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Plasmonic Gold Nanorods as Probes of Soft Matter and Biological Systems
EMELIE TORNEUS

Department of Physics and Astronomy

Chalmers University of Technology

Abstract

Motion and structure at the nanoscale encode information about local forces, mechan-
ical properties, and dynamic interactions that are difficult to access using conventional
measurement techniques. This challenge is particularly pronounced in biological and
soft-matter systems, where fluctuations and structural changes demand probes combin-
ing minimal perturbation with high spatial and temporal sensitivity. Plasmonic gold
nanorods provide such a platform. Their localized surface plasmon resonance gives rise
to strong light scattering for sensitive optical readout, while optical forces and torques
enable controlled trapping, translation and rotation.

This thesis explores gold nanorods as nanoscale probes in complex biological and phys-
ical environments. Single nanorods are optically trapped and driven to rotate by cir-
cularly polarized light, transducing local mechanical activity into rotational-frequency
fluctuations. Applied to living endothelial cells, this light-driven nanomotor platform
resolves heterogeneous nanoscale motions across the nucleus, perinuclear region, and
cell periphery, and uncovers transient oscillations that reveal short-lived mechanical
events typically inaccessible to conventional methods. The same rotational control,
applied beyond biology, enables low-contact profilometry through lateral scanning of
a trapped nanorod over nanoscale surface features. In another approach, nanorods
serve as intracellular tracers of vesicular motion. Dark-field microscopy combined with
deep-learning-based particle tracking and state segmentation enables long-duration,
high-throughput analysis of intracellular transport in prostate cancer cells, resolving
confined, diffusive, and directed motion across large trajectory ensembles. This reveals
distinct transport phenotypes, with diffusion dominating in both cell lines and directed
transport occurring as short-lived bursts. Nanorod surface chemistry further shapes
this behavior, modulating the coupling between vesicle loading and active transport.
Together, these studies establish plasmonic gold nanorods as a versatile platform for
probing nanoscale dynamics with minimal perturbation across biological and physical
systems. The results highlight the pronounced heterogeneity of such environments and
demonstrate how a single nanoscale probe, viewed through light, can resolve motion
and structure across diverse complex systems.

Keywords: Nanoscale, Living Cells, Cell Dynamics, Intracellular transport, Optical
Tweezers, Nanorod Rotation, Diffusion, Dark Field Microscopy, Profilometry
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Introduction

With the invention of the microscope in the 17th century, we gained the ability to
observe the world at scales far smaller than those accessible to the naked eye, a de-
velopment that profoundly changed our understanding of nature. This new access to
the microscopic world quickly captured scientific curiosity and soon directed attention
toward the fundamental building blocks of life. In 1665, Robert Hooke was the first
to observe and name cells in his publication Micrographia, based on his studies of
cork.? Shortly thereafter, Antonie van Leeuwenhoek reported the first observations
of living cells in his correspondence with the Royal Society of London, revealing that
life itself could be studied at microscopic scales.®> Yet conventional optical microscopy
carries a fundamental limitation: the diffraction of light restricts spatial resolution to
approximately half its wavelength, preventing direct observation of structures at the
tens-of-nanometers scale. Reaching beyond this barrier has required the development
of more advanced techniques, and as experimental methods have continued to evolve,
attention has increasingly shifted toward even smaller length scales, where nanoscale

structure and dynamics govern the behavior of both biological and physical systems.

At the nanoscale, the world behaves very differently from what we experience in ev-
eryday life. In the aqueous environments where most biological and many physical
processes take place, gravity plays only a minor role, while the behavior of nanoscale
objects is largely governed by van der Waals and electrostatic interactions.* A single
collision with a surrounding water molecule can suddenly redirect a nanoscale object, a

phenomenon we recognize as Brownian motion. These principles take on a particularly




1. Introduction

rich form inside living cells, which, if we could step inside, would resemble a densely
populated city rather than a quiet environment. The activity arises from thermal fluc-
tuations that drive diffusion, as well as from active transport by molecular motors along
cytoskeletal filaments and microtubules.>% Motion at these scales is further character-
ized by low Reynolds numbers, meaning that viscous forces dominate over inertia and
movement is regulated by an instantaneous balance between applied forces and hydro-
dynamic drag.”® Even motor-driven transport remains subject to this regime. As a
result, cargo moves at an approximately constant velocity and stops almost immedi-

ately when the motor detaches, after which Brownian motion once again dominates.

Although the general physical principles governing nanoscale behavior are well estab-
lished, directly observing and quantifying them in living and dynamic systems remains
fundamentally challenging. While some techniques can resolve individual atoms, cap-
turing nanoscale dynamics in living systems remains particularly difficult, as high spa-
tial resolution often requires fixed samples, vacuum environments, or invasive prob-
ing.'?2 Among available tools, optical microscopy is particularly valuable for study-
ing living systems because it enables imaging without mechanical perturbation,'® and
fluorescence microscopy further extends this capability by allowing selective labeling
and visualization of specific molecules or structures against a dark background.'* To
reach the nanoscale with light, super-resolution microscopy was developed to extend
optical imaging beyond the diffraction limit, enabling visualization at nanometer reso-
lution.'® " These advances demonstrate how methodological innovation is required to

access the nanoscale using light.

