angle 6/ ©

After this general description of the basic concept of total internal reflection in-
cluding information about the origin, the ratio of transmission and the obtained
polarization states of the evanescent wave depending on the polarization of the
incident light, I will now focus on the penetration depth of the evanescent field.

2.56.2 Penetration depth

In the previous section I have shown how to calculate the evanescent wave from
Fresnel’s and Snell’s laws. Here, I will focus on the parameter 5, which describes
the exponential decay of the evanescent field. Due to the decaying field the scat-
tered intensity of a particle is strongly dependent on its distance to the surface
[81]. As we can see in Equation 2.18, 5 is dependent on four crucial factors: the
angle of incidence, ©;, the wavelength of the reflected light, A, and the refractive
indices of the two media n; and n,. The inverse of ( is defined as decay length.
The distance dependent intensity is then described as follows:

I(2) = Ipexp(—z/7), v=1/8= X (2my/n?sin® 6, — n?) (2.20)

Iy: scattering intensity at the surface

z: distance to surface

~: penetration depth of the evanescent field”

A: incident wavelength

n;: refractive index of the substrate

ny: refractive index of the medium over the substrate

0;: angle of incident illumination (see Figure 2.10)

%In literature other authors refer to a penetration depth of only half of the here presented height
[82, 81].
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Figure 2.10: Penetration depth ~ of the evanescent field in dependence of a) the wavelength and
b) the angle of incidence.

The distance dependent intensity behavior is plotted in Figure 2.10 for several
wavelengths and angles of incidence. With an illumination angle as used in the
Plasmon Fluctuation Setup and with a mean illumination wavelength of 600 nm, a
penetration depth of approximately 200 nm is achieved. An interesting remark is
the effect of multiple scattering between particle and surface. It has been demon-
strated that for large penetration depths this multiple scattering is increased lead-
ing to a non-exponential intensity profile [83].

After this section on the evanescent field created under total internal reflection, I
will discuss the optical forces induced by such electromagnetic fields. In compar-
ison I will present the optical forces generated by a Gaussian beam.

2.6 Optical forces

In optical fields all kinds of objects are exposed to forces. One example of such
a force is the radiation pressure which plays a major role in astrophysics, e.g.
during the birth of a star. The gradient force is a further example with great
relevance to this work as it is felt by micro- and nanoparticles. Pioneering work
of Ashkin was carried out on the subject of microscopic particle trapping in 1986
[84]. Since then, optical trapping of micrometer-scale particles has become a well
established field. Shaping the light beam allows manipulation of the particle’s
movement. Due to the huge success on the micrometer length scale, scientists
were inspired to move on to even smaller particles. Here, the challenge is the fall
off of the responsible gradient force with the particles volume. Intrinsic forces,
like Brownian motion, acting on the particle can easily destroy the trapped state
[85]. In the following chapter I will present the subject of optical forces in more
detail.
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Figure 2.11: Optical forces in differ-
ent illumination configurations. In the

Evanescent Wave Gaussian Beam presence of an evanescent wave the
gold particle is attracted towards the

Fecawans SUrface by the gradient force. Addi-

tionally, absorption and scattering force

Fscatsas ‘—ti, push the particle in the direction of the
Forag Farad incident beam, but parallel to the sur-

face. In the case of a Gaussian beam
] profile the gold particle is attracted in-
side the beam by the gradient force.

The scattering and absorption compo-
nents introduce a force parallel to the
ray.

2.6.1 Trapping forces

In all cases of optical trapping two components need to be considered: the gra-
dient contribution that attracts the particle towards the highest field value and
the scattering/absorption component that pushes the particle in direction of the
incident wave vector [86]. These two components are present regardless of the
illumination method. Nevertheless, the individual direction will differ depending
on the exact configuration. Figure 2.11 shows qualitatively the occurring forces
for total internal reflection illumination and a Gaussian beam. The sizes of the
respective forces are derived to be [87, 88|:

Fgrad < Re(a) (2.21)
Faps < Im(«) (2.22)
Fcat OC‘ « |2 (223)

a: see Clausius Mossotti relation (Equation 2.4)
Ficat < Fyps ﬂFgrad: only absorption and gradient force need to be considered

Further analysis identifies the scattering and absorption force always to be pos-
itive. For the gradient force a material dependence exists for the sign. Gold is
always attracted towards the highest field gradient. In contrary, silver shows two
regimes. Depending on the wavelength used the particle can either be attracted
or repulsed from the highest field location (see Figure 2.12).

For completeness, I will now briefly discuss the trapping of rods, especially as
interesting experiments have recently been accomplished in this field. The condi-
tions of forces are altered in the case of rods as two resonance peaks are present
with perpendicular oscillation direction. In the case of a rod, where only the lon-
gitudinal plasmon is excited by linearly polarized laser light with a wavelength
longer than the resonance wavelength, will align along the long axis. For rods in
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Figure 2.12: Real and imaginary part of the particle polarizability shown for silver and gold.
As the imaginary part is proportional to the absorption force we obtain a positive value for
both metal types. For the gradient force the sign is material and wavelength dependent.

solution this orientation has experimentally been shown [85, 88]. But as the orien-
tation of rods in a trap is a complicated issue, as it depends on volume and aspect
ratio of the trapped particle [88], other studies also show other possible arrange-
ments depending on particle dimensions. Further, the orientation perpendicular
to the electric and magnetic field is possible if the particles are large compared to
the beam waist [89]. Recently Tong et al. even demonstrated periodic rotation
of individual plasmonic silver and gold nanostructures using a single beam of lin-
early polarized near-infrared laser light [90|. Briefly, they used a laser at 830 nm
with power density of 15-30 MW /cm? on the sample. The nanoparticle rotation
was induced by rotation of laser polarization. The laser focus was situated in
a manner that the absorption force pushed the particle onto the glass surface.
Hence, the particle was hindered from moving away. Observation of the rotation
was carried out with polarized white light illumination in a dark field microscope.
Another field of particle trapping covers the immobilization of particles onto a
surface. The manipulation and deposition of nanoparticles with a high precision
can be achieved with focused laser beams [91, 92, 93].

Noticeable for an illumination with an evanescent wave, as in total internal reflec-
tion mode, is the angle dependence of the incident light. Lower gradient forces
are obtained under larger incident angles 6;. This is due to the amplitude of the
electromagnetic field felt by the particle (see Section 2.5). But where is the best
trapping regime? Another look at the curve for gold in Figure 2.12 provides an
answer for gold spheres. The best wavelength is slightly red shifted with respect
to the resonance position, more precisely at the right shoulder of the resonance
peak, at a height of half the maximum intensity. Here, the real part of o has
its maximum value. This wavelength induces the strongest gradient force. Nev-
ertheless, the imaginary part is at half maximum intensity. Consequently the
absorption force will still be of notable size. It can be further reduced by shifting
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the resonance further into the red regime. Gradient forces there drop, but stay
at a usable level. Trapping in this regime resembles trapping of high refractive
index dielectric nanoparticles [94]. Under these non-resonant conditions the first

experiments of metal nanoparticle trapping were carried out in 1992 by Svoboda
and Block [95].

For nanoparticles with sizes much larger than the penetration depth of light only
the outer shell of the particle can interact with the electromagnetic field. This
gives rise to a quadratic relationship between particle radius and force [94].

It must, however, be mentioned that due to the strong illumination needed for
trapping, heating of the particle cannot be avoided (see Section 2.4). This makes
trapped metal nanoparticles less interesting for biological experiments due to the
possibility of serious damage of sample tissue. Furthermore, the temperature in-
crease causes changes in the dielectric function and therefore introduces variations
of the trapping condition [96.

2.6.2 Optical forces between illuminated nanoparticles

The configuration of the system discussed now is similar to the system of dimers
discussed before (see Figure 2.4). Furthermore, the origin of the attractive force
between nanoparticles in close proximity is closely related to the red shift in res-
onance wavelength of coupled nanoparticles. As we have seen in Section 2.3, the
electromagnetic field will induce a dipole in each particle. If the polarization of the
light is parallel to the interparticle axis, the dipoles are oriented head to tail and
the force is attractive. With perpendicular polarization the dipoles are oriented
in parallel with the positive charge in the same direction and the resulting force is
repulsive. Hallock et al. predict this dipole-dipole interaction force, as it is caused
by the illuminating light, to scale linearly with the intensity or alternatively the
square amplitude of the electric field E?. In the situation of two particles, the
electric field gradient is introduced bidirectional by the particles themselves. Each
particle is attracted towards the hot spot between them [97].

Further theoretical studies show different, not monotonic results in the magnitude
of force. Chu and Mills find theoretically the attractive force to be strongly dis-
tance dependent with maximum forces at distinct gap sizes [98]. Here, the optical
forces are largely overruling the van der Waals force by several magnitudes.

For silver dimers, a repulsive wavelength regime is in agreement to the repul-
sive forces also depicted for one particle. Choosing the illumination wavelength
correctly will therefore introduce a stable separation distance [99].

Experimental work so far is limited. Nevertheless, some interesting publications
should be mentioned. Svedberg et al. used optical tweezers to move a single sil-
ver nanosphere into the direct environment of another already immobilized sphere
[100]. Due to the optical force between the two particles an optical binding was re-
alized. Investigated was the close approach by surface enhanced Raman scattering
(SERS). Individual particles did not show a signal whereas in close configuration
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a signal was measured, induced by the hot spot between the two particles. As-
tonishing in this experiment is that for SERS enhancement, particles have to be
approximately within one particle radius distance, but the dimension of the opti-
cal trap is defined by the beam waist which is in the order of 1 pm. Conclusively,
there has to be a strong attractive force between the two particles.

Another related research, carried out in the Feldmann labs, reports on a coupling
strengthening between two silver particles in an optical trap followed by a sponta-
neous escape from the trap [101]. The strengthening of the interparticle trapping
force between two spheres is followed via a gradual plasmon redshift. Reasons for
the destabilization of the trap are still discussed. The two considered candidates
are strong heating with induction of increased Brownian motion and change in
the gradient force due to the resonance change of approaching particles.

The dimerization of two gold spheres in solution induced by a NIR laser was
recently shown by Tong et al [102]. Noticeable is the reversible dimerization
regulated by the illumination of the laser. If the laser is turned off two ’green’
spots are released, indicating single Au particles.

Heterodimers

In the case of two non-identical nanospheres, a breaking of the symmetry occurs.
The sign of the force can change in comparison to a homodimer, resulting in a
repulsive interaction between the particles for parallel illumination. Vice verse an
attractive interaction for perpendicular illumination is possible [103]. However,
in a detailed analysis the wavelength dependence of these effects also has to be
considered. To give a visualization of this situation we can picture the difference
of resonance frequency depending on the size, resulting in a dephasing of the two
oscillations. As the resonance position of spheres only changes with tremendous
size variations, it is not of interest in homodimers even though the standard
deviation of monomer sizes is quite broad.

Hot spot trapping

Also the hot spot between two nanorods with a tip to tip configuration can be
used for trapping and sensing simultaneously. A diffusing particle will be attracted
towards the high field intensity between the particles. There, it can be monitored
by the resonance wavelength of the system. A recent exciting experiment is the
trapping and sensing of 10 nm metal particles using a lithographically produced
plasmonic dipole antenna [104]. As trapping laser a 808 nm laser is used and the
diffusing particle is attracted into the interparticle gap as the near-field is elevated
there. The detection of the captured nanoparticle which is causing a red shift of
the system’s resonance wavelength is done with a common white light illumination
in dark field mode.
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2.6.3 Conclusion

In the last section, I have introduced the two major optical forces, absorption and
gradient force, felt by an illuminated nanoparticle. The absorption force is an
impulse force pushing the particle in direction of the Poynting vector of the light.
The gradient force is material and wavelength dependent. For a gold particle this
force is attractive in direction of the highest field gradient. If the illuminated
particle is a rod, the polarization of the incident light as well as the nanoparticle
volume and aspect ratio have to be considered to determine the trapping orienta-
tion.

I have also addressed the question of optical forces between illuminated nanopar-
ticles, as this dimer system is studied in Chapter 6, with the finding that to this
day different, partially contradicting theories are discussed. In my eyes, the most
reasonable one is given by Hallock et al. [97] as their theory explain my findings
best. A linear scaling of the interaction force with the light intensity is assumed.
Furthermore, they predict that particles once pulled together do not leave this
configuration anymore as they are stabilized by van der Waals force.

I conclude that the large number of recent publication about optical forces on
nanoparticles shows the potential of this topic for future projects. The possi-
bility provided by optical forces seems manifold: exact particle direction and
positioning, light induced switches on the nanoscale, or the induced aggrega-
tion/separation of nanoparticles perhaps even in living cells.
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3 A Single Nanoparticle as a pH-Sensor

Methods to measure the pH of solutions in large volumes are well established with
methods such as pH-paper or pH-electrodes. However, the measurement of pH
in localized environments, e.g. in living cells, is not straight forward due to their
small size and the environmental demand for vitality, but still of high interest for
understanding biological processes within the cell metabolism.

Attempts to build pH-sensors based on nanoparticles consisting of e.g. silica or
polymers are numerous, including non plasmonic particles functionalized with pH-
responsive polymers [105, 106, 107|. To read-out the pH, the size of the particle
was determined via light scattering. Despite the use of nanoparticles, the read-
out method still requires a relatively large sample volume commonly in the micro
liter regime. A promising strategy to further reduce this volume includes single
plasmonic particles and will be presented in this chapter.

3.1 Basic concept of plasmonic nanoparticle pH-sensing

Single plasmonic pH-sensors may be used to map pH-changes on small objects,
e.g. vesicles in biological cells, without the problem of photo-bleaching, which is
always a complicating factor for organic dye based pH-sensors [108]. Therefore,
the pH can be investigated over longer periods in time compared to dye based
experiments. Another advantage of using nanoparticles as sensors is the recently
shown ability of using plasmonic nanoparticles for photo thermal therapy of can-
cerous cells [109]. In the future, nanoparticles might therefore combine sensing
and treating abilities in one [110]. In the next paragraph I give a brief summary
of existing methods of plasmonic pH-sensing in literature.

The earliest pH-sensors made from plasmonic particles are based on the aggrega-
tion of nanoparticles in response to a change in the environment [42, 111, 112].
Due to plasmon coupling the color of the solution changes (see Section 2.3) which
indicates that the target is present. Another popular strategy is the grafting of
smaller plasmonic satellite particles onto a core particle via a responsive poly-
mer [113]. If the surrounding condition is now changed, the distance between the
satellites is altered and coupling strength is modified, resulting again in a color
change of the solution. Also, routes where the refractive index of the particle’s
functionalization induced by altering surrounding conditions varies are demon-
strated in ensemble measurements [114, 115, 116]. In reports by Li et al. as well
as by Nuopponen and Tenhu, the spectral shift of plasmonic nanoparticles coated
with pH-responsive polymer was determined via simple extinction spectra mea-
sured on ensembles of particles. They did not fully exploit the major advantage
of nanoparticles, i.e. the very limited sensing volume due to their diminutive size.

Despite the well known possibility of using these nanoparticles in single particle
experiments, to my knowledge, no studies on single pH-responsive nanoparticles
can be found in literature. Therefore, I extended the plasmon sensor concept to
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Figure 3.1: a) Concept of a plasmonic pH-sensor. The nanoparticle is functionalized with
a pH-responsive polymer. As a result of a pH-change the refractive index of the local
environment changes. b) Ensemble spectrum of gold rods with pH-sensitive coating at
pH 3 (red) and pH 10 (blue). The two peaks correspond to the short and the long axis
of the rods. c) Continuous trace of the normalized extinction spectrum of a pH-sensitive
nanoparticle solution. Starting at pH 3 then changing to pH 10. In the lower part of the
graph the respective resonance wavelength is plotted.

single particle pH-measurements using poly(acrylic acid) (PAA) as pH-responsive
polymer coating, delivering the local pH of the environment. The charges of the
carboxylic side groups depend on pH-conditions and therefore the packing density
changes when the pH-value is varied [117] (see Figure 3.1a). The sensor is respon-
sive to the local pH in an attoliter volume and is sensitive to pH-changes between
pH 3 and pH 10. Single particle spectroscopy on the particles was performed via
dark field microscopy with the 'fastSPS’ setup (see Appendix C.1).

Prior to presenting the experimental findings, I provide a Section on sample prepa-
ration in case the reader is interested in these details.

3.2 Sample preparation

Coating of gold nanorods with poly(acrylic acid)

PAA with an average molar weight of 450 kg/mol was purchased from Aldrich.
1Ethyl-3-[3-dimethylaminopropyl|carbodiimide ~ hydrochloride ~ (EDC)  was
purchased from Thermo Fisher Scientific. L-Cysteine was purchased from Merck.
Hydroxylamine hydrochloride was purchased from Sigma Aldrich. All chemicals
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were used as received. Deionized water (18 MQ2) from a Millipore system was used
throughout.

The gold nanorods were prepared by the method described in Appendix A using
10l of 0.04 M silver nitrate per 10 ml growth solution. For the coating of gold
nanorods with PAA 1ml of the original particle solution was centrifuged (5470 rcf,
10 min) and resuspended twice in deionized water to remove the excess of surfac-
tants and unreacted products.

For the ensemble measurements, the pellet was filled up with 1 ml of PAA solution
with a concentration of 200 ng/ml.

For single particle measurements the polymer had to be bound covalently to the
nanorods to avoid the removal during pH-adjustment. To achieve covalent bind-
ing, the polymer first had to be coupled via EDC-coupling to cysteine which
then covalently bound via a sulfur group to gold. Therefore, PAA was dissolved
at 10 mg/ml in 2-(morpholino)ethanesulfonic acid (MES) buffer solution (0.1 M).
For complete dissolution, the mixture was treated in the ultrasonic bath for 1h
and left overnight on a shaking table. EDC and cysteine were dissolved separately
in phosphate-buffered saline (PBS: 0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride) solution. Directly after preparation, 1 ml
EDC solution and 1ml cysteine solution were mixed with 10 ml PAA solution
(concentration cysteine and EDC: 2.22mM, concentration PAA: 0.022 mM) and
shaken overnight. The pellet of gold rods was then filled up with 1 ml of the cys-
tein coupled PAA solution (0.2mg/ml). In order to break the thiol bonds 10 pl
hydroxylamine with a concentration of 0.13 M was added. This mixture was then
shaken for half an hour before usage.

Microscope slide preparation and deposition of PAA-coated rods

Roti-Liquid Barrier Marker was purchased from Roth and applied to a Hellmanex
cleaned microscope slide surrounding a 2 x 2 cm? rectangle. Then, 5l of the PAA
functionalized nanorod solution was dropped onto the glass slide. Subsequently,
10 pl of 1 M sodium chloride solution and 100 pl deionized water were added. After
10 min of incubation, 400 jl of deionized water was added.