However, resolving structure alone is not sufficient to understand nanoscale behavior.
Many processes at this scale, from molecular motor activity to the mechanical response
of soft biological structures, involve forces and displacements that imaging alone can-
not capture, requiring tools that can both apply and measure mechanical interactions
directly. Optical tweezers, for example, allow forces and torques to be applied and
measured on individual micro- and nanoscale objects with piconewton precision and
nanometer spatial resolution.'®?* Atomic force microscopy similarly enables imaging
and force measurements at nanometer resolution.'''12:2427 Yet, combining non-invasive
optical readout with active manipulation and nanoscale sensitivity remains a central

challenge.



Plasmonic gold nanorods offer a unique platform to bridge this gap. Because of
their strong, tunable optical response in the visible-to-near-infrared regime and their
anisotropic geometry, gold nanorods can be optically tracked, trapped, and rotated,
enabling simultaneous measurement and manipulation at the nanoscale. Their motion,
both translational and rotational, encodes information about the surrounding nanoscale

environment, encoding local interactions in measurable optical signals.

This thesis presents optical probing and manipulation of plasmonic gold nanorods as a
unified approach to investigate nanoscale structures and dynamics. Within living cells,
internalized nanorods act as nanoscale cargo whose trajectories reveal how diffusion,
motor-driven transport, and surface chemistry shape intracellular dynamics. When op-
tically trapped and rotated near cellular interfaces, the same particles become probes
of sub-cellular nanomotion, enabling low-contact measurements of transient mechani-
cal activity.?® Extending this concept beyond biological systems, controlled rotation of
trapped nanorods is applied to nanoscale profilometry, where variations in scattering
and rotational response provide a means to map surface structures without perturb-
ing the system. Across these studies, the motion of a single nanorod functions as a
transducer linking optical interaction to the local nanoscale environment, demonstrat-
ing how a single nanoscale probe, viewed through light, can resolve dynamics across

both biological and physical systems.
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Thesis Outline

The thesis is organized into seven chapters. Chapter 2 introduces the interaction
between light and matter, forming the theoretical foundation of this thesis. The optical
properties of noble metals are presented, with emphasis on size- and shape-dependent
effects, localized surface plasmon resonances, and the resulting absorption, scattering,
and photothermal phenomena. Building on this, Chapter 3 outlines the theoretical
framework for optical trapping and manipulation of gold nanorods. Optical forces
are described within the dipole approximation, followed by a discussion of light-driven
rotation of anisotropic particles, Brownian motion of trapped nanoparticles, and the

role of surface interactions in two-dimensional trapping configurations.

Chapter 4 then shifts focus from the physics of the nanorod itself to its behavior
in biological environments, covering colloidal stability and surface functionalization in
cell culture media, protein corona formation, nanoparticle—cell interactions, and the
mechanisms and analysis of intracellular transport. With the theoretical and biolog-
ical foundations established, Chapter 5 describes the experimental and analytical
methods used throughout the thesis, including nanorod synthesis and functionaliza-
tion, dark-field microscopy, optical tweezers, rotational readout, deep-learning-based

single-particle tracking, and cell culture procedures.

Chapter 6 summarizes the appended papers and describes how the framework devel-
oped in the preceding chapters was applied to measurements of cellular nanomotion
and intracellular transport in prostate cancer cells. Finally, Chapter 7 summarizes

the key results of this work and discusses potential directions for future research.



Plasmonic Gold Nanoparticles

The interplay between light and matter underpins our ability to visually perceive the
world around us. When light interacts with an object, its material composition, size,
and geometry determine how the light is scattered and absorbed, ultimately shaping
how the object appears to an observer. These two fundamental processes, scattering

and absorption, govern light—matter interactions across a wide range of length scales.

At the nanoscale, metallic nanoparticles exhibit a particularly strong optical response.
When illuminated, their conduction electrons oscillate collectively with the incident
electromagnetic field, giving rise to a localized surface plasmon resonance that dramat-
ically enhances both scattering and absorption. The following chapter develops the
framework needed to describe this interaction for gold nanoparticles. Section 2.1 in-
troduces the optical properties of noble metals through the Drude model. Section 2.2
derives the optical response of sub-wavelength particles using the quasi-static approxi-

mation, and ends with the light-induced heating that arises from plasmonic absorption.

2.1 Optical Properties of Noble Metals

Light, described from a classical perspective, is an electromagnetic wave with oscillating
electric and magnetic fields. In this thesis, we focus on the light—matter interactions
of gold, a non-magnetic material, for which the interaction is governed predominantly
by the electric field. Therefore, we consider a plane electric wave propagating in space,

given by




2. Plasmonic Gold Nanoparticles

E(r,t) = Be'kr=t), (2.1)

Here, r denotes the position vector, k the wave vector, and w = 27 f the angular

frequency, where f is the frequency of light. The magnitude of the wave vector, k = |k|,
2
DY
The relationship between the wavenumber and the angular frequency is known as the
9

is known as the wavenumber and is given by k£ = where A is the wavelength.

dispersion relation k = %, where ¢ & 3 x 10® m/s is the speed of light in vacuum.?

In a homogeneous material, the propagation of light is determined by the complex
refractive index N = n'+1in”, leading to the dispersion relation k = < N. The refractive
index becomes complex in absorbing materials, such as gold, to account for dissipative
losses within the medium. The imaginary part (n”), often referred to as the attenuation
coefficient, accounts for absorptive losses within the medium, while the real part (n’)
functions as a scaling factor for the properties of the wave®*. The refractive index is
closely related to the permittivity of the material. When an incident electric field E
interacts with a material, it displaces the charged particles, leading to a distortion of
both the material and the field. This response is captured by the electric displacement
field D, defined as

D = ¢E + P. (2.2)

Here, P is the macroscopic polarization density, that is, the total induced polarization
of the material and ¢( is the permittivity of free space. For a material such as gold,

b

which is non-magnetic, linear”, isotropic® and homogeneous?, the polarization density

is proportional to the electric susceptibility x, as

P =¢oxE (2.3)

which leads to

2The frequency remains unchanged, while the phase velocity, wavelength, and wavenumber are
altered.30

YA material is linear if the interaction with light is independent on the intensity, or the amplitude
|Eq| of the incident field.

¢A material is isotropic if the material have the same optical properties in all directions.

dA material is said to be homogeneous if its properties are the same throughout.
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D =¢E. (2.4)

with permittivity e = e,69 = €9(x + 1) , where ¢, is the relative permittivity, describing
how a material responds to an applied electric field. The interaction between light and

matter is stronger for a material with large ¢,, and vice versa if €, is small (Figure
2.1).

For a single frequency or wavelength, the permittivity is a constant. However, the
optical response of a material is dispersive and depends on the frequency of light (w).
Hence, it makes sense to introduce the relative permittivity as a function of frequency
e-(w), which is often referred to as the dielectric function of the material. ¢,(w) is
complex-valued, as the material cannot respond to a change in the applied field instan-

taneously, which results in a phase difference between D and E.

Figure 2.1: Permittivity is a measure of the electric polarizability of a material and
quantifies how much the material permits the formation of electric fields within it.
Left: no electromagnetic field (E) is applied and the material is unpolarized. Right:
The material becomes polarized with an applied E-field.

The relative permittivity €, (w) of many materials can be well described by the relatively
simple classical Drude-Lorentz model.?? In this model, the electrons within the material
are treated as simple harmonic oscillators subjected to the driving force of the applied
electric field E. Since the mass of a nucleus is much larger than that of an electron
(my,, > m,), the nuclei can be assumed to remain stationary. An electron is then treated
as being bound to its nucleus by a restoring force that follows Hooke’s law, while also

experiencing a damping force proportional to its velocity. Applying Newton’s second

7
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law, the equation of motion for each electron in a homogeneous and isotropic material

becomes that of a damped harmonic oscillator

(1) + Ck(t) + wix(t) = —miE(t), (2.5)

where x is the displacement of the electron, m. is the electron mass, ¢ is the damping
coefficient, e is the electron charge, and wy is the resonance frequency. The terms on
the left-hand side represent the acceleration, damping, and restoring force, respectively,
while the right-hand side describes the driving force due to the applied electric field.
By performing a Fourier transform with respect to the angular frequency w, and solving

Equation 2.5 for x(w), we get

—(e/me)

wi —w? —ilw

E(w). (2.6)

x(w) =

Each electron gives rise to an induced dipole moment p = —ex, which contributes to the
total macroscopic polarization. The total polarization P is then obtained by summing
over all such dipole moments within a unit volume. If ¢ denotes the number of electrons

per unit volume, this gives

P(w) = —gex(w) = 4e”/me E(w). (2.7)

wg — w? —ilw

By combining Eq. 2.3 and Eq. 2.7, we obtain the susceptibility x(w), and using

e, = 1 + x we arrive at the relative Lorentz permittivity,

2
wp

er(w) =14 x(w) =1+ (2.8)

wd —w? —ilw
where wp = (ge? /egm.)"/? is the plasma frequency.

The first term of Eq. 2.8 refers to the vacuum response and the second term is the
material’s response. For conducting materials, very little energy from the applied field
E is needed to excite the electrons to a higher energy state, they are so-called free
electrons. The optical response of free electrons can be described using the Lorentz
model by releasing the electrons from the restoring force of the nucleus, i.e., by setting
the spring constant to zero, or equivalently the natural frequency wy = 0,3! in Eq. 2.7.

This reduces the Lorentz model to the Drude model of free electrons:
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Wh

BT (2.9)

er(w) = €00 —
The first term in Equation 2.9, €., now accounts for the response of the material
background of bound electrons oscillating at high frequencies.?? The damping frequency
¢ = 1/7 is related to the relaxation time 7 of the electrons, which is the average time

an electron travels between collisions with lattice vibrations or impurities®.

The Drude approximation of the permittivity does not account for interband transi-
tions between the conduction and valence bands in the material. For gold, which is the
material used in this thesis, these interband transitions are responsible for the enhanced
absorption at wavelengths below 600 nm.3? In more general Drude-Lorentz models, ad-
ditional Lorentz terms can be included to account for these transitions involving bound
electrons. In Figure 2.2, the real and imaginary parts of the relative permittivity of
gold are shown together with experimentally measured data. However, in the spectral
range of interest for this work, the Drude approximation provides a sufficiently accurate

description.

Now that we have an expression for the permittivity, we recall the expression for the
complex refractive index N introduced at the beginning of this chapter, and can see

how they are related as
Ver =N =n'+in". (2.10)

Denoting the real and imaginary part of the relative permittivity as ¢/ and €/, we can

now write them as a function of n and and vice versa,

g =n*—n" (2.11)

el =2n"-n". (2.12)

The refractive index is often considered more intuitive than the permittivity, as it is

directly connected to the wave properties during propagation in the medium, describing

both the phase velocity and the attenuation of the electromagnetic wave.3?