3.3 Ensemble measurements

As proof of principle I first investigated gold rods with electrostatic bound PAA
in ensemble measurements (see Appendix C.2). The pH was adjusted by adding
1M hydrochloric acid (HCl, Merck) or 1M sodium hydroxide (NaOH, Merck).
The extinction spectrum of a bulk measurement shows two maxima (see Figure
3.1b). Each maximum belongs to one of the two axes of a rod. In both axes
the expected reversible shift can be seen. Since the peak of the long axes is
more influenced and more intense, analysis focuses on this peak. The resonance
position in acidic conditions was in mean (614.3 = 1.0) nm (the error quoted is
the standard deviation of all measurements under the same pH-conditions; 60
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Figure 3.2: a) Hydrodynamic radius of PAA polymers of different molecular weight taken
from Reith et al. [118]. The gray curve is a fit with the equation for the Flory radius
Ry = aN%F resulting in a monomer length a of approximately 0.14 nm. N is the number of
monomers in the chain and was calculated via the monomer molecular mass of approximately
94 g/mol also taken from the stated literature. b) Resonance wavelength of nanorods coated
with PAA of molecular weights of 450 kg/mol and 1250 kg/mol incubated in buffer solutions
of different pH.

measurements in acidic conditions — 62 measurements in alkaline conditions). In
an alkaline environment I obtained a mean peak value of (603.7 = 0.9) nm. This
corresponds to an average shift of 10.6 nm between pH 3 and pH 10. Figure 3.1c
shows the results of the continuous measurement over four repetition cycles. I
obtained the expected reversible shift. Increasing or decreasing the pH further
did not shift the resonance position any further into the respective wavelength
direction. Therefore, complete protonation/deprotonation of the side groups was
achieved. Investigating the resonance position in acidic conditions more carefully
reveals a slight shift (1.7nm in four cycles) to higher wavelengths during the
four repetition cycles. An explanation might be the accumulation of NaCl in the
solution over time. Furthermore, the change in refractive index was accompanied
by a change of the surrounding polymer layer thickness [117]. Luckily this did
not need to be considered here, as the dense polymer layer could be assumed to
be in the size regime of the diameter of the coiled PAA polymer. To verify this,
literature values were fitted with the equation for the Flory radius Ry = aN°6
to determine the monomer length a knowing N the number of monomers in the
chain [118, 119] (see Figure 3.2). Then, the diameter of the PAA used could be
estimated to approximately 45nm. Thus, the sensing distance is much smaller
than the polymer dimension and only the refractive index change is of interest.
QSA calculations of the two conditions with refractive indices of 1.5 and 1.4 for
the coiled configuration and the stretched configuration, respectively, resulted in
a resonance shift of 18 nm. The slightly smaller experimental shift of 11 nm is
reasonable and might be attributed to the assumptions of refractive index values
for the calculation.

From literature it is known that charges can influence the resonance wavelength
[21].  To rule this out as a possible reason for the obtained resonance shifts,
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Figure 3.3: a) Independence of the resonance wavelength of an uncoated rod from the pH-
value of the surrounding solution. Gray arrows indicate the pH-change. b) Independence of
the resonance wavelength from the ionic strength of the phosphate/citrate buffer solution
for two prepared pH-values.

I carried out two control measurements. First, I repeated the same ensemble
measurement in changing pH, but with CTAB-coated rods. No shift could be
determined in this case (see Figure 3.3a). This identifies the structural change
of the polymer as the source of the shift. Second, I investigated the resonance
position in dependence of the ionic strength!® of the solution prepared by simple
dilution with pure water. No correlation between ionic strength and resonance
shift was observed (see Figure 3.3b).

3.4 Single particle measurements

The sample used so far was not stable enough to be used for reversible nanosen-
sors in single particle experiments. When exchanging the liquid to adjust the pH,
the polymer was washed away and the particles lost their pH-response. Hence,
a covalently bound polymer coating was necessary. This was accomplished using
EDC-coupling [120]. An amide bond was formed between cysteine and PAA, the
cysteine was then covalently bound with its thiol side group to the gold rod. For
investigations in the microscope, the sample was immobilized on a glass slide!!.
In order to remove floating particles the water was exchanged several times. Here,
and in all later exchanging-steps, I used a pipette and exchanged only approxi-
mately 70 % of the solution as I did not want the surface to fall dry. After these
washing steps, the water was replaced with a phosphate/citrate buffer to control
the pH of the system. The buffer solutions used matched pH 3 and pH 7 and
were controlled with a pH-meter (QpH 70, VWR). They allowed changing the pH
and buffering it at the desired pH. As a control, the pH was checked after the

10The ionic strength I is defined as I = % 3" ¢Z? with ¢ molar concentration of the ion and Z
charge of that ion.

1T have not used a flow cell to be able to directly access the solution to measure the current
pH.
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Figure 3.4: a) Resonance wavelength of a single nanoparticle in changing pH-conditions
tracked over time. The inset shows the entire resonance peak of the different spectra. c)
Statistical data of plasmonic pH-sensors. Shown is a cumulative probability of the shift into
the acidic (red) and back to basic (blue) for several cycles.

exchange with pH-paper. The spectral shift of the resonance position of different
particles was investigated with a dark field microscope. I monitored the spectrum
of the same particle in differently buffered environmental pH-conditions. Thus,
I gained information about the dependency of the resonance position on the pH.
The setup used is described in Appendix C.1. In the single particle experiments
I took three measurements for each buffered pH-condition with a time separa-
tion of one second. Exposure times were 30 seconds. After measuring in one
pH-condition, the buffer solution was exchanged stepwise to the other pH before
starting a new series of measurements. This procedure was repeated for three
cycles. Initially, the particles were immersed in phosphate/citrate buffer adjusted
to pH 7; one exemplary selected particle (see Figure 3.4a) displayed a resonance
wavelength of (647.3 + 0.4) nm (the error quoted is the standard deviation from
three independent measurements). Exchange of the surrounding solution with
pH 3 adjusted phosphate/citrate buffer shifted the resonance position to (651.4 +
0.2) nm. Further exchanges of the solution showed nicely the reversible shift of the
resonance position. In the chosen particle the first shift is larger than later ones.
Similar behavior, one shift being bigger than others, could be seen for other parti-
cles, too. I explain this unexpected behavior with an optimization of the polymer
folding. In the inset of Figure 3.4a, scattering spectra of the two conditions for the
discussed particle can be seen. One spectrum was taken from acidic (red) pH and
one from alkaline (blue) pH-conditions. The same data as above is available for
15 particles measured in the same experiment in parallel. These data are plotted
in a cumulative probability plot shown in Figure 3.4b. Considering all particles,
I observed a median shift of 4.8 nm after the first exchange of liquid. Resonance
shifts between acidic and basic condition in later cycles were: -2.6nm, 3.1 nm,
-2.7nm, 4.0nm. As the size of the shift was influenced by the number of bound
PAA molecules as well as from the binding position, which differ statistically from
particle to particle, I observe a large deviation in the shift from one to another
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particle. This indicates the necessity of the carried out statistic. However, the
different shifts of one particle will always stay approximately same size. As the
blue shifts were smaller then the red shifts, a general small red shift was over-
laying the reversibility of the system. As discussed earlier, the reason might be
the optimization of the polymer folding behavior differing for each folding event.
Further investigations for clarifying the effect need to be carried out.

As a control experiment, I tried to investigate CTAB gold rods in our dark field
setup. Incubating with pH 7 buffer washed particles away, thus, no investigation
was possible.

Comparison of the shift in the ensemble measurement and in the single particle
measurement reveals a difference in magnitude. The shift in the single particle
experiment is only approximately half the size of the shift in the ensemble mea-
surement. This might be explained with the immobilization of the particles on
the glass slide. Therefore, the polymers attached on the lower side of the rod were
not affected by the pH-changes as solution could not enter this region easily.

3.5 Conclusion

pH-sensitive particles were prepared by using either simple incubation method or
EDC-coupling to functionalize the gold nanorods with a pH-responsive polymer
coating. This composition features a pH-dependent resonance position of the
plasmon peak, which was investigated in ensemble measurements as well as in
dark field single particle measurements. I have been able to show the reversible
shift in both cases. To my knowledge, this reversible pH-behavior of single rods is
shown here for the first time. The presented pH-sensor neither blinks nor bleaches
and can be a good alternative to dyes. Another advantage of single nanoparticles
as sensors is the small probing volume. Therefore, the local detection of changes
in an attoliter volume is possible.
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4 PLASMON FLUCTUATION SETUP

4 Plasmon Fluctuation Setup

Interesting effects on molecular scale such as reversible binding events normally
happen on short time scales requiring a setup that maximizes time resolution. At
the start of my work, time resolution to measure single plasmon spectra was in
the regime of several tenths of seconds. This long exposure time was required
to acquire a sufficient number of photons as dark field microscopy setups were
mainly equipped with a halogen lamp for illumination and a charge coupled device
(CCD) camera for detection. Recently, two interesting new products for improving
the capability of a plasmon detection setup have become commercially available:
white light lasers (WLL) for stronger illumination and electron multiplied charge
coupled device (EMCCD) cameras for better detection. These two components
are the key components of the Plasmon Fluctuation Setup presented in this thesis
and have the following advantages: the WLL increases the number of photons
at the sample and therefore the number of photons scattered by the sample.
The EMCCD camera improves spectral resolution at short time scales due to the
implemented electron multiplication. Besides the camera is equipped with a ’crop
mode’ read-out mode, allowing one to acquire particle spectra with rates up to
20kHz, a frame rate not reached with older CCDs.

In the following chapter, I describe the newly developed Plasmon Fluctuation
Setup and discuss its specialties in comparison to instruments used so far. Char-
acteristics of the Plasmon Fluctuation Setup are a much faster acquisition time
and an improved spectral sensitivity. Furthermore, I study the influence of the
existing noise terms in respect to the quality of the measurements.

4.1 Experimental setup

Figure 4.1a shows a scheme of the experimental setup. The core of the device
consists of an upright transmission microscope (Zeiss Axioskop). For illumination
I included a supercontiuum white light source (Koheras SuperK-Power) with a
wavelength range from 460 nm to 2400 nm and total output power of 2.8 W. Fur-
ther characteristics of the WLL are a visible spectral power density above 1 mW /i
in the regime of 470 nm-670 nm, a pulse width of 5ps, and a repetition rate of
80MHz. The light of this WLL is coupled onto the sample via total internal
reflection (see Section 2.5), achieved with a glass half cylinder situated directly
under the sample holder. The evanescent wave created by total internal reflection
illuminates the sample. The scattered light coming from the sample is collected
by a 40x air objective (CP-Achromat, NA 0.65) and transmitted to a dispersive
element (Specim ImSpector V8). An EMCCD camera (Andor iXon DV885) is the
detector.
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Figure 4.1: Plasmon Fluctuation Microscope. To improve time resolution and sensitivity
of the setup two main changes in comparison to other plasmon investigation setups are
implemented. To increase the intensity of the illumination a supercontiuum white light
source is coupled in via total internal reflection. Furthermore, the sensitivity of the detector
is amplified by introduction of an EMCCD camera.

The 3D visualization of the microscope was done by

Crop-mode

The ’crop mode’ read-out is the fastest read-out mode available for this camera.
It uses the area of the sensor chip not needed for data acquisition as fast memory.
Thus, no light is allowed to fall onto this area as it would spoil the quality of the
signal. Therefore, a second slit at the position of the entrance slit of the dispersive
element is introduced in the detection pathway. As the two slits are perpendicular
to each other they act as pinhole; only light from a small area is transmitted to
the spectrometer and then to the detector.

Special setup characteristic

The configuration of illumination introduces some characteristics special for this
setup. Especially the use of the half cylinder which couples the light beam onto the
sample introduces some further effects. First, the illuminated area is ellipsoidal
with a maximum power density at the center and a Gaussian intensity distribution
towards the edges of the spot. Measuring the spot size with a color image at the
ocular position determines the spot size (1/e? intensity drop) to be 1.13 mm?.
Second, due to the spatial dimension of the ray, not all parts of the beam hit
the half cylinder with the same angle. The inner region hits the surface of the

42



4 PLASMON FLUCTUATION SETUP

half cylinder at 0°, whereas, for outer regions a slightly bigger angle is the case.
Therefore, the outer regions are refracted in direction of the center of the ray. The
half cylinder effectively focuses the laser beam. Furthermore, this focusing effect
is wavelength dependent, creating a color fringe at the boarders of the spot at
the TIR surface. The dimension of the inhomogeneous illumination is calculated
to be approximately 6 pm. With a magnification objective of 40x, the entire field
of view which is approximately 0.6 mm in diameter is illuminated homogeneously
and the effect is negligible. Third, the intensity of the scattered light from a
particle depends on its distance to the TIR surface (see Section 2.5).

Distance dependence of the scattering intensity

To quantify this effect of distance dependency of the particle to the surface in
scattering intensity, I have probed the evanescent field intensity with 60 nm Au
spheres, positioned at different distances to the surface. This was achieved by
particle functionalization with PEG in different thicknesses. Two things can be
learned from this experiment. First, functionalized particles further away from the
surface scatter exponentially less light. However, as the dimension of the nanopar-
ticle is not negligible and the particles with thin polymer layer additionally feel the
glass substrate, it is not straight forward to obtain the penetration depth from the
fit in Figure 4.2. Second, the scattered intensity of a naked particle is decreased
due to the lower surrounding refractive index. Thus, the functionalization is not
negligible (see Figure 4.2).

exponential fit I(z)=A-exp(-z/y) ]

2

Scattering intensity / arb. u.

0 4 8 12 16 20 24 28
Distance to surface z / nm

Figure 4.2: Scattering intensity of 60 nm Au spheres plotted versus their distance from the
TIR surface. Details on the distance approximation can be found in Section 6.2. The black
data point is taken from a citrate sphere without further functionalization. The blue data
points correspond to PEG functionalized spheres. The distance of 20 nm was reached with
additional BSA-biotin-streptavidin functionalization of the glass surface. The error of the
scattering intensity is the mean standard deviation. The distance error reflects dimensions
obtained by different theoretical models (also to be found in Section 6.2).

43



4.2 Setup calibration

Limited refractive index of the medium surrounding the nanoparticles

Another illumination related effect is the limit in the refractive index of the sam-
ple solution to values below 1.41 induced by the incident angle of illumination.
An increase of the refractive index above this value will annihilate total internal
reflection at the glass liquid interface, shifting it to the glass air interface above
the sample chamber. As particles are still illuminated, observation in the micro-
scope is possible. Nevertheless, an additional interference pattern will superpose
the particle spectrum and only careful white light correction on a nearby white
scatterer can cancel it out. Side remark: If the latter is not done, the fringes
might have another advantage. The sharp peaks of the interference pattern are
defined by the distance between the glass slides and do not change their position
if spectral changes in the plasmon resonance occur. Due to their sharpness, they
might be used in future experiments to resolve small shifts of the under laying
plasmon resonance peak.

4.2 Setup calibration

To conclude qualitative data from the measured plasmon spectra it was necessary
to calibrate the pixel-to-wavelength relation of the EMCCD. This calibration was
carried out with the help of two laser lines (532 nm and 655 nm, wavelengths were
checked with a fiber spectrometer (see Appendix C.2)). One laser line after the
other was directed onto the detector chip and a frame was acquired. Each laser
peak had a width of approximately 5 pixels and was fit with a Gaussian to de-
termine the exact pixel for linear calibration. The slope of the calibration line
was calculated to be approximately (0.51640.002) nm/pixel. As control experi-
ment to verify the calibration obtained I measured one sample of rods in three
different setups: The here presented Plasmon Fluctuation Setup, the fastSPS
setup (see Appendix C.1) and the Bio Setup constructed by

[121]. The good agreement of the data
measured for all three setups is shown in Figure 4.3.

Spectral super resolution

The pixel dispersion of the spectrometer used in the Plasmon Fluctuation Setup
is around 0.5nm as derived in the paragraph before. By fitting the measured
spectral data points of a spectrum, a large improvement in spectral resolution
can be gained. Depending on the demands of the user on time consumption and
precision, either a parabolic fit around the resonance peak or a fit with a Lorentz
function can be carried out. The computational time for the parabolic fit is much
smaller. If a large number of spectra has to be analyzed, the parabolic fit is of
advantage. Also, it needs to be noted that for the same data points, a Lorentz fit
provides smaller noise values than the parabolic fit. Whether this difference is due
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Figure 4.3: As calibration control
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to over estimation of the data or due to better data fitting was not investigated
any further.

4.3 Setup performance

To demonstrate the potential of this fluctuation microscope for time resolved data
acquisition, the spectral noise of differently shaped particles with changing expo-
sure times were measured (see Figure 4.4). For each exposure time, the optimal
gain condition was chosen to maximize signal quality by reaching the maximum
number of measurable photons. The sample was prepared in the following man-
ner. Three different kinds of as prepared / bought gold particles (see Appendix
A) were diluted 1:50 in water and 5yl were dropped onto a Hellmanex cleaned
microscope slide. For immobilization, 10 ul of 1 M NaCl solution was added. Af-
ter approximately 30s a cover glass was put on top of the sample and the gap
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Figure 4.4: a) Definition of the spectral noise as used in this thesis. b) The spectral noise
of the Plasmon Fluctuation Setup for differently sized particles is plotted over the respective
time resolution. A trade off between time and noise is noticeable.
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Figure 4.5: Intensity and FWHM data of gold spheres with diameters of 40 nm, 60 nm and 80 nm.

between the slides was closed with nail polish to avoid vaporization which would
spoil the stability of the measurement. Spheres with a diameter of 60 nm and
two kinds of rods with dimensions of 35nmx78nm and 50 nmx107nm were in-
vestigated separately. The time trace of a particle spectrum was taken until the
camera gathered ten thousand spectra. The standard deviation of the resonance
wavelength of these spectra was used as spectral noise (see Figure 4.4a). From
the quality plot in Figure 4.4b can be seen that there is a trade off between the
spectral sensitivity, meaning the noise, and the temporal resolution of the mea-
surement. To avoid errors in the read-out speed it was verified by an oscillator
with the finding that camera software and oscillator value agreed perfectly.

Furthermore, intensity and FWHM measurements on gold spheres of different
sizes have been carried out. The obtained data is shown in Figure 4.5 and reveals
the expected trends of scattering intensity, retardation and damping. Addition-
ally, I acquired data for 20 nm gold spheres. These particles are only barely visible
in the ocular which makes it difficult to chose typical particles. Investigation of
the resonance wavelength and the FWHM of the data taken suggested a bios in
the particle selection as they had an average resonance wavelength of 555 nm and
a FWHM of 122 nm which is much larger than expected. To avoid this systematic
error an automated particle finding algorithm should be implemented.

Comparison to previous setups

To measure the scattering spectrum of a plasmonic nanoparticle it is necessary
to inhibit the bright background normally obtained with microscopes. This can
be achieved either with a dark field condensor or with TIR (for theory on TIR
see Section 2.5). A dark field condensor forms the illumination light via an aper-
ture or mirrors to a shallow cone with the sample positioned at its tip. The
scattered light from the object can then enter the objective, whereas the il-
lumination light travels with an angle too large to be captured by the objec-
tive. So far most dark field setups as well as TIR setups were equipped with
halogen lamps. Such light sources provide much less intensity than the WLL
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used here. Therefore, even with optimal
gain conditions, the minimum exposure
time is in the 100 ms regime. Figure 4.6
shows a 60 nm sphere sample in direct com-
parison of a typical dark field setup and my
Plasmon Fluctuation Setup with a WLL in
TIR illumination.

DF setup

TIR setup

Side remark: A recently published paper
describes a setup for discriminating be-
tween 60 nm silver and 80 nm gold spheres
with a detection time in the millisecond
range. It is based on interferometric mea- Figure 4.6: Comparison of the Plasmon
surements on flowing particles and works Fluctuation Setup with a common dark
with two discrete wavelengths and two cor- field setup. Both pictures were taken with

. . . a 40x CP-Achromat air objective with the
responding photo diodes [122]. Even if they same camera settings of 1's exposure time
were to achieve same time as in my setup, and 1S0200. The same 60nm sphere

an entire spectrum is not gathered. sample was used in both measurements
as a standard.

4.3.1 Noise

The quality of a measurement is strongly influenced by the amount of noise present
during the measurement. The possible noise terms existing in the Plasmon Fluc-
tuation Setup are: laser noise and camera noises, namely shot noise and read
noise (dark current noise can be neglected due to the thermoelectric cooling of
the camera). To have an estimation of the importance of the different noise terms
I investigated each term individually. Furthermore, this quantitative knowledge
on different noises allows to simulate the scattering spectra to predict the quality
of a measurement.

White light laser noise

The quality of the white light laser is a crucial factor for the performance of
the setup. The laser noise was investigated by measuring ten thousand frames
of white scattering silica beads at different exposure times covering 5 orders of
magnitude. Calculations of the stability of various wavelengths resulted in noise
levels of about 1.5 % for the millisecond regime and below 3 % for the microsecond
regime. The larger noise at shorter exposure times does probably not originate
from the laser, but can be attributed to the smaller number of detected photons.
For these short exposure times no scattering particle provided enough photons to
achieve a comparable count rate. Also, it can be noted that a noise level below 2 %
is in good agreement with information from the supplier, even though it includes
further noise sources like shot noise and read noise.
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Camera noises

The shot noise is the square root of the number of counted photons and imple-
mented in all simulations in such a manner.

The read noise was measured for several gain values by subtracting two dark
pictures with minimum exposure time and extracting the standard deviation of
the noise. As two pictures were used, the noise reduced further by the square root
of two. The gain dependent read noise for 20 binned pixels was measured to be
Neead(gain) = 15.903 + 1.151 - gain + 0.007 - gain®.

4.3.2 Overall microscope collection efficiency

To have a reliable, predictive tool for the optimal choice of sensor particles, it
is essential to simulate characteristics of the setup as well as just discussed, oc-
curring noise terms. First of all, the overall microscope collection efficiency was
deduced by comparing particle intensities measured and calculated. 25 spectra of
60nm gold spheres were acquired and then their mean maximum intensity was
compared to the maximum scattering intensity of the same particle calculated by
QSA. For QSA parameters like the illumination density (1 mW/\/mm?), exposure
time (13ms for 60nm spheres, 103 ms for 40 nm spheres), bin size of the wave-
length range (0.52 nm/pixel), and the refractive index of the surrounding medium
(2/3 water, 1/3 glass) were adapted in the simulation to match the condition of
the experiment. The transmission efficiency obtained is (5.442.3) %. The error is
calculated using the standard deviation of the intensity of all particles measured.
As an additional control the measurement was repeated with 40 nm gold spheres
resulting in a transmission efficiency of (6.2+£2.3) %.

A rough estimation of the expected overall microscope collection efficiency was
done by simple multiplication of all including factors like objective collectivity
(10 %, approximated by geometrical consideration of a NA 0.65 air objective), ob-
jective transmittance (~90%), spectrometer transmittance for the investigated
order of the spectrum (~50 %) and the quantum efficiency of the camera (55 % at
530nm). By this I obtained an overall efficiency of 2.5% from which I conclude
the reasonability of the values obtained before.

4.3.3 Baseline stabilization

For reliable long term measurements of resonance wavelengths, a stable baseline
is essential (see Figure 4.7). To achieve such a stable resonance position, several
precautions have to be considered. It is necessary to exclude any external stress
in the flow cell. Even lifting the outer ends of the tubing will cause changes in the
resonance position. Therefore, it is advisable to measure in constant conditions
like a constant flow or no flow at all. By occasionally flowing fluid, resonance
changes via stress and temperature variation are probable to be introduced. An-
other crucial point is the positioning and focusing of the particle. The maximum
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Figure 4.7: Basline stabilization is a crucial aspect for a good measurement. Artifacts
seen before stabilization are shown in the red box and include strong red or blue shifts,
random fluctuations or somehow periodic signal variations. A good baseline, as it should be
established before measurement, is shown in the green box.

intensity has to be adjusted and maintained to provide optimal settings. Minor
drifts of the sample stage during measurement will already introduce a shift in
the resonance position [123|. Therefore, it is mandatory to not touch the entire
optical table during an experimental run.

4.4 Conclusion

The crop mode in combination with the high gain of the EMCCD camera and a
powerful supercontiuum white light source was able to improve the time resolution
of acquiring plasmonic resonance spectra into the 50 s regime. The spectral qual-
ity in the millisecond regime is at least of comparable quality to earlier generation
dark field setups. This is an improvement of at least four orders of magnitude
without loss in quality.

The length of a single time trace without disruption can be up to 4-10° frames. At
an exposure time of 10 ms, giving a cycle time of 13.7ms, this allows monitoring
for 90 minutes. However, stability of the system is here the antagonist.
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5 Single Unlabeled Molecule Sensing

In our days, if scientists want to detect single molecules they have to label the
analyte with e.g. dyes for sufficient contrast. However, this labeling can induce
conformational or property changes to the analyzed molecule. Therefore, finding
a method to detect single, label free molecules is a very important task of today’s
research.

Prior to showing how I solved this challenge using a gold nanorod as sensor, I give
a short introduction to the field of plasmonic nanoparticle using with a focus on
sensing:

Plasmonic nanoparticles are used in many disciplines in our days. In cellular
imaging or immunoassaies they serve as brightly colored labels. Additionally, in
cancer therapy nanoparticles are used as heat sources to damage mutated cells.
However, even more interesting is the qualification of plasmonic nanoparticles as
sensors using their high sensitivity to their direct environment. During the last
decades scientists have largely improved the quality of such plasmon particle sen-
sors. The first method exploiting plasmons for sensing was the surface plasmon
resonance instrument (SPR). The concept is based on a propagating surface plas-
mon in a thin gold film [124]. The advantage of using nanoparticles over SPR is
the lower influence from bulk refractive index as the sensing distance above the
metal is much smaller for nanoparticles [125, 126]. It has been shown recently
that the extinction wavelength of an array of nanoparticles can be measured with
a precision as low as 5 - 107 nm at a temporal resolution of 1s [127]. With this
method the calcium ion induced conformation change of the protein calmodulin
was monitored [126]. This label free technique was also discovered by the phar-
macy community as powerful tool for bioprocess studies [128]. The next logical
step in plasmon sensing was then to move to single particle experiments. For a
single nanoparticle the sensing volume is in the attoliter regime. The correspond-
ing zeptomolar sensitivity was first shown in 2003 [129]. An improvement of the
absolute detection limit was the implication [125]. Such a sensor is not simply
the miniaturization of a SPR system, but holds information about fluctuations
canceling out otherwise (see Section 5.2.5). Additionally, single nanoparticles can
be used within living cells, whereas no fixed array of nanoparticles can penetrate
them. Another advantage of single nanoparticles as sensor is the high spatial
resolution provided by their small size. An interesting experiment based on sin-
gle particle sensitivity monitors DNA cleavage in real-time and thus is a good
example for the sensing capability of noble metal nanoparticles [130]. With a sim-
ilar, but even more advanced, concept hydrogen sensing was demonstrated in the
Alivisatos laboratories at a single particle level [131]. Further improvements down
to single molecule sensitivity in living cells or extreme parallelization of biosensing
is a realistic perspective in this field [132].

After this introduction I move on to recently published single particle measure-
ments. I repeated these experiments during my thesis to learn about the quality
of the measurements and now briefly report on the outcome.
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Figure 5.1: a) Full layer sensing of streptavidin on a PEG-biotin functionalized Au rod. b)
20 nm streptavidin functionalized Au spheres attach to a PEG-biotin functionalized Au rod.
Attachment steps are indicated with gray arrows.

5.1 Different conformations sensed

5.1.1 Layer sensing

Already in 2003, specific biomolecular recognition based on single gold nanopar-
ticle light scattering was reported by Raschke et al. [28]. They demonstrated
a real-time streptavidin sensor based on the plasmon resonance shift of a single
gold nanosphere with a sensitivity down to 1 pM streptavidin concentration. The
possibility to improve this sensing method by the usage of other shapes besides
spheres as sensor was shown in 2008 [133|. On year later, this system of binding
proteins to its ligand which is attached to a nanoparticle was further improved by
Nusz et al. [134]. They followed the scattering spectrum of a single biotin func-
tionalized nanorod when incubated with streptavidin solution at a time resolution
of 10s. There, a concentration of streptavidin down to 1 nM could be detected.
In this publication the advantage of a single particle experiment over ensemble
averaging was already pointed out.

The specific recognition of a target molecule is a major requirement for a biosensor.
It can be achieved by functionalization of the nanoparticle with a corresponding
specific linker molecule. Nevertheless, a tremendous loss of sensitivity due to the
reduced sensing volume has to be accepted.

To test the Plasmon Fluctuation Setup presented in this thesis I have carried out
experiments of streptavidin binding specifically to a biotin functionalized nanorod
with 3000 g/mol PEG as linker (see Figure 5.1a). The used streptavidin concen-
tration was 1.9 pM. In contradiction to the experiments of Raschke et al. [28] who
used a concentration of the same magnitude, I do not see a gradual shift over
15 min, but rather an instantaneous (~ 1s) binding.
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5 SINGLE UNLABELED MOLECULE SENSING

5.1.2 Au sphere attachment

The next step in history to show the improvement of plasmon sensors was the
detection of one to a few labeled molecules. One choice of labeling could be
the attachment of a small plasmonic nanoparticle to the molecule of interest.
Here, the signal enhances strongly by the plasmon coupling of sensor and label
when approaching. However, as the nanoparticle label is larger then the common
molecule, preparation is easier if the entire nanoparticle is functionalized with the
target molecule. In addition, this increases the binding probability of the labeled
system. The first demonstration of such single binding events was reported by
Sannomiya et al. in 2008 [135]. As sensor they used a 100nm Au spheres coated
with DNA. The complementary target DNA was labeled with 20nm Au spheres.
The attachment was monitored in real-time. Afterwards the same particles were
investigated in SEM to verify the number of attached 20nm Au spheres.

A similar experiment was also carried out by me. I coated Au nanorods with
3000 g/mol PEG-biotin. After immobilization of the sensor with 1 M NaCl in the
flow cell, the 20nm Au spheres with matching streptavidin coating were flown
in. Continuous measurement of the resonance wavelength of the sensor with a
temporal resolution of 13 ms showed similar shifts to red wavelengths (see Figure
5.1b).

After being able to reproduce these recently published results, I moved to the holy
grail of sensing - the detection of individual, unlabeled molecules. The challenges
of this task and my achievements are presented in the next section.

5.2 Single unlabeled protein detection

Well established methods commonly used for single protein detection take ad-
vantage of labeling the proteins. A popular example is fluorescence correlation
spectroscopy [136]|. Another route uses an enzymatic reaction to amplify the signal
to make it large enough for detection [137]. Here, an array of standing nanosize
cylinders was functionalized to allow the specific binding of horseradish peroxi-
dase. In an additional step these bound molecules catalyze a local precipitation
reaction resulting in a further increase of the refractive index. As this refractive
index change is proportional to the before bound enzyme molecules, an indirect
detection of down to 40pg/cm? is possible. This adsorbed mass corresponds to
a single molecule bound per nanoparticle. The time resolved detection of single
unlabeled molecule binding events would be of even higher interest.

Building sensors with the ultimate sensitivity of detecting unlabeled single
molecules would not only be an impressive step in sensitivity but would further
allow identification of adsorption and desorption dynamics, otherwise hidden in
ensemble measurements. This detection of single unlabeled proteins binding to
a surface is in our days the aim of a various number of methods. Very differ-
ent approaches like optical microcavities (e.g. whispering gallery modes, WGM)
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[138, 139] or surface-enhanced Raman scattering (SERS) [140] are followed. Also
non optical routes using electric detection via carbon nanotube [141] or boron-
doped silicon nanowire field-effect transistors [142| are taken. However, all of these
methods suffer from one or another disadvantage such as difficult sensor fabrica-
tion, lacking capability of in vitro experiments, an expensive detection setup or
simply a smaller sensitivity.

The idea of using even smaller sensors compared to WGM leads directly to plas-
monic nanoparticles. So far this method did not yet reach the ultimate sensitivity
as the signal-to-noise ratio with millisecond time resolution was not sufficient. To
achieve this ultimate limit of single unlabeled molecule detection, literature pro-
poses many routes to improve plasmon sensitivity. Particles with sharp tips or
small interparticle distances give rise to hot spots increasing sensitivity [143]. Be-
sides the choice of optimal size is discussed [144]. Furthermore, the lack of enough
illumination intensity limits the sensitivity of today’s setups. To my knowledge
there was only one paper published until now where the detection of single des-
orption processes from a nanoparticle was achieved with huge mathematical ef-
fort [145]. In contrary, I demonstrate the detection single unlabeled molecule
adsorption events by optimizing the sensitivity and time resolution of the setup
as described in Chapter 4 (see Figure 5.2). Using a gold nanorod as sensor I see
discrete steps in its plasmon wavelength caused by single adsorbing molecules.
Therefore, I provide a new tool for label free single molecule detection.

5.2.1 Materials and methods

Before I present my results on single unlabeled protein detection I give a brief
summary on materials and methods used.

Gold nanorods were grown in a two step wet chemical synthesis as described in
Appendix A. Fibronectin from bovine plasma was purchased from Sigma (F1141-
1mg). Phosphate buffered saline (PBS) and sodium dodecyl sulfate (SDS) were
bought from Sigma. PBS solution was filtered with a 20nm pore size filter be-
fore usage. Different concentrations of protein solution were made by diluting

54



5 SINGLE UNLABELED MOLECULE SENSING

fibronectin into PBS solution.

The Plasmon Fluctuation Setup described in Chapter 4 was used. The exposure
time for medium rods was 10ms with a cycle time of 13.7ms. The gain was
adjusted for maximum signal if needed, normally ranging between enabled gain
and a gain value of five.

I used 'home-build’” flow cells consisting of a glass capillary (2mm X 0.1 mm)
attached with glue to flexible tubing. Thus, a liquid exchange was easily possible.
The refractive index between the flow cell and the glass surface illuminated by
the white light laser was matched with immersion oil.

Gold nanorods with different dimensions were used in this experiment as sensors.
They ranged from small (14 nm x 40 nm, Aepsemple = 674 nm) over medium (35 nm
X T8 nm, Aepsemple — 635 nm) to large (50 nm X 107 nm, Aepsemple — 664 nm) rods.
Particles were immobilized with 1 M NaCl in the flow cell. Upon inspection in the
TIR microscope, they were all clearly visible to the eye. Differences appeared in
the intensity as it scales with the particle volume. The sample was rinsed exten-
sively before usage: first with pure water, afterwards with 10 mM PBS. Crucial
to the quality of the experiment was the stability of the resonance wavelength.
Stabilizing the wavelength normally took about an hour. This might have been
due to stress inside the sample stage, drift in focus, or effects due to heating.
When a stable resonance wavelength was achieved for several minutes the tubing
of the flow cell was put into the protein solution and gravitational force generated
the flow. At this time, the measurement was started and no further adjustments
at the setup were carried out during measurement.

5.2.2 Time traces showing single protein attachment

In this section I provide data showing the attachment of single unlabeled proteins.
Also T present the method introduced by me to identify single steps in the time
trace of the resonance wavelength.

As analyte the macromolecule fibronectin was chosen to bind unspecific to the
CTAB coated gold rod used as sensor. This system is well known from quartz
crystal microbalance (QCM) and the protein is furthermore extensively discussed
in literature [146, 147, 148]. To test the chosen system I investigated the bind-
ing of fibronectin molecules at different concentrations to gold rods. Therefore,
nanoparticles were immobilized in a flow cell and stabilization of the resonance
wavelength was allowed [123]. The spectral signal of a single nanoparticle was
then monitored over time and the resonance wavelength, \.es(f), was obtained by
fitting a parabola through the peak maximum of each frame. Flowing fibronectin
into the flow cell reproduced adsorption curves as know from several experiments
like SPR (see Figure 5.3a) [149]. To obtain the respective adsorption coefficients,
k, the normalized shift of resonance wavelength, AXguie(t)/AAmax, was fit with
the exponential function A (t)/Admax = 1 — exp(—ckt). For ¢ the fibronectin
concentrations used for each experiment was taken. The adsorption coefficient
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Figure 5.3: a) Adsorption curves of fibronectin at different concentrations on Au nanorods.
The blue lines are fitted and give the following adsorption coefficients k: 2.80, 2.62, and 2.59
in10*4$ respectively from lowest to highest concentration. The inset shows a comparison
of the inserted concentrations to the concentrations calculated from the adsorption curves

only using a literature value for the adsorption coefficient of fibronectin to gold [147]. The
gray dashed line represents the ideal curve. b) Typical time trace (left) showing the resonance
wavelength of a single Au nanorod during incubation with protein solution. The black curve
shows the FFT denoised signal. The sketches illustrate the number of adsorbed proteins onto
the sensing gold rod at this point in time. Histogram (right) of the same time trace showing
distinct peaks for each step.

obtained is k ~ 2.67 - 10_4% (fit accuracy 1.1 - 10_7%) which is of the same

magnitude as the adsorption coefficient k& = 1.014- 10_4% taken from literature!?
[147]. The inset of Figure 5.3a shows a comparison of the concentrations inserted
to the concentrations calculated from the adsorption curves fitted only using a
literature value for the adsorption coefficient of fibronectin to gold.

The interesting new observation can be seen at low concentration of proteins.
Real time tracking of a single particle resonance wavelength allowed to follow the
adsorption of one molecule at a time. Discrete jumps in the resonance wavelength
can be seen in the time trace (see Figure 5.3b). Interesting parameters are the
shift, Alguit, caused by a single attaching molecule as well as the average time,
Atgep, passing between the steps. Notice, as surface saturation approaches this
time interval between adsorption events becomes longer. The optimal concentra-
tion for the detection of single steps was 1.25 pg/ml.

To analyze the time traces several ways were tested: i) Sliding average of the
standard deviation, where steps occur as increase in the value of the local standard
deviation. ii) Sorting the time trace with a cumulative probability allows to find
points of inflection as distinct attached protein numbers. iii) Investigation of a
histogram of the measured resonance wavelengths where Gaussian peaks appear
for each number of attached proteins. Despite finding comparable results for
all methods presented here, the easiest analysis of a time trace measured is to

12The adsorption coefficient in the publication is given in the unit cm/s, which can be con-
. 3 . . . .
verted to the unit used here £° by multiplication of ;. Foot print area a = 11 - 10~ % cm?,

dry mass of single protein m = 7.5- 10713 yg.

o6



5 SINGLE UNLABELED MOLECULE SENSING

investigate the histogram of the resonance wavelengths measured as shown in
Figure 5.3b. Thus, the information contained and its read-out in more detail:
The histogram shows several Gaussian peaks where each peak corresponds to a
certain number of molecules attached. The maxima are separated by Algnir;. The
area under the Gaussian peak tells the time Aty this certain configuration was
held. The fact that we do not see discrete delta functions clearly separated from
each other is due to the noise of the system. Even a 'naked’ rod measured in pure
water shows this Gaussian distribution with the FWHM being the noise of the
setup.

5.2.3 Control experiments

Even though discrete steps were found in the resonance wavelength of sensing
nanoparticles over time, no proof for the actual adsorption of single molecules
was given so far. Here, I present a number of control experiments to confirm the
hypothesis of single molecule adsorption events: The time between events varies
systematic with protein concentration. The shift induced is smaller for smaller
proteins. Proteins can be desorbed again. And the full coverage shift matches
statistical data.

Proofs for single molecule events

One strong indicator was the fact that the time between steps varies systematically
with concentration and fits with calculated diffusion limited adsorption processes.
In more detail, the number of protein hits on an area is described by N = ¢Av/Dt,
here ¢ is the protein concentration, A the available surface area of the rod, D the
diffusion constant as described in Equation 8.2 and ¢ the observation time [150].
As this equation is only valid for the first few adsorbing molecules'3, I only took
the first five events for determination of the attachment frequency into account.
Thus, the time of the measurement varied with concentration. The number of
attachment events calculated, using good approximations for the values of ¢, A
and D and experimental data are presented in Figure 5.4a. The number of events
calculated and measured agrees astonishingly well, even though no probability of
adsorption was introduced.

The second strong hint for the observation of single molecule events was the de-
pendence of the step size, Agep, on the size of the protein. As expected, smaller
proteins show a smaller shift (see Figure 5.4b). This was tested by cutting the fi-
bronectin dimer into monomers by addition of 5 mM tris(2-carboxyethyl)phosphine
(TCEP, Sigma). After 5min of incubation, the solution was ready to use and han-
dled with the same procedure as the dimer molecule. Notice, at this molecule size
the detection limit was reached, thus, selection of single events became difficult.
Also T want to point out the fact that not all shifts are of similar height. This

13 Afterwards, the amount of the particle surface already occupied has to be taken into account.
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Figure 5.4: a) Influence of fibronectin concentration on attachment frequency. Measured
data is plotted in black. Theoretical data is plotted in blue. b) Cumulative probability of
the shifts caused by attachment of differently sized proteins. ¢) Comparison of the arriving
times of the protein attachment to the expected uncorrelated event distribution given by a
Poissonian. d) Protein desorption in the presence of SDS. The final resonance wavelength
is blue shifted compared to the resonance position of the rod before adsorption. The inset
shows a statistic of blue shifts caused by SDS after 20 min.

effect is due to the different binding positions on the rod and is discussed in detail
in Section 5.2.4 'Boundary element method’.