°*Within the Drude model, the electrical conductivity is given by o = ”;27, showing that the
relaxation time 7 determines how efficiently charge carriers respond to an applied electric field.
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Figure 2.2: Real (a) and imaginary (b) part of the relative permittivity (¢) for gold,
calculated with the Drude model using a plasma frequency of 1.4-10'¢ (rad/s), damping
frequency 1.05-10'* (rad/s) and high-frequency permittivity of 9.5.3% The Drude model
is compared with experimentally measured permittivity from Johnson and Christy.?

2.2 Light-Matter Interaction of Sub-wavelength

Particles

The optical properties described in the previous section apply to bulk materials without
spatial constraints. We now consider how these interactions change when the material
is confined to sub-wavelength dimensions. In this regime, the macroscopic description
in terms of propagation of light is no longer sufficient, and it becomes more appropriate

to describe light-matter interactions in terms of absorption and scattering.®

When an electromagnetic wave interacts with a sub-wavelength particle, the electric
field induces a collective oscillation of the electrons within the particle. This oscillating
charge distribution gives rise to a secondary electromagnetic field, which is responsible
for the scattered light, while energy dissipation within the material leads to absorp-
tion. The strength of this response depends on the material properties, the particle
geometry, and the surrounding medium.?® At certain frequencies, the oscillation of the
electron cloud becomes resonant, leading to a strong enhancement of the absorption
and scattering of the electromagnetic field. This resonance is referred to as a localized
surface plasmon resonance (LSPR). Figure 2.3 illustrates the LSPR of spherical and
spheroidal particles, where the anisotropic morphology of the spheroid gives rise to
two distinct LSPR modes. In gold and silver nanoparticles, these resonances occur in
the visible and near-infrared regions of the electromagnetic spectrum, producing intense
colors in both reflected and transmitted light. This phenomenon has been utilized since

the Middle Ages in stained glass to create the characteristic luminous atmosphere of
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2.2. Light-Matter Interaction of Sub-wavelength Particles

churches and cathedrals throughout Europe.3”

Figure 2.3: Schematic illustration of localized surface plasmon resonance (LSPR),
showing the oscillation of the induced surface charges in response to an external electric
field. a Spherical nanoparticle. b Spheroidal (rod-shaped) nanoparticle, exhibiting both
longitudinal and transverse LSPR modes at resonance.

In 1908, Gustav Mie developed a theory describing the colors arising from the absorption
and scattering of light by small colloidal particles, now known as Mie theory. This
theory provides an analytical solution to Maxwell’s equations for an electromagnetic
plane wave incident on a spherical particle, resulting in an infinite series of vector
spherical harmonics that describe the electromagnetic field at any point in space. Mie
theory accurately describes light scattering and absorption for spherical particles of all
sizes.3® However, it is not the most intuitive framework for understanding scattering
and absorption, as it requires summing an infinite series of multipole contributions.
If, instead, the particle diameter is much smaller than the incident wavelength, the
light—-matter interaction can be described using the quasi-static approximation, which

provides a more physically intuitive description of the problem.

2.2.1 Quasi-Static Approximation

If we have a particle much smaller than the wavelength (a < \) of the applied electro-
magnetic field, the field across the particle can be assumed to be homogeneous. The
resulting charge displacement, and consequently the scattered field, will then follow that

of an electric dipole’. Hence, all spatial variations within the particle can be neglected.

fFor wavelengths in the visible regime, the quasi-static approximation is regarded as accurate for
particles with a radius smaller than 30 nm.

11



2. Plasmonic Gold Nanoparticles

Spherical Particle

A homogeneous and isotropic spherical particle with radius a is located in a uniform
electric field E.3® The surrounding medium is non-absorbing and homogeneous with a
real permittivity €, = n/? and the complex permittivity of the particle is ¢ = N2. The

applied electric field E give rise to the induced dipole moment

p(w) = goema(w)E(w), (2.13)

where a(w) represents the polarizability of the particle, which can be obtained by solving
the Laplace equation for the electrostatic case (see the derivation in reference®®) and
then replacing the static permittivity with the frequency dependent one. The result is
found to be:

_ 2.14
€+ 2e,, ( )

o = 4ra

It follows from Eq. 2.14 that the resonance condition is given by ¢ = —2¢,,, the LSPR

mentioned previously.

Figure 2.4: Real (solid) and imaginary (dashed) parts of the polarizability « along
the long axis (a1) of a prolate gold spheroid with width 10 nm (a2 = a3 = 5nm) and
different lengths L in water, calculated in the quasi-static approximation using the
Johnson and Christy permittivity.3
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2.2. Light-Matter Interaction of Sub-wavelength Particles

Spheroidal Particle

The quasi-static approximation can also be applied to spheroidal particles and serves
as a good first approximation for nanorods. As in the spherical case, the particle
dimensions must be much smaller than the wavelength; however, the semi-axes a, as,
and az of the particle must now be considered.?® For a prolate spheroid (cigar-shaped
particle), two of the semi-axes are equal (a3 = a3), while the third semi-axis is longer

(a1 > ag). The dipole moment for a spheroid (j = 1,2,3) is then given by

£ —¢€m
3(em + Lj(e —em))

p; = 4meoemarazas E (2.15)

where L; represent the geometrical factor of the dimensions of the spheroid. For semi-

axes a, L is

aiasas [ 1
Loy = / dg 2.16
' 2 Jo (ai+9)f(q) (2.16)

with f(¢) = ((a? + ¢)(a3 + q)(a% + q))*/2. The polarizability for a spheroid becomes

£ —Em
3(em+ Lj(e —en))

(2.17)

aj = 4mayasas

For any ellipsoid, the geometrical factors satisty L; + Ly + L3 = 1, and for a sphere,
where all axes are equal, L3 = 1/3, Eq. 2.17 reduces to Eq. 2.14. In contrast
to a sphere, a spheroid supports two distinct plasmon resonances corresponding to

oscillations along the semi-minor and semi-major axes (illustrated in Figure 2.3).