A typical measure to check if single, uncorrelated events take place is the statistical
investigation of the arriving times. If a Poisson distribution is found, evidence for
single, uncorrelated events is given. Therefore, the arriving time of the proteins,
defined as the time between events, was checked against a Poisson distribution.
The entire trace was therefore divided into bins defined by the mean arriving time.
Counting the number of events within each bin gave the statistics shown in Figure
5.4c. Checking the distribution measured with a y?-test supported the hypothesis
with a confidence level larger than 95%.

Additional control experiments

As an additional validation of the single protein adsorption experiment, I mea-
sured the desorption of the proteins caused by washing with 0.2 wt% sodium do-
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Figure 5.5: a) Step size plotted over the number of the respective attachment to control for
systematics. b) Statistic of the full coverage shift of gold nanorods incubated with fibronectin
and the final shift observed during continuous data acquisition.

decyl sulfate (SDS, Sigma). Figure 5.4d shows a typical desorption curve. Notice
that desorption steps were bigger compared to the adsorption steps and less in
number. This hints to the detachment of several proteins at a time. Also the final
resonance wavelength of the sensing particle was blue shifted compared to the
starting value. This finding was confirmed in a statistical experiment (see inset
of Figure 5.4d) carried out at the setup described in Appendix C.1. Two reasons
were taken into account for this blue shift. First, the initial gold nanorod was cov-
ered by a stabilizing CTAB double layer which was later replaced by the protein
and was not restored after protein desorption. Second, SDS is known to induce
charges which can also shift the resonance position of a plasmonic nanoparticle
[21]. As a control experiment a CTAB coated nanorod was washed with SDS and
afterwards exposed to 50 mM CTAB solution or 1 M NaCl solution. In both cases
a red shift could be observed, and the hypothesis holds.

I also wondered whether a time dependence can be found in the step height as
surface coverage increases. Plotting the step heights of four different time traces in
the order of their appearance, no time dependence could be observed - as expected
for random attachment (see Figure 5.5a). This finding of history independence is
in good agreement to simulations carried out in the next section which also confirm
that a protein attaching at a certain position induces the same shift independent
from already attached proteins.

Another interesting parameter is the maximum shift, A\.., achieved under full
protein coverage of the particle. It contains information about the absolute num-
ber of adsorbed proteins. To get inside if full protein coverage was already reached
when measuring the adsorption curve (data see Figure 5.3), I compared the maxi-
mum shift to values measured at the fastSPS setup (setup described in Appendix
C.1) providing statistical data as the shift of a high number of particles can be
gathered from one experiment. The data showed good agreement in the shift
finally reached (see Figure 5.5b). However, as the particles differ in size and
arrangement of the protein coverage the deviation measured in absolute shift is
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Figure 5.6: a) Parameters for QSA calculation to determine Fibronectin shift. The calculated
layer around the gold particle has the same thickness as the diameter of the protein. Notice,
the sensing layer will differ in distance for almost all cases. The total number of adsorbed
molecules is calculated via the surface of the gold rod and the foot print area of a protein.
b) TEM image of stained fibronectin molecules. c) Statistics of the measured dimension. In
the case of egg shaped molecules short and long axis are chosen.

expected. Additionally, it should be mentioned that Langmuir adsorption predicts
a larger surface coverage for surfaces exposed to higher concentrations. This effect
is ignored here as it is masked by the polydispersity of the sample.

5.2.4 Simulation of expected shifts

In addition to the experiments the shift expected per adsorbed molecule was
simulated. Therefore, two kinds of theoretical approaches were used with the
finding that the size of the steps measured matches well to the sizes calculated.

Quasi-static approximation

The resonance wavelength of a naked gold nanorod and the same nanorod with full
protein layer were calculated. To account for the spherical shape of the proteins
the refractive index of the layer was adapted to an effective refractive index. Thus,
the refractive index of the protein (nprotein = 1.5) [28] and the refractive index of
the solvent (ngowent = 1.33) as well as the volume occupancy of 60 % (for a layer
of spheres compared to the fully filled layer) were accounted. Merging these pa-
rameters introduced an effective refractive index for the layer of neg 1ayer — 1.432.
The layer thickness used was taken from the molecule diameter of 12nm found
in literature [151]. This value is in agreement with the dimensions we obtained
by transmission electron microscopy experiments on stained fibronectin molecules
(see Figure 5.6). For simplicity the fibronectin dimension was recalculated to
match a hard sphere. The shift thus obtained was divided by the maximum num-
ber of attaching molecules, where a molecule was again assumed as a hard sphere
with the attachment area of its shadow. This shadow, also called foot print area,
is in good agreement with values from literature [152]. Results calculated with
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Figure 5.7: Comparison of theoretical and experimental shifts induced by single protein
binding events. The red curve corresponds to QSA calculations where the full layer shift was
divided by the number of attached molecules. The green curves are pure BEM simulation with
side (light green) and tip (dark green) attachment. The dark blue curve results from BEM
simulations including volume fraction. Measured data points are included in the graph in
light blue. The particle volume was estimated from the scattering intensity and the resonance
position of the particle. The error bar is the standard deviation of all measured steps seen
within the time trace of a particle.

this method of the shift induced by the attachment of a single fibronectin molecule
are shown in Figure 5.7 for several particle volumes.

Sketch Protein nb  Shift / nm
Boundary element method =

& 1. 0.073
The advantage of BEM compared to
QSA is the more exact description of &ap- 1. 0.171
the experimental condition. Not a 9
full layer has to be simulated as in AP 9 0171
QSA, but the shift between a naked
nanorod and a nanorod with an at- > 4D o 9 0.176
tached protein can directly be inves-
tigated. Thus, the protein position &‘ 8 0171
can be varied. This gives insight into ' '
the dependency of the expected shift Table 5.1: Influence of attachment position

on the attachment position (see Figure
5.8b inset). Positions at the side and
close to the tip (10° offset) of the rod
give the minimum and maximum shift,

on the induced shift and its independence from
number of attached proteins. Dimensions of
the sensing rod: 25nm x 70nm. The new
protein is shown in purple.
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respectively. Furthermore, simulations to investigate the role of the number of
proteins already attached were accomplished with the finding that the position
of the attachment is of much bigger influence than the percentage of surface cov-
erage (see Table 5.1). The BEM simulations presented here were carried out by

As BEM needs a lot of simulation time a simplified method was introduced
by . Here, not all analyte di-
mensions had to be simulated independently but were included via the sensing
volume they occupy. The equation to calculate the final shift is defined by:
Adprot = Virac - S - An. To independently derive the parameters included, first,
the sensing volume, namely the volume which shows 1/e of the total shift, was
calculated by BEM!'. Therefrom, the volume fraction, V.., the sensing volume
occupied by an analyte, was derived and multiplied with the particle sensitivity,
S = AX/An. Last, the refractive index change, An, introduced by the attach-
ing molecule was included. The shifts obtained agree well with the values of the
carried out simulations (see Figure 5.7).

Optimal rod for single protein sensing

As a further subject, I addressed the question of the optimal rod sample for such
single adsorption experiments. A large particle volume gives rise to an intense
plasmon peak which can be nicely detected with low noise. The trade off of a large
particle volume is the small shift induced by single protein binding (see Figure
5.8b). Decreasing the particle volume increases the uncertainty of the resonance
position but in parallel increases the shift. In Figure 5.8¢c the two antagonists,
signal and noise, are plotted. Only in the region shaded gray a signal-to-noise
ratio above one is available. Also included in this sub figure are the different noise
terms of the setup as discussed in Section 4.3.1. Figure 5.8d illustrates the shift
induced per molecule for two rods (AR 2.25, diameter 20nm and 35nm). The
total noise for a particular rod is constant and plotted respectively as vertical line.
All molecules right of the intersection of shift and noise have a signal-to-noise level
above one. Thus, for both rods single analyte molecules with a diameter bigger
than 6 nm can be detected. Simulation shows that an increase of the laser power
until a particle heating of 1K is reached lowers the noise term (see Section 2.4).
This higher illumination power allows, with the 20 nm diameter rod as sensor, the
detection of molecules down to approximately 3.8 nm in diameter.

4For proteins with a diameter larger than the sensing distance this underestimates the reso-
nance shift as the 1/e threshold is exceeded.
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5 SINGLE UNLABELED MOLECULE SENSING

a) b) 21.
B
S
L o
® o 30.5
- = Q
ks
>
large - medium = small E0.05
O
c)
£ Sensor diameter d / nm d) Molecular weight / kg/mol
£ 0 15 20 30 45 70 9 £10° 1 10 50 100 200 450
_%102 ] - total noise ld £ d=20nm d=35nm
% 1E : AR2,25 % noise /
CDlO [}
S shot T o
8100 I noise €10 o
? ;:’:_ ?X_clzzglx% lasey,
8 & ;
= 102 1 read noise” e, _9)
& 3 2 5 6 10 ) ' ;
10 10 10 10 0 2 4 6 8 10 12
Particle volume / nm3 Molecule diameter / nm

Figure 5.8: a) Change of sensing volume with particle size. Constant analyte size implicates
variation in occupied volume fraction. b) Cumulative probability of measured resonance shifts
within one trace for three differently sized particles. Average shifts are 0.17 nm for the large
rod (orange ellipse), 0.30 nm for the medium rod (gray rectangle), and 0.51 nm for the small
rod (purple triangle). The respective noise level is shaded on the left hand side. The large
shift tail in the cumulative distribution is caused by the position dependent sensitivity along
the rod (the inset shows a simulation for a 12 nm diameter protein on a 35 nm wide nanorod.)
c) Simulated shift induced by a 12 nm diameter adsorbing protein (purple) compared to the
noise level of our setup (solid orange). In the gray area, the signal-to-noise level is above one.
The data point for 35 nm rods is the average shift per molecule as measured experimentally.
d) Induced shift for two rod sizes if analyte size is varied. Vertical lines give respective noise
value minimizing smallest detectable molecule. For optimal laser power, limited by sensor
heating of 1K, analytes of 3.8 nm are detectable with 20 nm diameter rods. The aspect ratio
of the nanorods is always 2.25.
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5.2 Single unlabeled protein detection

5.2.5 Conclusions and future potential

I was able to show the step-wise ad-
sorption of single proteins onto a plas-
monic nanosensor. In addition, I ex-
plored the dimensions for possible sen-
sors by simulation, finding the opti-
mal sensor for my experimental condi-
tions. For further experiments I pro-
pose a setup which is able to measure
in the near-infrared, as sensitivity of
rods scattering in this regime is supe-
rior to rods scattering in lower wave-
length regimes (see Figure 5.9). Also
I determined the noise of the white
light laser to be one of the main noise
sources besides shot noise. Thus, in-
cluding white light calibration for each
single point in time would further im-
prove the quality of the spectral reso-
lution.
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Figure 5.9: Signal-to-noise of single protein
adsorption events for different aspect ratios of
the sensing nanorod.



5 SINGLE UNLABELED MOLECULE SENSING

5.3 Time resolved binding kinetics and equilibrium fluctua-
tions

Being able to resolve single protein binding, I tried to time-resolve the adsorption
process itself — an information fundamentally hidden in ensemble measurements
as the huge number of involved molecules attach at any point in time. For this, I
manually superimposed and averaged all steps identified with nicely distinguish-
able starting points of the adsorption experiment carried out earlier within one
measurement. Then, exponential adsorption dynamics could be resolved with mil-
lisecond resolution (see Figure 5.10a). A plasmonic red shift was observed during
the adsorption process with about 1-2s timescale. 1 believe that this slow red
shift within one adsorption event came from a slow denaturation of the protein
on the surface bringing it closer to the particle (see inset of Figure 5.10a). Such
denaturing of proteins near metal surfaces is, by itself, a well known phenomenon
[148, 153, 154]. My method allows now to study the temporal evolution of this
process in detail and should trigger the development of models to explain the
denaturing timescale observed.

Furthermore, I present a new method for the investigation of equilibrium dynam-
ics. This new approach is based on the small sensing volume of a nanorod, thus,
only few molecules can attach [129, 125] and coverage fluctuations can theoret-
ically be used to retrieve information about binding kinetics. In Figure 5.10b I
present the respective data. On the left, plasmon fluctuations measured in pure
water are shown. The here seen fluctuations of 0.04 nm are simple setup noise.
Whereas, looking at the plasmon fluctuations of the same system in a protein
surfactant mixture in buffer conditions (right side) reveals much more structure
and change in resonance position. This can be attributed to an equilibrium ad-
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Figure 5.10: a) Mean adsorption behavior (black) averaged from 8 single adsorption events
(blue) taken from a single rod. The deviation from a step-like form suggests a protein
denaturing on the timescale of 1-2 s (inset) b) Compared to the noise level of 0.04 nm
(standard deviation) in pure water, the fluctuation amplitude increases significantly to 0.11
nm in a protein surfactant mixture (25 pg/ml fibronectin, 0.2wt% SDS) due to equilibrium
protein coverage fluctuations.
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5.3 Time resolved binding kinetics and equilibrium fluctuations

sorption and desorption of the proteins present. Therefore, a first step towards
easy binding constant identification was done [155].

QOutlook

Adsorption dynamics

For better understanding of the seen exponential adsorption behavior, further
studies on parameter series of e.g. temperature, ion concentration, or similar
have to be carried out. Also additional experiments with different proteins or
the same, but slightly modified protein are of high interest as they might reveal
responsible binding regions or importance of certain folding configurations.

Equilibrium and non-equilibrium experiments

Excessive studies with large sets of pa-
rameters influencing the process need
to be carried out to understand and
control coverage fluctuations in a pro-
jecting manner.

A potential candidate for equilibrium
and non-equilibrium experiments on a
system with biological relevance might
be Annexin Al. This protein has a di-
mension of ~4nmx7nmx4.5nm and
a molar weight of 30-40g/mol [156,
157]. Several kinetic studies on large
ensembles have been reported in lit-
erature [157, 158, 159].  Therefore,
its calcium dependent binding con-
stant and the irreversible attachment
to POPS-membranes (1l-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoserine)  is
well known. QSA calculations, as de-
scribed in Section 5.2.4, but with an
additional membrane functionalization
predict shifts by single protein bind-
ing in the order of 0.027nm for a
20nmx40nm gold rod. At the current
point in time this value is hidden in
the noise level of the the Plasmon Fluc-
tuation Setup. However, for infrared
rods with an aspect ratio of 5 and a di-
ameter of 10 nm this shift increases to
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Figure 5.11: Ocular view of cells on top of im-
mobilized nanoparticles. In a) spherical gold
nanoparticles are shown. In b) gold nanorods
are used. To determine the fluctuations of a
living cell membrane the resonance spectrum
of a nanorod underneath a cell has to be in-
vestigated. The difficulty introduced by the
strong scattering of the cell nucleus is clearly
visible.
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0.11nm. In combination with the improved signal-to-noise level in the infrared
regime this adsorption event should be detectable.

Another interesting biological question aims for the fluctuations of a biological
cell membrane. Changes in living cell membranes might give information about
vitality, state of attachment or movements currently carried out. The challenge
in the case of an eukaryote cell is the shielding of the light scattered by the
nucleus (see Figure 5.11). Furthermore, the microscope has to be equipped with
a temperature and a COy control to ensure cell viability.
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6 NANODIMERS UNDER STRONG ILLUMINATION

6 Nanodimers under Strong Illlumination

Recently, the 'nanoruler’ a distance sensitive system of two close by nanospheres
was introduced to measure distances on the nanoscale without bleaching or blink-
ing as experienced for the commonly used distance sensor, fluorescence resonance
energy transfer (FRET) [160]. However, so far no investigations were carried out
on the behavior of this nanoruler under strong illumination. As such a strong illu-
mination is present in the Plasmon Fluctuation Setup these studies are completed
in this Chapter.

The system in focus consists of two connected spheres, also referred to as dimer,
and is sensitive to the distance between the spheres as their plasmons couple
(see Section 2.3). One main feature of dimers is the ability to measure nanoscale
distances in real time. Thus, they are also called nanorulers. Experimentally, time
dynamics of such coupled nanoparticles were first observed by Sonnichsen et al.
[161]. In 2007, Reinhard et al. used this distance sensor to monitor the bending
and cleavage of a DNA strand by an enzyme [162]. Besides this distance sensitivity,
a second interesting characteristic of the nanoruler is the availability of the dimer
orientation. This additional information can be gathered if measurements are
performed with a linear analyzer in the detection beam. These features were
exploited in one recent, fascinating experiment using silver dimers connected via
a polymer bridge as a sensor for translational and rotational motion on a cell
membrane [163]. Further ideas introducing nanoparticle DNA-dimers as building
blocks for molecular electronics can be found in the literature [164].

To be able to use these dimers as distance, orientation or stiffness (see Chapter 7)
sensor in the Plasmon Fluctuation Setup, it is necessary to check if changes are
introduced by the strong illumination of the setup. As major concern, especially
the presence of optical forces and heating effects due to light absorption have to
be investigated.

Within this chapter, first, I describe the procedure of dimer creation and the
arising interparticle gap. Then, the findings of the experimental studies follow,
showing that strong illumination induces a collapse of the interparticle gap. Nev-
ertheless, different experiments carried out imply different mechanisms for the
approach of the two spheres. Also the theoretical investigation of the two pos-
sible mechanisms, heating and optical forces, did not pinpoint either of them as
exclusive origin.

6.1 Functionalization and preparation

A common method to produce spatially well defined nanostructures is lithography
[165]. Such structures, however, do not have flexible distances nor orientations
that can be monitored in time. Therefore, I assembled the dimers directly in the
flow cell via ligand receptor recognition. The advantage of a flow cell assembly
over in batch prepared dimers is the observation of the assembly in time. Thus,

69



6.1 Functionalization and preparation

the reduction of misinterpreted trimers or higher aggregates which are also created
as the assembly is a stochastic process is achieved.

Functionalization

As linker I used the well known streptavidin-biotin sys-
tem. The specificity of the interaction, the high affin-
ity, and the stability of the biomolecules make this
system a popular choice [166]. Polyethylene glycol BIGTIN o
(PEG) acts as an additional spacer. This polymer was n
chosen as it is water soluble and commercially avail-
able with different end-groups. Here, chains with a
thiol as one end-group for covalent binding on gold,
and biotin for the other end-group for specific streptavidin recognition were se-
lected. The shortest PEG spacer used was bought with an amino-group which
was altered with 3,3’-dithiobis(sulfosuccinimidylpropionate) (DTSSP) to provide
a thiol group. Also streptavidin was attached to DTSSP to provide a gold
binding thiol group. The functionalization protocol was kindly provided by
and can be found in Ap-

Figure 6.1: Biotin-PEG-SH
structure

pendix B.1 [167].

Attachment of 2" particle

Figure 6.2: a) In the left image, the

first introduced monomers are shown.

After flowing the secondary particles

into the flow cell, some green spots

change their color to orange, a good

indication for dimerization (red ar-

rows). In addition, one new particle

attached to the glass surface (blue ar-

row). b) The polarization dependent

4= dimer color difference between a dimer and

4mmnew particle a monomer is shown. In the case of a

b) dimer the color changes when chang-

ing the polarization angle. In con-

Detection with linear polarizer trast, the monomer exhibits no color

change. The change in intensity of

dimer . the monomer is due to the illumina-
tion method.

monomer

0° 45° 90°
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6 NANODIMERS UNDER STRONG ILLUMINATION

Figure 6.3: Dimer spectra with linear
analyzer at different rotational po-
sitions. The 60° (yellow) and 150°
(dark blue) orientation correspond to
the perpendicular and parallel illumi-
nation of the dimer. The weak ex-
istence of the short axis resonance
peak cannot be repressed under any
condition and is a strong sign for un-
equally sized nanospheres [56].

Intensity / arb. u.

500 600 700 800
Wavelength / nm

Preparation of dimers in the flow cell

After washing the flow cell intensively with Millipore water, a diluted (1:100 with
deionized water) stock solution of PEG-biotin spheres was flown into the flow cell.
Particles were immobilized with 1 M NaCl which was flown in as soon as the first
particles reached the field of view (normally after ~ 30s). After immobilizing a
sufficient number of monomers, the flow cell was washed for at least 10 min to avoid
later aggregation of floating particles. Additionally, passivation of the surface was
done with a previously prepared passivation mixture (see Appendix B.1.3) by car-
rying out two cycles consisting of 10 min flow followed by 20 min incubation. The
afterwards introduced stock solution of secondary, streptavidin functionalized par-
ticles was 1:100 diluted in passivation mixture to assure surface passivation after
liquid exchange. Dimerization could then be followed in the microscope in real
time. After a sufficient number of dimerization events, which normally took place
after 5min, the flow cell was again washed with the passivation mixture to remove
unbound particles. Even though trimerization is suppressed by steric hindrance,
it is straight forward to stop dimerization already as soon as approximately 50 %
of the monomers experience a red shift. The statistical chance for trimers is then
approximately 10 %. To avoid observing possible trimers or aggregates introduced
later, preselection was carried out. Only particles which had been green monomers
experiencing a reasonable red shift after incubation with secondary particles were
taken into consideration (see Figure 6.2a). Furthermore, investigation with a po-
larizer to check if the two polarization axes corresponding to the long and short
dimer axis, respectively, were present, was carried out prior to any measurement
(see Figure 6.2b). When turning the polarizer the resonances of the two particle
axes had to alternately appear as shown in Figure 6.3. The presence of the short
axes peak at all polarization orientations originates most likely from the geometric
alignment of the dimer in respect to the objective. More precisely, if both spheres
appear on top of each other, no polarization dependence is expected. Note, in
this configuration the existence of the long axis peak arises from the NA of the
objective. Another mechanism predicting the polarization independent presence
of both peaks is an inhomogenity in size of the two connected nanospheres and
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6.2 Approximation of dimer gap distance

700g/mol PEG 5000g/mol PEG

Figure 6.4: Relative scale of two dimers with different spacer lengths (700 g/mol PEG and
5000 g/mol PEG). The Au spheres are sketched in orange. Streptavidin is the green compo-
nent, biotin is labeled in blue. The PEG chain is marked in black including the Flory diameter
(dashed line). The very small DTSSP molecule used to attach the 700 g/mol PEG to the
gold surface is imaged in pink.

corresponds to the antisymmetric bounding modes (see Section 2.3) which are
repressed for homogeneous particle sizes [56].

Now that I explained particle functionalization and preparation I turn to the size
of the interparticle gap. As discussed in Section 2.3 the resonance wavelength of
the system strongly depends on this parameter.

6.2 Approximation of dimer gap distance

In this thesis, the approximation of the gap distance between the two spheres of
a dimer is only investigated by literature stated values. Therefore, dimensions
of all interparticle molecules (streptavidin, PEG-biotin and DTSSP) are summed
up to determine the final gap distance. More detailed work including further
investigation methods like cryo-TEM and dynamic light scattering (DLS) was
carried out by on the same system |167].

The dimensions of streptavidin are given in literature to approximately
4.2nmx4.2nmx5.6 nm [168]. The streptavidin binding biotin is much smaller in
dimension: approx. 0.52nmx1.0nmx2.1nm [169]. As biotin binds in a pocket of

streptavidin  its dimension is neglected. Another small molecule
is DTSSP with a maxi-
| My PEG / g/mol | monomers | gap distance / nm | mum dimension of 0.6 nm.
2700 10 ~80 Besides streptavidin, the
3000 62 ~13.7 main contributor to the
: distance is the coiled

5000 107 ~17.0 gap
PEG spacer. In a good sol-
Table 6.1: Approximated dimer gap distance induced by dif- vent, its dimension can be
ferent spacer lengths determined by the Flory
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6 NANODIMERS UNDER STRONG ILLUMINATION

Figure 6.5: Dependency of the
dimer resonance position on the
gap distance. Data points mea-
sured (black) are fitted with the
universal scaling law from Jain et
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radius Rp = aN°®, where ¢ = 3.5A is the size of a PEG monomer and N
the number of monomers'® [172]. The number of monomers is calculated from
the molecular mass of the PEG molecule. As the structure of a PEG monomer
is [(CHz)20] the molecular weight calculates to 44 g/mol. Before dividing the
molecular weight of the entire PEG chain by the monomer weight, the molecular
weights for the two end-groups need to be subtracted. They are 244 g/mol for
biotin, and either 33 g/mol for thiol or 16 g/mol for the amino-group. In the case
of 10, 62, and 107 monomers the Flory radius calculates to 1.4nm, 4.1 nm, and
5.8 nm, respectively. Adding up all components gives a gap distance of 8.2 nm for
the 700 g/mol PEG spacer. For the medium spacer of 3000 g/mol PEG, a distance
of 13.7nm, and for the largest spacer of 5000 g/mol PEG, a distance of 17.0nm
can be assumed (see Table 6.1). An on-scale drawing of the respective distances
and sizes can be seen in Figure 6.4. The magnitude of the gap distances obtained
here are in agreement with the experimental results of [167].

Furthermore, for all dimers with different spacer sizes the average resonance po-
sitions over the gap distance obtained are fitted with the universal scaling law
introduced in Section 2.3 (see Figure 6.5). Again good agreement within the
boundaries of the precision of the measurement can be observed.

6.3 Experiments on dimers under strong illumination

Now, I present data of an illumination induced plasmon resonance red shift of
gold and silver nanodimers. Even though the steric hindrance of this polymer
holds the particles at a roughly constant distance under weak illumination, strong
illumination induces a red shift of the resonance wavelength. Such a red shift is a

30Other literature sources present slightly different power laws. Kawaguchi et al. calculates
the mean square radius of gyration by: < R% >=4.08 - 1072 M}*° ol [170]. Devanand and

Selser give for the radius of gyration Rg = 0.215 M8V583i0'0311§ [171].
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6.3 Experiments on dimers under strong illumination
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Figure 6.6: a) Cumulative probability of particle resonance positions before and after strong
illumination for 700 g/mol PEG spacer (blue) and 3000 g/mol PEG spacer (green). The
tremendous red shift can be explained by particles approaching each other. b) Determina-
tion of the threshold power needed to induce the collapse. For 700 g/mol PEG dimers an
attenuation with a neutral density filter with optical density 0.5 will collapse approximately
50 % of the dimers. c¢) and d) Full spectral plot of the resonance shift followed in real time
for 700 g/mol PEG and 3000 g/mol PEG spacer for a single dimer in each case.

strong hint for two particles approaching each other. In the following, I discuss the
characteristics of this approach, like its dependence on the power and wavelength
of the illuminating laser, or the partial reversibility on short time scales. Several
experiments to investigate the origin of the particle collapse were carried out
without the definite identification of the mechanism behind it.

The resonance wavelengths of several dimers with two different spacer lengths are
shown in Figure 6.6a for weak and strong illumination. Under weak illumination,
the spacer length influences the resonance wavelength, as a longer spacer induces
a resonance wavelength further in the blue (see Section 2.3). During strong illumi-
nation, the resonance wavelength shifts into the red, there no significant difference
between the two spacers is present anymore. For such a red shift, two sources can
be considered: either an optical force generated by the coupled near fields of the
two nanoparticles, or heating which causes the spacer polymers to ’gas out’ and
pull the particles together. In the following, I will reflect on the results of several
experiments and discuss the impact on each of the two theories.

74



6 NANODIMERS UNDER STRONG ILLUMINATION

6.3.1 Threshold power

An interesting parameter is the threshold power at which the gradual red shift
can be observed. This was tested with a variable reflective'® neutral density filter
positioned in the illumination beam. At optical densities (OD) higher than 0.5
and at 100 % laser power, no red shift was observed for dimers with a 700 g/mol
PEG spacer. In the case of OD 0.5, a red shift could be observed in roughly 50 %
of the dimers. Looking at Figure 6.6b, interestingly, this power was generally
sufficient for dimers with a starting resonance wavelength higher than 585 nm.
Furthermore, an increase of the illumination power lead to an accelerated red
shift.

Also the spacer length influenced the time until final collapse. For smaller PEG
spacers, the collapse was faster (see Figure 6.6¢ and d). Statistics of the different
time scales were not acquired.

6.3.2 Responsible wavelength regime

Extensive studies on the wavelength range causing the red shift were performed.
Thus, the resonance wavelength of the sample when illuminated with individual
wavelength regimes was investigated. Starting with the full spectrum between
460 nm and 2400nm (covered by the white light laser), first, the entire NIR part
was cut out of the laser beam by specific reflection of the visible regime. Additional
absorption filters were included to exclude further parts of the white light laser.
The final wavelength regime used for dimer illumination is reported directly with
the finding of the experiment:

[Nlumination with the regime of 460 nm - 600 nm introduced also a slight red shift
of approximately 30 nm within 15min. In the presence of the entire wavelength
regime, a shift of approximately 100 nm could be seen within this time scale. Illu-
mination with the regime of 590 nm - 650 nm for 15 min introduced the maximum
resonance shift of 100nm. The wavelength regime of 650nm - 750 nm induced
also a big shift (10nm in 3min). As the power of all wavelength regimes were
of comparable magnitude, the first conclusion can be drawn. Wavelengths longer
than the resonance wavelength, which was approximately at 600 nm, caused a
stronger shift than wavelengths shorter than the resonance wavelength. As such
a behavior is expected for optical forces this strongly suggests optical forces as
origin of the collapse |85, 87].

Furthermore, I coupled a 808 nm diode laser via several mirrors onto the sample
(see Figure 6.7a). Running this laser diode for 15 min with a maximum power of
approximately 300 mW, measured at the sample plane, did not cause any changes
in the resonance position of the observed dimer. Even though the provided power
was higher then in earlier cases, other drawbacks had to be taken into account.

16Note: Absorptive neutral density filters crack due to the high amount of energy deposed in
the material.
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6.3 Experiments on dimers under strong illumination

. Extreme

B s - 3 ’
BS: Beam splitter BS: Beam splitter
emcco [ ]— BD: Beam dump  EMCCD | | _’@El BD: Beam dump
. ) Ch: Chopper Dispersive Ch: Chopper
Dispersive L: Lense element LP: Longpass filter
element M: Mirror E5 SP 650nm SP: Shortpass filter
£ NF 808nm S NF: Notch filter SuperK- SuperK-
- uperk- Objective f :
Objective Power white 808nm ! Tomer white E|>_<trsme white
light source laser diode 19 ioﬁce Ig-tSEJrce
- Sample - L (f=50

-

BS

ﬁR
D]

LP 665nm

Figure 6.7: Additional variations in the illumination of the Plasmon Fluctuation Setup. a)
shows the exclusion of the NIR component of the original SuperK-Power white light laser
and an additional 808 nm laser diode. b) shows the coupling in of a second white light laser,
SuperK-Extreme, where only the 665 nm to 750 nm regime is used for sample manipulation.
The NIR part of the original white light is coupled out. In the detection pathway a 650 nm
short pass filter avoids detection of light from the SuperK-Extreme laser source.

First, it was difficult to focus such a strongly divergent light source onto a small
spot. Second, measuring the spot size of NIR light at a TIR interface was not
straight forward but was rather an estimation from the spot size of the laser beam
before entering the prism. As the spot size is directly related to the power density
at the sample, no accurate conclusion can be drawn. Either the density was too
low, or the wavelength did not induce collapse. Yet, all longer wavelength regimes
showed a resonance shift, thus, the first assumption seems more probable. If this
is the case, perhaps only minor red shifts were caused by the laser diode. This was
tested by chopping the diode light at a frequency of 30 Hz, expecting to recover a
periodic signal with the same frequency in the time trace of the resonance position.
However, correlation between the resonance wavelength and illumination from the
diode laser could not be found. As a side remark I point out that this finding
might be a hint towards the importance of the pulsed illumination as the average
power of white light laser and diode laser are comparable but the white light laser
is pulsed.

Another method to analyze and manipulate the dimer signal simultaneously is to
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6 NANODIMERS UNDER STRONG ILLUMINATION

couple in a second white light laser as shown in Figure 6.7b. To avoid detec-
tion of the manipulating laser, the sample was illuminated only with wavelengths
between 665 nm to 750 nm. A short pass filter of 650 nm cut this regime out in the
detection path way. As a control, the background of only weak white illumination
was compared to the background of an additional strong white illumination and
found to be similar. The experiments done with this configuration were aiming at
the question of reversibility of the collapse of the linkers as discussed in the next
paragraph.

6.3.3 Reversibility of the collapse

An interesting question to inquire is the reversibility of the dimer red shift. If
optical forces are the reason one would assume, at least to some extent, that the
collapse is reversible. The full back shift might be hindered due to rearrangement
of the interparticle spacers and additionally forming biotin-streptavidin connec-
tions. Also discussed in literature is the stabilization of an achieved gap distances
via van der Waals forces [97].

If heating is the origin an initial blue shift of up to 2.6 nm for dimers with a
700 g/mol PEG spacer and 26.3nm for the 3000 g/mol PEG spacer can be ex-
pected due to full PEG stretching (volume expansion) when heated. If the laser
power causes permanent destruction of the linker polymer, non-instantaneous dis-
tance changes can be assumed to be irreversible.

Also possible is the combination of optical forces and the destruction of gap
molecules via heating in the junction, followed by additional linkage of previously
free biotin-streptavidin molecules at the outer, now closer regions.

For the first experiment, a neutral density filter with OD 2 was inserted and
taken out periodically from the illumination beam of the SuperK-Power white
light source. Investigation of a dimer with a 3000 g/mol PEG spacer under these
variable illumination conditions revealed no back shift of the resonance wavelength
in the low illumination period (see Figure 6.8a). Definite red shifts in the strong
illumination period could nevertheless be observed. The discrete intersections
at illumination intensity changes are attributed to small resonance wavelength
discrepancies induced by the additional surface of the neutral density filter or a
slight volume expansion of the spacer due to temperature increase.

The second experiment used both white light lasers as described in Section 6.3.2.
Here, a shorter period of alternation was used and the more sensitive 700 g/mol
PEG dimer was chosen. Figure 6.8b shows the result. An oscillation in the res-
onance wavelength can clearly be seen. Additionally, intensity changes were ob-
served. As particles approaching each other result also in an intensity increase, it
is surprising to see the inverse effect. The intensity of the dimer system decreased
when illuminated. The same effect was also present for the longer PEG spacer
of 3000 g/mol (see Figure 6.8¢c upper row). Here, the strong laser was turned on
only once. However, the intensity increase via illumination was also observed (see
Figure 6.8c lower row). A possible explanation is the slight reorientation of the
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Figure 6.8: a) The graph shows the illumination intensity dependent resonance wavelength of
a dimer with a 3000 g/mol PEG spacer over time. Gray background corresponds to a neutral
density filter of optical density two inserted into the illumination beam. b) The illumination
intensity of a 700 g/mol PEG dimer is altered by illuminating additionally with a second white
light laser between 665 nm and 750 nm. Periods when the second white light laser is turned
on are marked with a yellow background. A change in resonance wavelength (black) as well
as in intensity (blue) appears. The red curve is a smoothed resonance wavelength. Noticeable
are the different time scales used for the two experiments in a) and b). ¢) Plasmon intensity
changes of two different dimers with altered illumination intensity investigated with a linear
analyzer parallel to the long interparticle axes. Upper row, this dimer shows an intensity
decrease due to the strong illumination. Lower row, this dimer shows an intensity increase
due to the strong illumination. In both rows a red shift due to illumination was measured.
d) Resonance wavelength behavior of a rod under altered illumination intensities. Periods
when the second white light laser is turned on are marked with a yellow background. The
resonance wavelength (black) as well as the particle intensity (blue) vary.
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Figure 6.9: a) On the left, a scheme of the scattering pattern of a dimer is shown. On
the right this pattern can be seen obtained from a measurement with a rotational polarizer
and lateral offset. b) Dimer orientation after illumination of all measured particles. This
data was taken from all experiments. Therefore, the illumination time is not well defined.
c) Experimental settings for the orientation experiment. The fluid flow and the illumination
direction are orthogonal. d) Dimer polarization before and after illumination.

dimer in the more intense evanescent field due to the absorption and gradient
forces present under illumination (see Section 2.6). Such a reorientation will be
discussed in a later paragraph within this section. Astonishingly, the same effect
of changing wavelengths appeared in the case of a rod under alternating illumina-
tion strengths (see Figure 6.8d). One explanation can be a volume increase of the
CTAB layer due to the increased particle temperature. This would then push the
rod further away from the surface of total internal reflection which again results
in an intensity decrease and an apparent resonance red shift (see Section 2.5).

6.3.4 Monomer illumination

Astonishing is the fact that after a strong monomer illumination of 1h with the
SuperK-Extreme laser at 100%), dimerization was completely inhibited. Even after
1h of incubation with the respective counter spheres no dimers had formed in the
illuminated region. At not illuminated regions the process of dimer formation was
not followed. However, in these regions polarization dependent spots changing
between red and green were found after the dimerization time.
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6.3 Experiments on dimers under strong illumination

In the control experiment where only the weaker SuperK-Power laser was turned
on, 50 % of the monomers formed dimers within 10 min. However, detachment of
the second particle could not be observed, neither when illuminated with strong
laser light nor under weak illumination.

6.3.5 Dimer orientation

A strong hint for optical forces is the preferred dimer orientation after illumina-
tion. Investigation of all dimers measured showed a strong orientation parallel to
the illumination plane (see Figure 6.9b). It has to be noted, that for this statistic,
dimers were not explicitly checked to be already in the final position of collapse.
As this dimer orientation matches the direction of flow, the experiment was re-
peated with a turned flow cell to avoid a possible influence (see Figure 6.9c¢).
Here, the illumination time was long enough to allow complete collapse in all
dimers. Now, reorientation is even more pronounced, proving that the flow direc-
tion is not the cause of the dimers’ orientation (see Figure 6.9d). A y?-test on
the independence of the orientations obtained revealed a probability of 13 % be-
fore illumination, whereas, after illumination this probability decreased to almost
zero. As the value of 13% is quite low, a higher statistic would be advisable for
this experiment. Reorientation after collapse was also tested, but this was not the
case.

6.3.6 Temperature bath

To study the influence of cooling on the dimer collapse, the surrounding fluid was
cooled in an ice bath. The tempered liquid was then sucked through the flow cell.
A 40x oil immersion objective was used to avoid having condensed water in the
detection beam path. Despite constant cooling of the sample, the continuous red
shift could still be observed.

6.3.7 Silver dimers

Assuming optical forces to provide the mechanism for the collapse, the particle
distance change should be inverse for silver dimers illuminated with the right
wavelength regime. This opposite effect is discussed in Section 2.6 and results
from the different dielectric function of silver. As test, I have performed the same
experiment as before, but with silver dimers.

Functionalization of 40 nm silver spheres was carried out similar to the preparation
of gold spheres (see Section 6.1) with 3000 g/mol PEG used as the spacer. When
introduced into a flow cell, particles immobilized onto the glass surface without
the presence of additional salt. The resonance position of silver monomers was
measured in the ensemble spectrometer (see Appendix C.2) to be approximately
at 415 nm. Because 460 nm is the lowest wavelength produced by the WLL, only
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Figure 6.10: The diffraction limited spots of a) a silver monomer, b) a silver dimer, and c)
a collapsed silver dimer are shown. d) The collapse is monitored in real time. The strong
intensity fluctuations come from a particle loosely binding to the surface.

the long wavelength shoulder of the resonance peak could be seen for monomers
(see Figure 6.10a). Dimerization with the second particle increased the spot inten-
sity and changed the resonance wavelength to approximately 490 nm (see Figure
6.10b). Hlumination with 100 % laser power also induced a strong red shift in the
silver particles (see Figure 6.10c and d). Nevertheless, silver has, due to its differ-
ent dielectric function, a wavelength regime where repulsive forces are expected
(Section 2.6). Further investigations including the variation of illumination wave-
lengths would be highly interesting. But, because of the difficulties of creating and
handling silver dimers, no such experiments were carried out within this thesis.