Since the permittivity is complex, the polarizability is also complex and can be written
as a = o + id”, where o/ and o’ are the real and imaginary parts, respectively.
Figure 2.4 shows these components as a function of wavelength for a permittivity
£(w). The imaginary part exhibits a pronounced peak corresponding to the localized
surface plasmon resonance, where absorption and scattering are maximized. Near this
wavelength, the real part of the polarizability changes rapidly, indicating a phase shift
in the dipole response. This behavior is characteristic of a resonant dipole oscillator

and occurs when the Frohlich condition is satisfied, i.e., when Re[e(w)] = —2¢,,.36
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2.2.2 Optical Cross-Sections

Having established the particle polarizability, we now turn to the optical cross sections
describing scattering and absorption of sub-wavelength particles. Optical cross sections
quantify how efficiently a particle absorbs, scatters, or extinguishes incident electromag-
netic radiation and are defined as the ratio of the scattered, absorbed, or extinguished
power to the incident power density. This definition results in a quantity with units of

area, hence the name cross section.

Within the quasi-static approximation, we can also determine the scattering and ab-
sorption of light by a nanoparticle analytically. The scattering cross section, g,
describes how efficiently a particle scatters light, while the absorption cross section,
Oabs, describes how much of the incident light is absorbed by the particle. The extinc-
tion cross section quantifies the total loss of intensity of the incident light due to both
absorption and scattering, and is given by Oext = Ogscat + Tabs. BOth Teyy and ogeay can

be expressed in terms of the particle polarizability as

E—¢
eat = kI = drka®l {m} 2.18
Oeut m{a(w)} = dnka’Im - (2.18)
and
k* , 8T e—¢
scat — L - 71{74 6 — 2.1
Oseat = gl = kel =2 (2.19)

Here, with the wavenumber k = 27/),,.3° Figure 2.5 shows the o, for a gold sphere

and spheroid in water, with varying radius and length, respectively.

Based on the quasi-static approximation, the resonance condition € = —2¢,, appears to
depend only on the permittivity of the particle material and the surrounding medium.
However, in reality the particle size also plays an important role for the LSPR. As
the particle size increases, effects such as retardation and radiative damping cause the
LSPR to shift to longer wavelengths. Retardation effects, also referred to as dynamic
depolarization, arise because the particle can no longer be considered a point-like os-
cillating dipole. Instead, the phase of the induced electromagnetic field varies across
the particle, resulting in a phase lag between the driving field and the induced dipole
moment. This reduces the effective polarizability and lowers the frequency of the dipole
oscillation, which causes the LSPR to shift to longer wavelengths. Radiative damping

arises from energy loss due to radiation from the oscillating dipole of the particle. As
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2.2. Light-Matter Interaction of Sub-wavelength Particles

Figure 2.5: Extinction cross-section spectra of gold nanoparticles in water under
unpolarized plane-wave illumination. The spectra are calculated using the quasi-static
approximation with MLWA corrections for a spherical particles with increasing diameter
and b spheroidal nanorods with a fixed width of 50 nm and increasing length. The
relative permittivity of gold was taken from the Johnson & Christy experimental data.?

the particle becomes larger, scattering becomes more significant (which can be seen
in Eq. 2.19 with 044 o< a® ) and the radiated energy damps the dipole oscillation,

leading to a broadening and reduction of the plasmon resonance.

For small particles, absorption dominates due to Ohmic losses, and most of the inci-
dent light energy is converted into heat. This is important for many applications of
metallic nanoparticles. For example, gold nanorods have been used for photothermal
cancer treatment,*®3% and nanoparticles have been used to drive Marangoni convection

40,41 where the particle design is optimized to generate as much heat as possi-

flows,
ble. However, in other applications scattering is instead promoted. This is the case
for the work presented in this thesis. In Paper I,?® radiative scattering dominates the
optical torque driving the rotation of optically trapped nanorods,*? while in Paper 1I,
we exploit the strong scattering of nanoparticles relative to the background to enable

single-particle tracking.?3

The quasi-static approximation, which we have used to gain intuitive insight into
light—matter interactions, does not account for these size-dependent effects. However, it
can be extended to include somewhat larger particles (on the order of ~100 nm) through
the modified long wavelength approximation (MLWA ). 4> The MLWA modifies the po-
larizability by including dynamic depolarization and radiative damping effects, and is
defined as
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2 2o\
apMLWA = O (1 — gik?’aj — Clja]-) ) (2.20)
Here, the first term describes the radiative damping, which arises from re-radiation of
energy by the induced dipole. The second term accounts for the dynamic depolariza-
tion of the radiation across the particle surface due to finite ratio of particle size to
wavelength.*® This dynamic depolarization term causes a red shift in the LSPR as the
particle size increases. Nevertheless, this approach is only a good approximation when

the particle response is predominantly dipolar.