6.4 Theoretical investigation
Detailed theoretical background on nanoparticle heating and optical forces be-
tween nanoparticles can be found in the Sections 2.4 and 2.6. However, a brief

review with a focus on the parameter values used during the experiments shall
not be missing in this Chapter.

Nanoparticle heating

Equation 2.15 is used to calculate the temperature increase of a spherical particle.
If the thermal constant for polymers is inserted into the equation a temperature
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6.4 Theoretical investigation

rise of about 0.27K is achieved for a single sphere in the Plasmon Fluctuation
Setup. This value roughly doubles for dimers due to the presence of the second
sphere.

Even though I argued in the theory section that the laser should be considered
as continuous. I take to look at the temperature increase obtained by the power
density during the pulse. For a sphere surrounded by polymer a tremendous tem-
perature rise of about 275 K would be expected. Therefore, if the assumption of
only considering an average intensity is incorrect, the deposed heat might denature
the polymer.

Optical forces between nanoparticles

The calculation of interparticle forces is as complex as the prediction of the reso-
nance wavelength of coupled nanoparticles (see Section 2.3). Thus, in our days,
no analytic description exist which predicts the force between illuminated close
by nanoparticles. However, numerical results based on e.g. DDA are published
[97, 98, 99]. These publications use either gold or silver nanodimers and illuminate
with one single wavelength only. Laser powers used for simulation vary between
1kW/cm? and 1 MW /em?. As comparison the white light laser implemented in
the Plasmon Fluctuation Setup has a laser power per wavelength of 250 W /cm?
during the pulse and an average power per wavelength of 0.1 W /cm?. As not only
a single wavelength was used during the experiments performed in this thesis an
integration over the respective regime is required. Looking at the wavelength
regime of 660 nm - 750 nm which is closest to the 800 nm used in the publication
of Hallock et al., thus, gives a power of 2.5 kW /em? during the pulse or 10 W /cm?
in average. As the optical force scales linear with the illumination power a rough
estimation can be made for the attractive force using the data of Hallock et al.
[97]. The force obtained for a gold dimer with 60 nm diameter spheres in the
Plasmon Fluctuation Setup are ~34 fN during the pulse or ~136 aN for the power
average. Considering the interparticle polymer as spring with the spring constant,
k=10"%N/m, then a displacement of approximately 0.34 nm can be assumed dur-
ing the pulse. As the interparticle gap is only in the order of 10 nm - 15nm this
small displacement might be sufficient to obtain the gradual red shift seen due to
reorganization of the polymer outside the gap.

However, comparison of this optical force with the van der Waals force between the
two spheres reveals its low magnitude. The van der Waals force can be calculated
via Fqw = 1’3—932 [98], with the Hammaker constant A = 1-1071°J for gold [97],
particle radius R, and inter particle gap g. For 60 nm diameter gold spheres at a
distance of 10nm the van der Waals force derives to 2.5 pN. Note that this force
should strongly squeeze the interparticle polymer even leaving the linear regime

of the assumed spring.
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6 NANODIMERS UNDER STRONG ILLUMINATION

Conclusion of the theoretical investigation

The theoretical investigations of nanoparticle heating and optical forces between
nanoparticles do slightly favor heating as mechanism. However, no definite pre-
diction is possible.

In the next paragraph I summarize the findings of experiment and theory and
give a short outlook on further experiments which might indicate the origin of the
dimer collapse.

6.5 Conclusion

In Table 6.2 the implications of the experiments investigating the mechanism of
the collapse are recapitulated. The presence of a threshold power, the faster col-
lapse with stronger illumination, and the influence of the PEG length do not
pinpoint one origin for the dimer collapse. A strong sign for optical forces is the
wavelength dependent effect with a maximum just above the plasmon resonance
as expected by theory. Intuitively, full reversibility of the collapse is expected
in the case of optical forces, but the formation of additional biotin-streptavidin
bindings can account for as seen incomplete reversibility. The fact that strong
illumination of monomers for a long period inhibits the formation of dimers can
only be explained with a denaturation of the binding protein. However, if heat-
ing is the reason, one would assume detachment of the secondary particle when
strongly illuminated, which was not observed. An argument for optical forces is
the realignment of the dimer due to strong illumination. Short term reversibil-
ity, and the independence from liquid temperature also supports optical forces.
Also, recall the small temperature increase theoretically obtained: the calculated
temperature increase in the case of a dimer fully surrounded by polymer is < 1 K.

Observation Heating Optical force
Threshold power + +
Stronger illumination leads to faster collapse + +
PEG length influences time till collapse + +
Strongest effect due to wavelengths just above resonance - +
No long term reversibility + 0
Short term reversibility - +
llluminated monomers do not form dimers + -

2nd particle does not detach -

Dimer alignment after strong illumination -

++|+

Cooling sample does not influence effect -

Gold rod shows an effect + -
Table 6.2: Comparison of possible causes for the dimer collapse. If the observation is in

agreement with the cause, it is marked with '+'. If it cannot be explained by it, it is marked
with '-". If no conclusion is possible, it is marked with '0’.
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6.5 Conclusion

Nevertheless, the predicted temperature change during the pulse might easily ex-
plain polymer destruction. Also, the fact that changes were seen on a gold rod
points towards heating effects. All together, neither of the two mechanisms is able
to explain all seen effects. Thus, a combination of optical forces and a heating
effect is the most probable explanation for all seen behaviors.

Outlook

The route for the future of the dimers studied here includes additional experi-
ments to certainly uncover the responsible mechanism(s) for the dimer approach.
In my eyes, most promising seems to be a detailed study of silver dimers with
varied wavelength regimes. If the collapse can be inverted when the particles are
illuminated at about their resonance wavelength a definite prove for the presence
of optical forces would be given. To learn more about the actual temperature
at the particle surface further studies including temperature responsive polymers
similar as in Chapter 3 could be useful. Perhaps even the implementation of tem-
perature responsive dyes might be advisable if their light is of resonance and a
work around the problem of quenching can be achieved. Additionally, I advise a
study investigating the surface coverage of the polymer. If the particles are only
covered sparsely with the polymer, no polymer deformation or denaturation is
needed to explain the particle approach seen.
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7 Nanodimers as Sensors for Spacer Stiffness or

mysterious slow distance fluctuations in polymer coupled nanodimers

The stiffness of a polymer chain is an

important design parameter in poly-

mer synthesis. It is usually determined

by measuring the end-to-end distance, Damping
either as function of an external force Of(r::e:,lz?; Y
or by looking at equilibrium fluctu- Spring
ations. Common techniques include cErEEn
fluorescence resonance energy transfer ™~
(FRET), electron paramagnetic reso-
nance (EPR), optical tweezers, and
atomic force microscopy (AFM). How-

Brownian motion
of 2nd particle

ever, these methods work only for rel- ™\

atively small end-to-end distances (be- — /

low 10nm) or, in the case of optical Short axis: Long axis:
tweezers, for very large end-to-end dis- Only slightly effected Carries information

by distance changes  about distance

tances (above 1lpym). AFM is so far lim- changes

ited to forces above pN. As discussed _ _ _
Figure 7.1: Distance fluctuations of the dimer

in Section 2.3, a dimer of plasmonic
ticles is extremelv sensitive to caused by the movement of the secondary par-
Ranoparticies 15 eXiremely Sensiiy ticle due to Brownian motion can be investi-

changes of the interparticle distance gated via the resonance wavelength of the long
and therefore can serve as nanoruler axis.

[161, 162, 163, 167]. With the im-

proved time-resolution for measuring plasmonic spectra that I developed (see
Chapter 4), such plasmonic nanorulers could serve as an alternative method to
measure polymer stiffness. For this a polymer is attached at each end to a plas-
monic nanoparticle (see Figure 7.1). Then, as seen in Section 2.3, the resonance
wavelength of the system reports on the time resolved distance of the two spheres
defined by the polymer configuration. This method has the advantage of much
better photo-stability than dyes used in FRET, covers a larger distance regime
and the strong light scattering efficiency of plasmonic particles allows for much
higher time-resolution down to microseconds.

Before I explain the basic concept of the plasmon nanoruler, I give a brief overview
on today’s techniques to measure nanometer distances. The most conventional
method is based on fluorescence resonance energy transfer (FRET) [173]. Major
drawbacks of this method are the limited available distance range of 1 nm to 8 nm
and the strong orientation dependence of the dye on energy transfer. In 2002,
the concept of electron paramagnetic resonance (EPR) to determine nanoscale
distances was introduced. [174]. However, this method, based on the dipole dipole
coupling between two spins, is again limited to distances smaller than 8nm. A
more direct method to measure polymer stiffness attaches two ends of a polymer to
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7.1 Experimental results

two micrometer-scale beads which are trapped optically [175]. The exerted force
on the traps can be measured when the polymer is deformed. Conformational
forces can also be measured with atomic force microscopes (AFM) [176].

To explicitly test plasmonic nanoparticle dimers as stiffness sensors I took time
traces with an exposure time in the millisecond regime and analyzed the reso-
nance wavelengths. The long axis plasmon resonance showed strong fluctuations
considerably above the noise level. The autocorrelation of these fluctuations re-
sulted in a typical decay time in the order of seconds, several orders of magnitude
longer than the time-regime predicted by calculations for equilibrium fluctuations
of the system. To understand the origin of those slow fluctuations, I varied several
experimental parameters, namely the viscosity of the surrounding medium, the
polymer used as linker, the polymer length, the size of the second particle, and
applied external force. None of this variations resulted in a clear trend and the
origin for the slow fluctuations remains mysterious.

Please notice, all measurements in Section 7 were carried out without knowledge
about dimer collapse described in Section 6.3.

7.1 Experimental results

Time traces of the resonance wavelength of monomers, short and long axis of the
dimer were acquired. The laser power for the dimer fluctuation experiments was
50 % and the exposure time was set to 10ms. The EMCCD amplification, called
gain, was adjusted to optimize acquisition intensities. In the case of monomers,
a gain of 100 was normal; for dimer measurements, no gain was needed. Fur-
thermore, a linear polarizer was introduced in the detection path to measure the
two axes of the dimer independently. The time dependent resonance wavelength
was checked for autocorrelation G(t') = %ﬁfgt/» for t'>t to exclude the au-
tocorrelation always present at this condition. If autocorrelation was present, the
curve was fitted by an exponential decay with time, 7. For monomers and short
dimer axes, only minor changes in the resonance wavelength were seen and no
autocorrelation was found. In the case of long dimer axes, resonance wavelength
variations of several nanometers were present. The autocorrelation time, 7, was
on the order of seconds (see Figure 7.2).

To better understand the origin of the fluctuation causing autocorrelation, several
parameters were varied. As theory predicts 7 = /k (see Section 7.2), a change in
the environmental damping, ~, should influence the decay time. Also dependency
of the decay time on the spacer stiffness, k, could be expected. Furthermore,
I tested the influences of the interparticle gap distance, the size of the second
particle, and an external forces on the autocorrelation time. The different findings
for each experiment are presented in the following.

86



7 NANODIMERS AS SENSORS FOR SPACER STIFFNESS

550

% c 5481

£ 546

Monomer < 544
<Aes>= 545nm 542
540

‘J | £ 538
C
536

2
Dimer, short axis 534
<Ao>= 545nm 532
678
g 676 1
8674 1
<
Dimer, long axis 672
<A.s> depends 670

on PEG length

546.5{ |

s/ nm

.
o
e = u
- "I -

e

<5455

0 _.200 400
Time/ ms

e

0=0.18nm

0 2 4 6 8 10
Time /s

537
Es3e{, « . l.f
£535

539 200 400
Time/ ms

W

0=0.36nm

0 2 4 6 8 10
Time /s

676 —
Eers|, =,
$674|. '
<

6730

200 400
Time / ms

0O 20 40 60 80 100
Time /s

Autocorrelation

0 2 4 6 8 10
Time /s

0 2 4 6 8 10
Time /s

0 20 40 60
Time/s

Figure 7.2: Left column: respective illustration for each row. Middle column: typical time

trace of the resonance wavelength and enlarged detail of the trace. Right column: respective
autocorrelation function. Wavelength fluctuations for monomers and short dimer axes cor-
respond to noise, no autocorrelation can be observed. In contrast, fluctuations in resonance
wavelengths of long dimer axes are much more pronounced producing an autocorrelation
above noise. The autocorrelation decay time is on the order of seconds.
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-

in intensity and resonance wave-
length of a loosely bound parti-
cle in 20% glycerin solution.

Wavelength / nm

1 2 3 4 5 6 7 8 9 10
Time /s

Viscosity of the surrounding liquid

To change the environmental damping, the viscosity of the surrounding medium
was increased. This was done by exchanging the buffer solution with a buffered
glycerin mixture. Glycerin fractions with increasing values between 5% and 40 %
were used. However, a change of solution might alter the system condition, e.g.
the distance between particles might be modified due to the different solvent. Fur-
thermore, the strength of the particle’s attachment to the glass surface decreased.
Thus, particles were not that well attached anymore. In the spectrum, this was
evidenced by the resonance wavelength and/or intensity changing strongly with
time (see Figure 7.3). Such loosely bound particles easily detached from the sur-
face and could not be measured anymore. Hence, the sample size for nanoparticle
statistics decreased. However, for glycerin concentrations up to 40 %, no signifi-
cant change in 7 was measured (see Figure 7.4a)

Different spacers

Theoretically, the decay time of the autocorrelation function should be influenced
by spacer stiffness. Thus, insertion of another spacer is of interest. However,
such a change in the spacer polymer is not straight forward as preparation condi-

tions have to be optimized. Therefore, a system introduced by was
used [167]. She exchanged the PEG molecule by an elastin-like polypeptide [177]
(provided by ) maintain-

ing the biotin streptavidin recognition. The preparation method is described in
Appendix B.2. T used the E4-20 sample which introduced an average dimer gap
distance of 10 nm under weak illumination. Therefore, the distance is comparable
to the shortest PEG spacer. Exposure time and EM gain were kept similar to
previous experiments. The number of gathered frames was three times larger than
for PEG dimers. Figure 7.4b presents the measured correlation times. Here, it
seems that the spacer material influences the decay time. However, separation of
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Figure 7.4: Correlation times with varied parameters: a) viscosity of the surrounding medium
is varied. b) material of the spacer is changed. c) length of the spacer is altered. d) size of
the second particle is varied.

the long time trace into three of the length previously used, showed huge varia-
tions of decay times between different sections of the same trace. Thus, again no
clear conclusions can be given and further investigations are needed to clarify the
influence of the spacer on the autocorrelation.

The elastin-like polypeptide is known to coil in higher salt concentrations. There-
fore, the salt concentration of the surrounding medium was varied from buffer
solution to 5M NaCl. This induced a strong red shift as predicted by theory.
However, the final resonance position had the same value as given under strong
illumination (see Chapter 6). Also, no reversibility could be seen when exchanging
the surrounding medium back to buffer solution. Thus, the origin of the shift is
not clear and a collapse due to strong illumination, as described in Section 6.3, is
probable.

Spacer length

The particle distance was varied by using different PEG lengths (see Section 6.1
and 6.2). Two different distances were used: 8.2nm including 10 PEG repetition
units, and 13.7 nm including 62 PEG repetition units. Such a change in repetition
units is predicted to change the polymer stiffness by a factor of 6 and therefore
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7.1 Experimental results

to influence the decay time by the same amount (see Section 7.2). Additionally,
assuming interparticle forces to play a role on the distance fluctuations these
forces should be varied by the change in distance resulting again in a different
decay time. However, the autocorrelation decay time was not significantly altered
by this increase in separation distance (see Figure 7.4c).

Size of second particle

In addition, also a series with chang-

ing secondary particle sizes was car- 8 times 3.4 times
ried out.  Dimensions of the sec- smaller smaller

. Volume Volume
ondary particle were 20 nm, 40 nm, and \
60nm, while the diameter of the pri- '
mary particle was kept fixed at 60 nm. 700g/mol

700g/mol PEG-biotin with only 10 PEG

repetition units of PEG monomers was

always used as spacer (see Section 60nm 60nm
6.2). Indeed, the resonance wave-

lengths measured vary with the volume = 60at60

of the secondary particle. For 20nm * 40at60
4 20at60

=
o
T

spheres, an average shift of 52nm, for L 08r

40 nm particle a shift of 105 nm, and for 806}

the original 60 nm spheres an average E —
O

shift of approximately 138 nm was ob-
served. Thus, bigger secondary parti-
cles cause a resonance wavelength fur- ‘ o i
ther in the red regime (see Figure 7.5). o 40 8 120 160 200
C . . Resonance shift / nm

This is in good agreement with theory

as the strength of interparticle coupling
also depends on particle volume. Fur-
thermore, it should be noted that the
scattering intensity decreased with de-
creasing particle size. Again this is in agreement with theoretical predictions. No-
tice, measurements were carried out without knowledge of dimer collapse. Despite
this observation, no significant change was seen in the autocorrelation function
(see Figure 7.4d).
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Figure 7.5: Cumulative probability of the reso-
nance positions of dimers with differently sized
secondary particles.

External force

An external force on the particles can be created through constant liquid flow. To
approximate the magnitude of such a force, the speed of the liquid at the sample
position needs to be calculated. I assume the law of Hagen-Poiseuille for laminar
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flow,
. A’BAp A
=—|1-0.630— 1
1201 [ 06303} (7.1)
| —
K

to be valid for the rectangular capillary profile of my flow cell'” [178]. A and B are
height and width of the capillary profile (see Figure 7.6). They are A = 100 um
and B = 2mm. Thus, for the flow cell used,

the geometry factor, K, is approximately 0.97. i B

The pressure induced flow rate V was set be-
tween 1-10ml/min. The viscosity of the lig-
uid, 7, for water is 1mPas. [ = 30cm is used
for the length of the flow cell, even though the y
profile changes in the tubing attached. With z :

these parameters the difference in pressure Ap p—

can be calculated. Combining Equation 7.1 . —
with the height dependent flow speed, v(z) =
QA—;;(A — 2)2'% yields the flow rate dependent

flow speed: Figure 7.6: Flow cell dimensions in-
troducing laminar flow

6V
v(z) = m(/l —2)z (7.2)

With the drag coefficient, v = 67nr, the force on the particle can be calculated:

F = —~yi = —6mnrv (7.3)

For the conditions presented here a force in the range of pN is exerted. In equilib-
rium, the position of this force is compensated by the counter force of the polymer.
Thus, v& = kx, from which the equilibrium position = can be derived. Depending
on the flow rate, a change in the equilibrium position between 1-14 nm is expected.
However, neither changes in the resonance position nor in the autocorrelation de-
cay time were observed under external force (see Figure 7.7). The reason for this
may lay in the fact, that the dimer collapse described in Section 6.3 had already
taken place. In future projects, it might be interesting to repeat the experiment
with lower illumination power.

Changing the distance to the surface

As the origin of the autocorrelation might be a particle-surface interaction, I tried
to increase the distance of the primary particle to the surface. To do so, an

"Formula 7.1 is an approximation as no analytical solution for the problem exists. Further-
more, it is only valid if A/B — 0.

8In this formula the side walls are neglected completely, treating the problem like two infinite
planes. As A >> B this is true in first approximation if the dimer is situated away from the
side walls of the flow cell.
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Figure 7.7: Influence of external force on decay time of a dimer with a 3000 g/mol PEG spacer
(left) and a 700 g/mol PEG spacer (right). In the upper row, the resonance wavelength over
time is plotted without an external flow (red) and with an external flow of 10 ml/min (black).
In the lower row, the respective autocorrelation function can be seen. No significant difference
can be recognized.

additional layer of bovine serum albumin (BSA, Sigma-Aldrich) was immobilized
on the glass surface. 1% of BSA molecules were additionally functionalized with
a biotin group to present an anchor point. During the following preparation, the
flow solution was always enriched with 1mg/ml BSA to ensure glass passivation.
After incubation with streptavidin molecules, biotinilated gold spheres were flown
into the flow cell and attached to the streptavidin. This step was followed by
an incubation with streptavidin functionalized gold spheres to attempt to achieve
dimerization. However, under all conditions tested a huge amount of new particles
were immobilized. This dramatic increase hindered a potential observation of
dimers. A probable reason might be poor saturation of BSA-biotin in the first
place, providing anchor groups to the streptavidin gold spheres.

Variation of camera settings

As mentioned before for the ELP, different lengths of the measured time traces
influence the decay time extracted from the data. A systematic study where the
number of frames, the exposure time, and the cycle time were varied was carried
out on a dimeric system of two 60 nm gold spheres with 3000 g/mol PEG as spacer.
The laser power was set to 50%; no gain was used. In Figure 7.8 the influence of
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Figure 7.8: a) The number of frames taken is varied for two different exposure times. The
cycle time is not fixed, but always 3.7 ms longer than the exposure time. In the inset, time
traces of the same absolute time period are compared. b) The number of taken frames is
varied for two different exposure times, the cycle time is fixed to 100 ms.

the parameters varied on the autocorrelation decay time is shown. Experiments
uncover a clear dependence of the autocorrelation time from the absolute time
length of the traces gathered. Notice, autocorrelation functions were again not
smooth but showed drastic differences from a nice exponential decay.

7.2 Theoretical calculation of the polymer stiffness

To model a dimer system consisting of one immobilized sphere and one sphere
loosely attached to it, several simplification can be assumed: the particle which
is immobilized directly to the surface is neglected and only one polymer connects
the remaining particle to the surface. This connecting polymer is considered a
spring with a certain stiffness or spring constant, k. The theoretical description
of motion in such a system is given by the Langevin equation [179]. Calculation
of the autocorrelation function, < z(0)x(t) >, shows its dependence on the drag
due to the viscosity, v, and the spring constant, k:

k

< z(0)x(t) >oce 7" (7.4)

v = 6mnr: viscosity drag with particle radius r and medium viscosity n

k: spring constant

Equation 7.4 describes an exponential decay with the following time constant:
T=7/k

The drag due to viscosity, v, of a 60 nm sphere in water (n = 1mPas) is on the
order of 1072 Ns/m. Literature stated values for the spring constant, k, for PEG
with molar weight of 3400 g/mol is in the range of 107* N/m [181]. This value was
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measured and is rough agreement with the value calculated via k = 3kgT/R% =
3kgT/(aN®58)? using the Boltzmann factor kg, the temperature T , the Flory
radius Rp, the monomer length a, and the number of monomers N (for values see
Section 6.2, see Figure 7.10). At room temperature, the decay time 7 calculates
than to be in the order of 6 ps. In the case of pure glycerin (n = 1410 mPas [180],
see Figure 7.9), 7 increases to about 8 ms. However, if the glycerin concentration
in the mixture is only 40%, a feasible value for experiments, the decay time
increases just by a factor 4 and lays at about 24 ys.

Additionally, T want to point out that slightly smaller values for the stiffness, also
refereed to as entropic spring constant, of the polymer can be found in literature
[182]. This approach uses rather the mean square end-to-end distance than the
Flory radius to calculate the stiffness of the polymer: k = 3kgT/(Na?) [183].
Entering the values for the PEG used here gives stiffness values in the regime
of 1073 N/m and therefore even shorter correlation times in comparison to the
correlation time obtained by the stiffness cited before.
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Figure 7.10: Correlation times predicted by theory for stiffness measurements with varied
parameters
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7 NANODIMERS AS SENSORS FOR SPACER STIFFNESS

7.3 Conclusion

All experiments concerning correlation of resonance wavelength along the dimer
long axes were carried out without the knowledge of strong illumination collapsing
the system. Thus, it might be possible that Brownian motion is not the origin of
the changes in the resonance wavelength, but a rearrangement or denaturation of
the polymer in the interparticle gap during the collapse. Against this hypothesis
holds the fact that comparable autocorrelation decay times were measured on
other setups with illumination powers far below the power threshold for a collapse
induced optically. In conclusion, no parameter tested significantly changed the
autocorrelation decay time besides spacer material, but even there further tests
are needed. The reason for this is subject to speculation: either an unthought of
source is the origin of the autocorrelation measured, or the changes are too low to
be detected due to poor statistics. Also not understood are different decay times
within one time trace if sections are investigated, as it was seen for the elastin-like
polypeptide time traces. Perhaps different time components are present in the
traces. Depending on the conditions, one or another is more pronounced. This
might also explain the roughness of the autocorrelation functions measured.

QOutlook

Even though the proof of principle experiment to measure spacer stiffness with
the help of nanodimers was not successful yet, future projects should continue
the pursuit. Higher time resolution to enter the low microsecond regime, parallel
white light calibration, and higher dimer statistics seem to be reasonable routes
to follow. Varying sampling time as normally done for FCS or DLS could also
be helpful as it would give a meaningful autocorrelation function over several
magnitudes of exposure time.
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8 PLASMON CORRELATION SENSING

8 Plasmon Correlation Sensing

In our days, the established method to measure diffusion constants and concen-
trations of dye labeled molecules is fluorescence correlation spectroscopy (FCS).
However, FCS is limited to concentrations below most natural concentrations
in biological systems, e.g. cells. Hence, T follow the idea of using a plasmonic
nanoparticle as sensor to achieve the detection of these concentrations.

Two different detection volumes were tested (see Figure 8.1). In the more simple
model, which is mainly an easier to accomplish pretest, the field of camera view
is limited by a pinhole. Thus, all particles displayed on the camera are in the
detection volume. Intensity changes due to plasmonic particles diffusing in and
out of the field of view are detected. Such a method is very similar to the already
published method of total internal reflection fluorescence correlation spectroscopy
(TIR-FCS) [184]. The more advanced second method takes advantage of the idea
of using only the sensing volume of a plasmonic particle as detection volume. With
this method, the detection volume is reduced to attoliters and theoretically single
unlabeled molecules diffusing in and out of the sensing volume can be observed
at a concentration reasonable for a biological environment.

As both plasmon correlation sensing methods are very similar to the well estab-
lished fluorescence correlation spectroscopy (FCS) I will first briefly introduce this
common method. Then, I present the results obtained for the two different sensing
volumes.

Field of camera Sensing volume of plasmonic
as detection volume particle as detection volume
¢
k' . k/ ¢
© C ™ f
« Ny ©

A 4

C
] ("
S /1.25um « “’ /.63“’0

2.5um ~100nm
Figure 8.1: lllustration of different detection volumes for plasmon correlation sensing. On the
left side the detection volume is constricted by two crossed slits limiting the monitored area
on the CCD chip. The resonance intensity of particles diffusing in and out of the detection
volume is taken as signal. On the right side the detection volume is given by the sensing
volume of the rod. Here, the resonance wavelength of the rod is used as respective signal.
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8.1 Fluorescence correlation spectroscopy

8.1 Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy is a correlation analysis of intensity fluc-
tuations produced by diffusing dye labeled molecules in and out of a detection
volume. Today, FCS is a powerful technique commonly used to obtain informa-
tion about the dynamic characteristic of a system [185, 186, 187|. It is mainly used
to gather information about diffusion constants, concentrations, and interactions
of different molecules.
As side remark: Another very similar technique to fluctuation spectroscopy is
dynamic light scattering (DLS) which T will not present here. I rather refer the
interested reader to the textbook 'Dynamic Light Scattering’ of Berne and Pecora
[188].
The detection volume used in FCS is the diffraction limited focal volume created
by confocal optics. The size of such a volume element is on the order of 200 nm
for the radius of the lateral dimension and 2pum in height. Within this small
volume of illumination dyes will be excited. Therefore, as long as a dye is inside
the excitation volume it will emit light which can be detected. Due to Brownian
motion the number of emitters will vary, thus, the intensity fluctuates. Measur-
ing the intensity of the fluorescence signal over time will hold several pieces of
information. To extract this information, the autocorrelation function normalized
with the mean square intensity is used (see Appendix C.3). At time 7 = 0 the
amplitude of the normalized autocorrelation function tells the mean number of
objects in the volume of illumination: G(0) =< N >"1. It is best to only have a
small number of dyes in the volume of illumination. Otherwise fluctuations cancel
out and no significant signal can be obtained. The mean residence time in the
detection volume is given by the correlation time, 7p. In an FCS experiment, this
parameter depends on the diffusion constant D and the radius of the illuminated
spot 7q:

i

= > 8.1
TD 1D ( )

ro: lateral semi-minor axis of the diffraction limited volume
D: diffusion constant (see Equation 8.2 for spherical diffusers)

For diffusers of spherical shape, normally used in the experiments of this chapter,
the diffusion constant D is given by the Stokes-Einstein relation:

kgT
D = 8.2
6mn Ry (82)

kg = 1.3806 - 10723.J/ K: Boltzmann constant
T temperature of the system in Kelvin

7n: dynamic viscosity of the surrounding medium
Ry: hydrodynamic radius of the particle
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8 PLASMON CORRELATION SENSING

As mentioned earlier, also the interactions among different dye-labeled molecules
can be investigated.

Important boundary conditions

The theory presented for FCS is only valid for a volume of illumination situated
far away from any adsorbing or reflecting surface. If this is valid, the effective
volume calculates to Ve = W%rgzo with zy being the long axis dimension of the
spheroid of illumination, generally created in confocal microscopy [187]. If bound-
ary conditions have to be accounted for, analysis is more complex. Particularly,
hydrodynamics of the particles change significantly near a solid wall. Further-
more, additional forces for electrostatic double layers and van der Waals forces
have to be considered. Even though first important theoretical work dates back
to the 1960s [189, 190], experimental work on this subject is still carried out to
find a general term for more complex boundary conditions [82, 191, 192].

Now that I introduced the common method of FCS, I move on to the experiments
carried out at the Plasmon Fluctuation Setup. First, one section on the field
of camera used as detection volume. This experiment, a pretest, is easier to
accomplish as diffusing particles can be bigger compared to the afterwards studied
configuration. Thus, the diffusing particles scatter enough light to be visible
without additional amplifier.

8.2 Field of camera as detection volume

The Plasmon Fluctuation Setup is equipped with a pinhole. Therefore, light
coming only from a point-like area is diffracted and its spectrum is pictured on
the camera chip. The actual size of the spot monitored is determined by the
dimensions of the slit. In the case presented these dimensions are 100 pm x50 pm.
With a magnifying objective of 40x, thus, an area of 2.5 pmx1.25 pm is displayed.
The height above this area is limited due to TIR illumination mode and can
roughly be estimated to be 200nm for light with a wavelength of 600 nm (see
Section 2.5). Experiments with similar settings can be found in literature [193,

194, 195]. There, the effective volume is discussed to be'® Vg = %% =
Agery- This converts for my settings as follows: Age is the area detected by the
camera and 7 is the penetration depth of the evanescent wave (see Section 2.5).
For the settings used here, the effective volume is 6.25-107ml. As I discussed
in the section before, a concentration of one to a few particles in the detection
volume is optimal. Therefore, a concentration of 1.6 - 10'2 particles/ml should be
used theoretically. Smaller concentrations result in less frequent events. Also the

shape of the diffuser has to be considered. Only in the case of spherical particles

YLike in the case of the penetration depth of an evanescent wave (see Section 2.5), deviations
by factor two can again be found in literature.
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8.2 Field of camera as detection volume
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Figure 8.2: On the left, data typically measured to determine the autocorrelation time is
presented. Intensity autocorrelation at 570 nm (yellow dashed line) gives a decay time of
7 = (1.62 £ 0.02) s and belongs to the diffusion of gold spheres. Intensity autocorrelation
at 650nm (red dashed line) results in a longer decay time of 7 = (3.33 & 0.03) s which is
originated by larger particles, e.g. rods or aggregates. The blue curves in the graphs on the
right are the exponential fits.

a term for rotational diffusion can be avoided. Therefore, spherical particles are
chosen.

BBInternational gold spheres are delivered at a concentration of 9-10° particles /ml
for 40nm spheres and 2.6-10'% particles/ml for 60 nm spheres (data provided by
the manufacturer). To obtain a good particle concentration the particles were
centrifuged down, the supernatant was removed, and the pellet was filled up with
a hundredth of the original volume with either water or glycerin. As exposure
times 500 s, 2ms, and 10 ms were used. The normalized autocorrelation value
measured at 7 = 0s which is inverse to the mean number of particles in the ef-
fective volume is normally between 0.2 and 15. Thus, a mean number of 0.07-5
particles can be assumed to be in the effective volume.

Figure 8.2 shows on the left a behavior of the intensity typically measured over
time. The respective autocorrelation function of two different wavelengths and
their fits are presented on the right. Values measured are shown in Table 8.1. Ad-
ditionally, the theoretical values were calculated. Therefore, the correlation time
was approximated with Equation 8.1. A lateral radius of 500 nm for the volume
of illumination was assumed. For all measurements, the magnitude of theoretical
and experimental values agree (see Table 8.1). Deviations probably come from the
rough approximation of the effective radius and the hindered Brownian motion
due to the glass surface [196]. If glycerin was chosen as solvent some experimental
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8 PLASMON CORRELATION SENSING

challenges appeared. They are discussed later in this chapter under ’Challenges
of the experiment’. Comparison of correlation times of differently sized particles
in water shows the expected longer correlation time for bigger particles. Devia-
tions between different exposure times were not further investigated, but might
be attributed to refocusing, causing a change in the boundary condition of the
effective volume.

To test if the different correlation times between the two solvents are reasonable,
I have used Equation 8.2. The only difference between the two experiments is
the different viscosity, 7. Particle size and temperature are the same for both
measurements. With the valid assumption of a well defined viscosity for water
(1mPas), T can calculate the viscosity in the glycerin experiment: Correlation
times of 60 nm particles (12.5ms in water, 1.5s in glycerin) differ by a factor
of 120. This results in the reasonable mixture of approximately 86 % glycerin
and 14 % water for the high viscosity experiment (see Figure 7.9). A factor of
400 (5.25ms in water, 2.1s in glycerin) between the different viscosities of 40 nm
spheres yields a 94 % glycerin and 6 % water mixture. The differences in mixing
ratio seen for the two glycerin solutions can easily appear within different samples
due to minor variations of supernatant removal.

Note, the correlation times presented are determined by autocorrelation of the
intensity at 570nm. This wavelength was chosen, as it is approximately the
resonance position of spheres in glycerin. Interestingly, correlation times at 537 nm
and 570 nm agree very well, as the plasmon shoulder is present at both wavelength.
Whereas, correlation time at 650 nm (data not included in Table 8.1) is retarded
compared to correlation times at 570 nm. An explanation is the contribution of
mainly bigger particles or aggregates which scatter at these red wavelengths. Due
to their higher spatial dimension the diffusion constant (see Equation 8.2) is lower.
Furthermore, the autocorrelation is less well described by a single exponential
decay as particle shapes are not defined (see Figure 8.2).

exposure time 40nm, water ~ 60nm, water ~ 40nm, glycerin  60nm, glycerin
500 ps (2.5+£0.5) ms (12.7£1.5) ms - -

2ms (8+£0.8)ms  (12.3+1.3)ms  (2.4£1.3)s -
10 ms - - (1.8+0.7)s (1.5+£0.2)s
theoretical 11ms 17 ms 2.85s 4855

Table 8.1: Experimental and theoretical correlation times of Au spheres diffusing through
the field of camera detection. The errors present the standard deviation of all respective
measurements. The accuracy of the fit of the autocorrelation function is R? > 0.95.

Challenges of the experiment
Water has a lower viscosity than glycerin, therefore, shorter correlation times are

expected. These are more difficult to be resolved with my setup. On the other
hand, as viscosity of glycerin changes dramatically if a small amount of water
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8.3 Sensing volume of plasmonic rod as detection volume

is included, experiments in water do not suffer from the difficulty to reproduce
exactly the same viscosity between different experiments. Also the steady state,
when no more particle drift is induced by fluid flow, is reached much faster in the
case of water.

8.3 Sensing volume of plasmonic rod as detection volume

The next step of plasmon correlation sensing uses the sensing volume of an im-
mobilized particle as effective volume. As the sensing distance of a gold rod with
a plasmon peak around 650 nm is in the order of 10 nm, the sensing volume is
reduced down to zepto- to attoliters?’. I remind the reader that the size of the
sensing volume defines the concentration of the sample as only a small number
of sample molecules should be present in parallel inside the sensing volume (see
Section 8.1). Thus, the small sensing volume of a nanoparticle allows to increase
the analyte density above nanomolar concentration, a value which can be found
in real biological systems. Closely related experiments with diffusing dyes have
been carried out before [197]. There, the expected drastic volume reduction,
implementing access to higher analyte concentrations, was found. Nevertheless,
dye diffusion suffers from disadvantages, e.g. distance dependent quenching, dye
orientation dependence or even simple bleaching effects. In the here presented
plasmon correlation sensing, these disadvantages do not occur.

Concept and theoretical investigation of feasibility

The concept of plasmon correlation sensing is the following: A diffusing particle or
molecule which enters the sensing volume induces a resonance shift in the sensor.
This shift is taken as signal, comparable to intensity changes in FCS.

To theoretically determine the quality or even only the feasibility of such a mea-
surement [ used the same method as for the signal-to-noise determination in Chap-
ter 5. Prior to that, I chose the particle size of the diffuser and the viscosity of
the solution as they were required for the signal-to-noise calculations but during
which they are kept constant.

Particle size of the diffusers should be as large as possible to minimize the
diffusion constant D which again maximizes the residence time, t (see Figure 8.3,
A detailed discussion on the residence time follows later in this section.), within
the sensing volume (see Section 8.1). However, if the particles are so large that it
is possible to easily see them diffusing under the microscope, they will contribute
too much light to the signal. Their signal will simply add to the plasmon peak of
the sensor, even if they are not in the sensing volume, but well above the sensing
particle. Therefore, 10 nm diameter particles were chosen for the simulation.

20Side remark: This sensing volume is approximately as big as the volume of the rod.
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8 PLASMON CORRELATION SENSING

Another parameter which influences
the residence time is the viscosity. A

a)
high viscosity which is realized with P
glycerin further increases the average
time how long the diffuser can be
sensed by the particle.

b)
The amount of shift (signal) induced 3.0

to the sensor depends on size and ma-
terial of the diffusing particle as well as
on the dimensions of the sensor. Fur-
thermore, it is influenced by the spa-
tial position of the analyte within the
sensing volume. However, due to re-
duction in complexity this position de-
pendency is neglected for the determi-
nation of the signal-to-noise. Neverthe-
less, I remind the reader that diffusing
particles at the tip of the sensor and

Aspect ratio AR
N
N

20 40 60 80
Diameter rod / nm

in close proximity to the gold surface
introduce the largest shift (see Section
5.2.4). Particles on a side of the sensor
have a slightly smaller influence. As
in Section 5.2.4, again QSA is used to

Figure 8.3: a) Parameter description of the
plasmon correlation sensor. b) Signal-to-noise
of differently sized plasmon correlation sensors.
The simulations were carried out for 10 nm dif-
fusing particles with a refractive index of 2.7,
in 90 % glycerin solution, 50 us exposure time

calculate the highest shift induced by and at room temperature.

a diffuser.

To be able to calculate the signal-to-

noise level, also the noise of the system has to be determined. This is done
similar to the noise determination in Chapter 4 and 5. Briefly, ten thousand res-
onance spectra of an unperturbed sensor were acquired, each resonance position
was determined and the standard deviation was taken as noise. I recapitulate from
earlier findings, smaller exposure times and smaller particle sizes lead to higher
noise (see Figure 4.4b). These noise terms measured were then compared to noise
terms predicted by simulation (see Section 5.2.4) and found to be in reasonable
agreement.

The respective signal-to-noise level for different sensor sizes is shown in Fig-
ure 8.3. As diffusing particles 10 nm spheres with a refractive index of 2.7 for
titanium dioxide were used. Further parameters are a 90 % glycerin solution
(n = 219mPas), 50 us exposure time and room temperature.