Figure 2.6: Experimental extinction spectra (a.u.) as a function of wavelength for the
two nanorod samples used in this work. a Nanorods with an average size of 69 x 135
nm. b Nanorods with an average size of 98 x 164 nm. Insets show SEM images of the
corresponding nanorods with a scale bar of 200 nm.

However, the quasi-static and MLWA models assume simple particle geometries such
as spheres or spheroids. The shape of the nanoparticles in this work is deviating a fair
bit from an ideal spheroid, as can be seen in Figure 2.6, and this significantly affects
the plasmonic response of the particles®. Furthermore, for larger particles, higher-
order modes of the electromagnetic field inside and around the particle can no longer
be neglected, and the dipole approximation becomes insufficient. To accurately de-
scribe particles with realistic geometries and include all electromagnetic effects such
as retardation, radiative damping, and multipolar resonances, numerical methods are
required.”” Common numerical approaches include the finite-difference time-domain
(FDTD) method, the finite element method (FEM), and the discrete dipole approxi-

€If the quasi-static approximation were used to calculate eyt for nanorods of the sizes shown in
Figure 2.6, the resulting spectrum would differ drastically from the measured one.
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2.2. Light-Matter Interaction of Sub-wavelength Particles

mation (DDA), all of which solve Maxwell’s equations numerically for arbitrary geome-
tries and material distributions. These methods enable calculation of both near-field
and far-field optical properties and are therefore widely used for modeling plasmonic

nanoparticles with complex shapes and environments.*”

2.2.3 Light-Induced Heating of Gold Nanoparticles

While the previous section focused on the optical response of plasmonic nanoparticles,
it is also important to consider what happens to the absorbed optical energy, which is
largely converted into heat through photothermal processes. When metallic nanostruc-
tures are illuminated, the incident light excites collective oscillations of the conduction
electrons, which generate oscillating currents within the metal. Due to the intrinsic
losses of metals at optical frequencies, these currents undergo resistive damping, re-
sulting in the conversion of optical energy into heat. Consequently, the light absorbed
by plasmonic nanoparticles is dissipated as heat into the surrounding environment.
Near the plasmon resonance wavelength, both absorption and scattering are strongly
enhanced, which increases the heat generation and makes photothermal effects partic-

ularly important in plasmonic systems.*8

Figure 2.7: Illustration of light-induced heating of a gold nanorod. a Heat dissipating
via conduction. b Heat dissipating via convection. c¢ Heat dissipating via thermal
radiation.

To simplify the analysis, we consider the case of a very small spherical nanoparticle (<
50 nm). For particles much smaller than the incident wavelength, the electric field inside
the particle can be assumed to be uniform, which results in uniform heat generation.
Due to the high thermal conductivity of metals, the temperature inside the nanoparticle
can therefore be considered uniform. Under light irradiance I, a nanoparticle converts
absorbed optical energy into heat, with the generated heat power given by Q = oapsl.*®

Under steady-state conditions, the temperature of a spherical nanoparticle is given by
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2. Plasmonic Gold Nanoparticles

O—absj
Ty = Tepy + ———, 2.21
P drak ( )

where T, is the temperature of the surrounding environment, a is the particle radius,
and k is the thermal conductivity of the surrounding medium. Outside the nanopar-
ticle, the temperature decreases with distance as 1/r, into the surrounding medium.
The generated heat is dissipated into the surrounding environment primarily through
thermal conduction (or thermal diffusion), where thermal energy is transferred through
collisions between neighboring atoms or molecules. Another mechanism of heat dissi-
pation is convection, which refers to heat transfer induced by the motion of a fluid.
Heating can create density variations in the fluid, which in turn generate fluid motion
that transports heat away from the nanoparticle. However, for nanoscale heat sources
in liquids, convection is typically weak and does not significantly affect the tempera-
ture distribution. A third mechanism is radiative heat transfer, which corresponds to
heat dissipation through thermal radiation. However, radiative heat transfer is usually
negligible in nanoscale systems compared to conductive heat transfer.*® Figure 2.7

illustrates the three different heat transport mechanisms.
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Optical Trapping of Plasmonic

Nanoparticles

Light can be used to manipulate microscopic objects, as the transfer of optical momen-
tum gives rise to forces on matter. This principle forms the basis of optical tweezers, a
technique that enables the trapping and manipulation of micro- to nanoscale objects us-
ing a tightly focused laser beam.'®2%4% In 1986, Arthur Ashkin and co-authors reported
the first single-beam optical trap,’ later termed optical tweezers. This work followed
Ashkin’s earlier demonstration of laser-driven transport and trapping of micron-sized
particles in water via momentum transfer.®® In 1987, Ashkin and co-authors further
demonstrated the application of optical tweezers to manipulate single cells and intra-

cellular organelles.??

Since their invention, optical tweezers have been widely used to investigate a broad
range of biological and biophysical processes, a significance recognized by the awarding
of the Nobel Prize in Physics to Arthur Ashkin.?® Their widespread adoption is partly
due to the ability to probe cells and cellular components in real time in a non-invasive
manner. Optical tweezers have been employed to study the mechanical properties of

DNA % measure forces generated by motor proteins such as kinesin and dynein,? °¢

57,58

investigate the viscoelastic properties of the cytoplasm, and manipulate single cells

to study interaction dynamics and adhesion properties.525

The work presented in this thesis is similarly concerned with dynamics at the cellular

and sub-cellular scale, where the structures of interest are far smaller than the diffraction
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3. Optical Trapping of Plasmonic Nanoparticles

limit of light and the motions we wish to resolve are often subtle. Measuring sub-cellular
nanomotion therefore requires a tool that can both position a probe with nanometer
precision and continuously read out its response in a non-invasive manner. Optical
tweezers provide exactly this combination, and when they are used to trap a gold
nanorod, the rotational degree of freedom of the particle becomes an additional readout
channel that is directly sensitive to the local environment of the rod. This chapter
develops the theoretical framework needed to understand how optical trapping and

rotation of gold nanorods work in practice.

It begins with an overview of the optical forces governing the system, with particular
emphasis on metallic nanoparticles and their description within the dipole approxima-
tion. The transfer of angular momentum from light to trapped nanoparticles is then
examined. The stochastic motion of optically trapped particles is then considered, in-
cluding both translational and rotational Brownian motion, followed by a discussion of

surface interactions.

3.1 Optical Forces

Radiation pressure arises from the momentum carried by light, enabling photons to
exert measurable forces on matter, which forms the physical basis of optical tweezers.
In Chapter 2 we described light as an electromagnetic wave, but light can also be
described as photons, the quantum of light. A photon carries momentum p = A%’ where
h is Planck’s constant and \q is the wavelength of light. The corresponding photon
energy is £ = f\L—g When a photon is normally incident on a surface and reflected (i.e.,
elastically scattered without energy loss), its energy remains unchanged; however, the
direction of its momentum changes, resulting in a recoil force acting on the surface.%
The power P of an incident light beam corresponds to the energy delivered per unit
time and can be expressed as P = N E, where N is the number of photons incident per
second. The force on the surface can then be understood as the total change in photon
momentum per unit time. For perfect reflection, each photon undergoes a momentum
change of 2p, giving a total force F' = %, which is the maximum force exerted by
the beam. For complete absorption, the momentum change is p per photon, yielding

F=2=

C

Although radiation pressure captures the basic mechanism of momentum transfer from

light to matter, optical trapping is achieved by tightly focusing a beam of sufficiently
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high power. In this case, the force exerted on a particle is no longer determined solely
by the net momentum transfer, but also by the spatial structure of the electromagnetic
field. The total force, F, can be decomposed into a scattering/absorption force, Fycagjabs,
and a gradient force, Fgaq, illustrated in Figure 3.1. The scattering/absorption force
is a non-conservative force acting along the propagation direction of the incident light,
arising from scattering and absorption processes, and is proportional to the light in-
tensity. In contrast, the gradient force is a conservative force originating from spatial
variations in the electromagnetic field, which drives the particle toward regions of higher
intensity and enables confinement?®. For stable three-dimensional trapping, the gradient
force must dominate over the scattering/absorption force, which is achieved experimen-

tally by tightly focusing the beam using a high numerical aperture (NA) objective.%

Figure 3.1: An optically trapped particle smaller than the wavelength of light ex-
periences a scattering/absorption force, Fcat/abs, that pushes the particle along the
direction (optical axis) of the light’s propagation, and a gradient force, F,.q4, that
guides it towards the focus, i.e., the area of highest light intensity in the case of a
Gaussian beam profile.

For a dielectric particle whose diameter is much larger than the wavelength of light,
the forces acting on the particle can be described using ray optics.®! In this regime,

individual light rays are refracted as they enter and exit the particle. As a result,

aThis applies to particles with a higher refractive index than the surrounding medium.
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the outgoing rays propagate in different directions from the incident rays, implying
a change in the momentum of the light. By conservation of momentum, this change
gives rise to a force on the particle. For a Gaussian beam, the combined effect of
these forces produces a restoring force toward the focal point of the trapping laser. For
particles much smaller than the wavelength, the optical forces can be calculated using
the dipole approzimation, in which the particle is considered an electric dipole that

becomes polarized by the electric field of the trapping laser.%?

3.1.1 Dipole Approximation

Within this approximation, the induced dipole interacts with the electromagnetic field
of the trapping laser and experiences a Lorentz force. The induced dipole moment
p is linearly proportional to the electric field E, such that the total optical force can
be decomposed into a gradient and a scattering/absorption component, F = F .4 +

Fscat/avs, which can be expressed as follows:

/

Fyroa(r) = QZOW(T) (3.1)
Fscat/abs(r) = O-th <S(T)> (32)

where r denotes the position of the particle, I = %050|E|2 is the intensity of the light,
and (S) is the time-averaged Poynting vector, defined as S = E x B, i.e., the cross

product of the electric and magnetic fields.5%:63

As seen from Eq. 3.1, the conservative gradient force can either attract or repel par-
ticles within the optical trap. For a particle with positive polarizability, corresponding
to a refractive index higher than that of the surrounding medium, the force is directed
toward regions of higher intensity. Conversely, a particle with a lower refractive index
than the surrounding medium experiences a force directed away from the high-intensity

regions. %

For plasmonic particles, the polarizability is determined by the relationship between the
LSPR and the wavelength of the trapping laser. This can lead to an attractive gradient
force when the laser is red-detuned (i.e., at wavelengths longer than the LSPR), and a
repulsive force when it is blue-detuned (i.e., at wavelengths shorter than the LSPR).%