An additional parameter which has to be considered for the feasibility of the exper-
iment is the time during which this shift occurs - the residence time, t (see Figure
8.3). As the sensing volume is tiny, the residence time is also really small. For a
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8.3 Sensing volume of plasmonic rod as detection volume

rough approximation, Equation 8.1 is

3.0 taken, using the sensing distance of the
€ .6 particle as the effective radius [198].
-% For a 35nmx78nm rod, a distance
5 22 of 11nm can be assumed?!. Thus,
§ 1.8 the resulting volume is one magnitude
< 14 smaller than in the ’field of camera

' as detection volume’ experiment. A

20 40 60 80

: new implementation of the signal for
Diameter rod / nm

the signal-to-noise calculation, where
Figure 8.4: Altered signal-to-noise of differ- th? Signal is usefi as muljciplication of
ently sized plasmon correlation sensors. For shift, residence time and inverse expo-
the signal the shift is multiplied with the resi- sure time, slightly alters the optimal
dence time and divided by the exposure time. Jiension for the sensor (see Figure

_Slmulatlgns were carried out for_lO nm diffus- 8.4). The calculated residence times
ing particles with a refractive index of 2.7,

in 90 % glycerin solution, 50 us exposure time aIc€ shown in Table 8.2. From these

and at room temperature. theoretical residence times, it is clear,
that ’crop mode’ has to be chosen for
sufficient time resolution.

The last parameter which needs to be considered for the realization of an ex-
periment is the time between events, the event repeatability, 7, (see Figure 8.3).
This parameter is concentration dependent and can in theory be easily adapted to
match any requirement. However, this parameter introduces some challenges in
sample preparation. Methods to prepare the high concentrations needed, increase
chances for aggregation which spoils the measurement.

particle diameter 5nm 10 nm 40 nm 60 nm
water 0.7ps 1.4ps 5.5ps 8.3 us
glycerin 0.2ms 0.3ms 1.4ms 2.1ms

Table 8.2: Theoretical residence times of Au spheres diffusing through the sensing volume
of the plasmonic particle. The viscosity of water is 1 mPas and the value used for glycerin
250 mPas.

Experiments

I tested a series of particles in water, even though calculated correlation times
are expected to be smaller than the minimum time resolution of the setup. Slight
errors of parameters assumed can push the theoretical correlation time into the
detectable region above 50 us. As diffusing particles I tested CdSe quantum dots
(QD) with sizes of 7-10nm and a fluorescence emission above 900 nm kindly pro-
vided by . These QDs had the

21 This value was taken from calculations carried out by
(see Section 5.2.4).
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8 PLASMON CORRELATION SENSING

problem of immobilizing on the glass surfaces of the flow cell, increasing the back-
ground drastically.

The same problem appeared when seeds, normally used for gold rod production,
were used. Here, an increase in the FWHM of the sensing particle as well as a
blue shift were observed. These are indicators for attachment of the seeds to the
sensing rod and do not allow a reliable measurement.

Furthermore, the possibility of using highly concentrated 15nm gold spheres (re-
maining sample of ) was tested. Here, too many aggregates
were present and thus no measurement possible.

Carrying out the experiment in the presence of TiO, particles with an average di-
ameter between 20-50 nm (provided by

and a concentration of about 4 - 10! particles/ml dispersed in pure glycerin did
show the presence of strong scattering centers, probably remaining aggregates.

8.4 Conclusion

Plasmon correlation spectroscopy using the field of camera detection was demon-
strated and I verified the general possibility to use the setup for such an experi-
ment. However, similar setups got well established recently and provide an even
better decay time analysis due to logarithmic scaling of the measurement time.
The assay to give the proof of principle with plasmon fluctuation sensing using
the sensing volume of a single nanoparticle was not completed within this thesis.
Reasons are probably correlation times at the edge of maximum setup time reso-
lution and the need for even better spectral resolution. The experimental noise of
the sensing rods is just slightly below the induced shift expected by simulations.
To achieve plasmon fluctuation sensing with the current setup the following set-
tings probably provide the best chances to succeed: 10 nm, high refractive index
spheres dispersed in glycerin seem to be the most promising candidates. As sensor
I propose a rod with a width of 50 nm and an aspect ratio above 2.6 but still with
a resonance below 700 nm to be detectable.

Additional to the simulations presented in this chapter it seems straight forward
to simulate an entire time trace. With such a time trace one can obtain an idea
for the real shift expected and not only the maximum shift as investigated in this
thesis is considered.
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9 SUMMARY

9 Summary

In conclusion, this thesis presents a successful improvement in time resolution and
spectral resolution for plasmon spectra acquisition. The tremendous enhancement
of the setup was demonstrated and used for a series of highly interesting experi-
ments on single plasmonic nanostructures as sensors and is recalled in the following
paragraphs.

I showed the possibility to use single functionalized nanoparticles as local pH-
sensors for volumes on the nanoscale (see Chapter 3). To achieve this, gold
nanorods were functionalized with a pH-responsive polymer layer. Depending
on the pH the polymer chain stretched or coiled due to changes in its charging.
This conformation change was accompanied by a refractive index change which
induced a shift in the resonance wavelength of the sensing particle monitored
in the microscope. Due to their small responsive volume in the attoliter regime
these pH-sensitive nanoparticles can be used for precise pH-mapping without the
disadvantage of bleaching or blinking as experienced for dye pH-sensors.

My "home-built’ setup, the plasmon fluctuation microscope, combines two major
improvements compared to state of the art setups (see Chapter 4). They are the
stronger light source, in the form of a white light laser, and the more sensitive
detector. Thus, with this setup one can monitor particle spectra with a maximum
time resolution of 50 us, which is an advancement of approximately 4-6 orders of
magnitude from previously available setups. Furthermore, the spectral stability
of the setup is massively enhanced to prior stability and lies at about 0.03 nm.
The maximum number of frames for data collection is about 4-10° so far limited
by the capacity of the computer memory. Assuming a cycle time of 10 ms, this
allows measurements for more than one hour.

The most outstanding achievements of this thesis show the attachment of single
proteins onto individual nanoparticles as discrete jumps in the resonance wave-
length (see Chapter 5) and thus a dramatic enhancement in plasmon nanoparticle
sensitivity. Investigation of the step height and the times between events nicely
matched values theoretically predicted. Also further control experiments analyz-
ing the shift height dependence from protein size, protein desorption, Poissonian
distribution of the arriving events, and systematic changes in step height with the
number of proteins attached confirmed the hypothesis of single protein events.
Being able to detect single binding events with millisecond time resolution I could
provide data from a time resolved protein adsorption event. The characteristic
time scale obtained laid in the order of 1-2s and probably resulted from the sur-
face induced protein denaturation. In future experiments on series of modified
proteins, this method will characterize sub-parts of proteins responsible for cer-
tain functions like binding, stability etc.

Furthermore, I measured the equilibrium adsorption and desorption of proteins
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to the surface of the nanorod. By investigation of differences in fluctuations for
different coverage conditions, information about binding kinetics will be retriev-
able. With this new method for the investigation of equilibrium dynamics a first
step towards easily measuring binding constants was carried out.

Additionally, a system of two spherical nanoparticles connected via a spacer
molecule, referred to as a dimer or nanoruler, was investigated (see Chapter
6). Here, the interesting effect of the particles’ approach due to strong laser
illumination was discussed. Parameters like the threshold power and the respon-
sible wavelength regime were investigated. Furthermore, the reversibility of the
collapse, orientation of the dimer relative to laser light and the influence of a
temperature bath were explored. The results found could not pinpoint optical
force or heating as exclusive mechanism responsible for the collapse of the dimer
but rather suggested a combination of both. The collapse of the nanoruler un-
der strong illumination rejects it as distance sensor in the Plasmon Fluctuation
Setup but opens new areas of application like the construction of a light induced
nanoshutter.

Also the possibility to use dimers as stiffness sensors for the interparticle spacer
was studied (see Chapter 7). This nanosensor for stiffness would enter a regime of
distance or strength so far not covered by methods commonly used. As only one
particle of the dimer was immobilized to the glass surface of the sample chamber,
the other particle moved due to Brownian motion. Of course, this movement
should be strongly confined by the spacer stiffness and furthermore be influenced
by the viscosity of the surrounding medium. Therefore, the secondary particle’s
position should hold information about the previously mentioned parameters. As
the two particles of the dimer were in close proximity, their plasmons coupled,
reporting on the current interparticle distance. Reading out this time dependence
of the resonance wavelength and knowing the viscosity of the medium, one should
be able to gather information about the spacer stiffness. Nevertheless, the slow
distance fluctuations seen are not understood so far. Further experiments on
a logarithmic time scale with even higher time resolution, more statistics, and
additionally varied parameters are needed to achieve proof of principle results for
determining stiffness by dimeric systems.

Another application for nanoparticles as sensors is closely related to fluorescence
correlation spectroscopy with the difference that only the sensing volume of the
nanoparticle is used as detection volume. Thus, unlabeled diffusing analytes at
concentrations similar to those found in biological systems, which are too high for
fluorescence correlation spectroscopy, can in principle be investigated. In Chapter
8, I presented my experiments in this field of research. So far, the proof of principle
for this method was not completed, nevertheless a route for future experiments
was outlined.

My work entered a new time regime for plasmon sensing. Time resolution down
to 50 us can now be achieved. With this improvement I enable spectra acquisition
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9 SUMMARY

of unprecedented speed and quality. Thus, this thesis provides a base not only
for further miniaturization of sensors but allows the new methodical principle
of fluctuation sensing on equilibrium and non-equilibrium systems. With this
fluctuation sensing the study of binding kinetics, interesting in a manifold number

of areas, will be made easily accessible .
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A Synthesizing Gold Nanorods

Theoretically all metals, alloys or semiconductors which provide a dielectric func-
tion with a large negative real dielectric constant (¢/(v) < 0) and a small imagi-
nary dielectric constant (¢”(v) & 0) exhibit a plasmon peak [125]. Nevertheless,
the most common materials in our days are gold and silver as their resonance
wavelength is in the visible regime and they are little reactive. Furthermore, well
established wet-chemical methods for synthesizing these particles with a long term
stability exist [199]. In the following I briefly describe the recipes used within this
thesis. Gold nanorods are produced in a two step synthesis. The advantage of a
two step synthesis over a one step one is a smaller polydispersity of the sample
as only one seeding event occurs. The recipe for synthesizing big gold rods was
kindly provided by

A.1 Seed preparation

The general procedure for gold seeds with a size between 2nm and 4nm is as
follows. Onto 50ul of 0.1 M tetracholoauric acid (HAuCl,-3H,0, Sigma) 5ml of
deionized water (throughout from a Millipore system with 18MQ2) and 5ml of
0.2 M cetyltrimethylammonium bromide (CTAB, Sigma) solution was given. The
gold was then reduced by the strong reducing agent sodium borohydride (NaBHy,
Sigma-Aldrich). Therefore, 6001l of ice cold 0.02M solution was added. The
mixture was strongly shaken for 30s and the seeds could be used within 15 min
after preparation indicated by a strong brownish color. If stored for some time
this color changed to red, indicating the aggregation and the seeds which could
not be used anymore.

A.2 Gold rods

The actual gold rods were prepared in a second step, the growing step. Again 50 pl
of 0.1 M tetrachloroauric acid was mixed with 5ml of deionized water and 5ml
of 0.2M CTAB solution. Additionally a small amount, normally around 5-20 pl,
of silver nitrate (0.04M AgNOj3, Sigma-Aldrich) was added to the sample. Then,
70 ul of 0.0788 M ascorbic acid (Sigma-Aldrich) was added and caused the solu-
tion to turn colorless as ascorbic acid is a weak reduction agent. To this growth
solution 12l of the before prepared gold seeds were given as nucleation centers
where the reactions were started. The reaction could be followed by eye as the
solution experienced a gradual color change from colorless to blue within minutes.
Nevertheless, the rods continuously changed over larger time scales. The here
given procedure results in rods around 650 nm resonance wavelength. Depending
on the exact amounts of reagents a tuning of size and therefore resonance wave-
length of the obtained rods is achieved. A more detailed description and analysis
can be found elsewhere [167].
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A.3 Medium gold rods

The gold rods used here with a medium particle volume were prepared with a
slightly different growth. The 50 pl tetrachloroauric acid was mixed with 3848 ul
deionized water and 5000 ul of 0.2 M CTAB solution. Additionally 1ml of 0.25 M
sodium chloride solution was added. The amount of silver nitrate was 20l at a
concentration of 0.04 M. Then, 70 nl of 0.078 M ascorbic acid was added. The same
seeds as for normal gold rods and the same amount were used: 12 ul. The medium
rods used within this thesis were prepared about three years ago. During this time
the sample was stored in the dark at room temperature. The resonance wavelength
of the used sample was 635 nm and its average dimension 35 nmx78 nm.

A.4 Big gold rods

To prepare gold rods with a higher particle volume a slight variation of the nor-
mal growth solution was necessary. The tetrachloroauric acid was prepared with
deionized water and CTAB solution as before. The amount of silver nitrate was
altered to 20-50 pl with the same concentration of 0.04 M. Additionally 200 ul of
1 M hydrochloric acid (HC1, Merck) was added, followed by 80l of 0.1 M ascorbic
acid. The before used seeds were diluted 1:10 with deionized water directly before
adding 12.5 pl to the growth solution. The reaction was much slower compared
to the one of normal rods, a color change could be observed the next day.

B Particle Functionalization

B.1 Particle functionalization for dimer preparation

B.1.1 Functionalization with PEG-bioctin

Gold nanoparticle spheres were bought from BBInternational in diameters of
60nm, 40nm and 20 nm and used as bought. For functionalization with the two
longer PEG spacers (PEGgz: My = 3000 g/mol and PEGjps: My = 5000 g/mol,
Iris Biotech GmbH) a direct functionalization via the thiol end-group is possible.
Therefore, 3001l of the respective gold spheres were centrifuged down (5470 rcf,
5min if not assigned differently this configuration was used for all further cen-
trifugation steps) and the supernatant was removed. Then, 100 pl of 2 mM freshly
prepared aqueous PEG solution was added. Incubation at room temperature for
at least 2 hours on a shaking table was allowed. The excessive PEG was removed
by adding 400 pl of deionized water (18 MQ2) and washing the sample with another
centrifugation step. The functionalized particles are stored at 4°C and were stable
for at least 1 month.

For the shortest PEG spacer used here (PEGio: My = 683 g/mol, Iris Biotech
GmbH) a slightly different procedure was necessary as the polymer carried an
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amino-group at the respective end. 200yl of the gold spheres were centrifuged
down and the supernatant was removed. Then, in a first functionalization step
the particle was coated with 3,3’-Dithiobis (sulfosuccinimidylpropionate) (DTSSP,
Pierce). Therefore, the resulting pellet was filled up with 100 pl freshly prepared
3mg/ml aqueous DTSSP solution. The mixture was incubated for 20 min on the
shaking table, filled up with 400 nl deionized water and then centrifuged down
again. On the pellet 100 ul of 5mM freshly prepared aqueous PEG solution was
add, followed by a 1.5 hours incubation period on the shaking table. Removal
of excessive PEG was achieved by another washing step via addition of 400 nl
deionized water and centrifugation. The obtained pellet was filled up with 100 nl
of 0.5x TRIS-Borat-EDTA-buffer (TBE, Roth) and stored at 4 °C until use within
1 month.

B.1.2 Functionalization with streptavidin

The streptavidin functionalization of gold nanospheres was achieved by first bind-
ing DTSSP to the protein. Therefore, 501l of 0.3mM DTSSP was dissolved in
phosphate buffered saline (PBS, 0.01 M, Sigma) and added to 50 pl of a 1 mg/ml
streptavidin (Calbiochem) PBS solution. Incubation at room temperature for
30 min on the shaking table was allowed. In order to remove unreacted DTSSP a
Zeba Spin Desalting Column 7K MWCO (Pierce) was used. In parallel 500 ul of
sphere solution was centrifuged down. On the pellet 50 nl of the modified, desalted
streptavidin solution was added and left for incubation over night at room tem-
perate on the shaking table. To remove excessive proteins the sample was washed
by adding 400 jl deionized water and centrifugation. Again the pellet was filled
up with 25l deionized water. Storage at 4°C allowed a stability for maximal 1
month. Nevertheless, streptavidin functionalized particles were less stable then
their biotin-functionalized opponent.

B.1.3 Conjugation buffer and passivation mixture

To obtain a surface passivation of the glass surface in the flow cell after immobi-
lization of the first particle a passivation mixture was prepared. This passivation
mixture contained 60 % SuperBlock (Pierce), 30 % deionized water and 10 % con-
jugation buffer (10mM Tris-HCI pH 7.5, 10mM EDTA, 2M NaCl, 0.1 % Tween
20, all Sigma).

B.2 Elastin-like polypeptide functionalization
In contrast to the PEG dimerization, where the polymer linker was attached in
batch, here the elastin-like polypeptide (ELP) was attached to the first immobi-

lized sphere in the flow cell. Thus the flow cell was first washed extensively with
pure water. Then 1pl of as bought 60 nm citrate gold spheres was dispersed in
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100 pl water and rinsed through the flow cell. To immobilize the particles 1 M NaCl
was introduced, followed by an extensive washing step with pure water. Then,
ELP solution was prepared by mixing 100 pl of 125 pM biotinilated E4-20 ELP, 31l
of 100 mM TCEP, and 30 pl of 0.25x conjugation buffer. The E4-20 ELP was pro-
vided by

and biotinilated by

The amino acid repetition sequence of ELP E4 is Val-Gly-Val-Pro-Gly. E4-20 has
a molar weight of 8.4kg/mol and includes 20 repeating units. This ELP solution
was run for 30s through the flow cell followed by a 45 min incubation period.
These two steps were carried out twice. To avoid attachment of additional parti-
cles on the glass surface a passivation as in the PEG dimerization was performed:
two cycles of 10 min flow and 30 min incubation with passivation mixture. Also
the following dimerization step was similar to the PEG-dimer synthesis. Briefly,
1 nl stock solution of 60 nm streptavidin functionalized spheres is diluted in 100 pul
passivation mixture was introduced into the flow cell. Dimerization was followed
by eye and stopped after an appropriate number of dimers had formed.

C Technical Devices and Mathematical Tools

C.1 FastSPS dark field setup

The fastSPS setup is based on a standard transmission dark field microscope from
Zeiss with a white light excitation from a 100 W tungsten lamp. Illumination
occurred with a dark field condenser with high numerical aperture (NA 1.2-1.4).
The sample in Chapter 3 was observed with a 63x water-immersion objective (NA
0.95 W) all other samples were investigated with a 40x air objective (NA 0.65).
Furthermore, particle light is selected by a liquid crystal device (1.LC2002, Holoeye)
used as an electronically addressable spatial shutter and detected with a CCD
camera (Pixis400, Princeton Instruments). For spectral imaging, a spectrometer
is coupled (SP-2150i, Acton; spectral resolution 1.6 nm). As the fastSPS setup can
investigate a high number of particles in parallel, a feature so far not implemented
at the Plasmon Fluctuation Setup, I used it to gain statistical information about
samples and sample changes. Further information on the fastSPS setup can be
found elsewhere [200, 201].

C.2 Fiber spectrometer

The fiber spectrometer used within this thesis was bought from Ocean Optics.
The model is a USB2000 with a detection range between 350 nm and 1000 nm.
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C.3 Autocorrelation function

The autocorrelation function tells the self-similarity or differently spoken the mem-
ory of the signal at different times ¢ and ¢+ 7. The difference of the current signal
to the mean signal, meaning the signal fluctuation 0F(t) = F(t)— < F >, is
multiplied to the signal fluctuation at another point in time ¢ + 7.

< OF(0)-6F(1) >=< F(0)- F(1) > — < F >*=< §A* > exp (C.1)
Tr
With the definition:
1
< F)-F(r)>= lim — [ F(t)F(t+ 7)dt (C.2)
T—ooT

At 7 = 0 the value of the autocorrelation function of the fluctuation is the square
of the standard deviation. Thus a normalization with o2 gives values between
-1 and 1, respectively for full correlation and anticorrelation. No correlation is
presented by the value zero and normally reached in the limit of T — oc.

In FCS if intensities are autocorrelated a different normalization is common. Here,
normalization with the square of the mean value of the function < F' >2 is appro-
priate:

_<OF@)-0F(t+T1)> < F@)-F(t+71)>
B < F>2 B < F>?
With this normalization an additional information at 7 = 0 can be read out:
G(0)=1/N.

G(1) -1 (C.3)
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