Owing to the large scattering cross-section of plasmonic particles, they are inherently
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challenging to trap, especially in the vicinity of their LSPR. To mitigate absorption
and scattering effects, the trapping laser is typically detuned from the particle’s LSPR,
enabling stable three-dimensional confinement.®® However, if the trapping laser is tuned
to the LSPR of the particle, stable trapping can be achieved in two dimensions by
balancing the scattering/absorption force with a physical boundary, such as a cover
glass, together with repulsive surface forces. This configuration is employed in Paper I,

where cellular nanomotions are investigated using an optically trapped probe.2® 42,6366

3.1.2 Optically Induced Rotation of Nanoparticles

Just as light can transfer linear momentum and exert a force, it can also carry and
transfer angular momentum. When a particle modifies the angular momentum of the
light field, conservation of angular momentum gives rise to a corresponding optical

torque on the particle.57-68

Figure 3.2: Illustration of photon induced rotation of nanoparticles. Spin angular mo-
mentum of the circularly polarized laser light is transferred to a nanorod through photon
absorption or scattering. Orbital angular momentum is transferred to a nanoparticle
through the phase construction of laser beam. Reprinted (adapted) with permission
from Ref.®® Copyright © 2020, American Chemical Society.

The angular momentum of light can be decomposed into two components:%° spin angu-
lar momentum, associated with circular polarization, and orbital angular momentum,

associated with the spatial phase structure of the light field. Figure 3.2 illustrates

23



3. Optical Trapping of Plasmonic Nanoparticles

the two types of optical torque acting on a particle. The transfer of spin angular mo-
mentum to an optically trapped particle occurs when the particle modifies or absorbs
circularly polarized light, and depends on the particle’s physical properties such as
anisotropy and absorptivity.” For anisotropic or birefringent particles, unequal phase
delays along different axes alter the polarization state of the light, resulting in a change
in its spin angular momentum and a corresponding optical torque on the particle.”
For circularly polarized light, this torque is non-conservative and independent of the

particle’s orientation, leading to continuous rotation.

For isotropic particles, spin angular momentum transfer instead occurs through absorp-
tion.%® " Each photon in a circularly polarized beam carries one unit of spin angular
momentum, A, oriented along the propagation direction, with the sign set by the hand-
edness of the polarization: positive for left-circularly polarized light and negative for
right-circularly polarized light. When such a photon is absorbed by the particle, conser-
vation of angular momentum requires that its spin be transferred to the particle itself,
producing a torque about the beam axis.” The direction of rotation therefore reverses
when the handedness of the polarization is reversed, and linearly polarized light, being
an equal superposition of the two circular states, carries no net spin and induces no

rotation through absorption.

In contrast, orbital angular momentum drives the trapped particle into a circular orbit
around the beam center through the azimuthal component of the scattering force arising
from the beam’s helical phase structure. If the particle encompasses the entire beam
profile, this results in rotation about its center of mass.™ 7™

In Paper I, we exploit the transfer of spin angular momentum to drive the rotation of
plasmonic gold nanorods in an optical trap. Owing to their LSPR, these particles ex-
hibit enhanced light-matter interactions, leading to increased optical torques.*> When
confined in two dimensions against a cover glass, gold nanorods have been shown to
exhibit stable rotation in water at frequencies on the order of tens of kHz around its
short axis.*?Unlike isotropic spherical particles,” 7 the anisotropic nanorod allows an-
gular momentum to also be transferred through resonantly enhanced scattering, which
for sufficiently large rods dominates the total optical torque and reduces photothermal
heating.*? The resulting rotational dynamics are governed by the balance between three
torques acting on the particle, and the equation of motion for rotation about a single

axis reads
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J@(t) = Moy + My + M, (3.3)

where J is the moment of inertia for the particle and ¢ is the orientation angle. The
optical driving torque is denoted M, My is the counter acting friction torque from the
surrounding media and M, is the stochastic thermal torque responsible for the particle’s

— (.42.63,

rotational Brownian motion, with (M) 76 A general expression of the optical

torque is

Mo = (p x E) (3.4)

which describes the torque arising from the interaction between the induced dipole
moment p and the electric field E. The M,,; can be calculated analytically if p can be
estimated using the dipole approximation or by using Mie theory for a sphere. If the
particle geometry becomes more complex, a numerical approach using Maxwell’s stress

tensor to calculate the E-field can be used.”

The optical driving torque can be decomposed into absorption and scattering contri-
butions, My = Msear + Maps, Where Maps = Oaps - Line/wo for a light intensity of I,
photon energy Aw, and particle absorption cross section oqs.*> The scattering compo-

nent of the total torque can be calculated as Mo = Mopr — Maps.

The friction torque M for a sphere or spheroidal particle at low Reynolds numbers can

be expressed as

My = —mnL3pg, (3.5)

where n = n(T) is the temperature-dependent dynamic viscosity of the surrounding
medium, ¢ is the angular velocity, L is the length of the particle and g is the geometrical
factor of the trapped particle.”™ For a sphere g = 1, but for a spheroid, the geometrical

factor depends on its eccentricity &, and is calculated via
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At steady state, when M, is counterbalanced by M}, the average rotation frequency

of the particle can be expressed as*?

Mopt _ Mopt
2r2ngl? 27wy,

favg = (37)

where v, = mngL? and is called the rotational friction coefficient. The thermal stochas-
tic torque M, also affects the rotation of the particle and increases in strength with

increasing friction and temperature.? 63:7

3.2 Stable Trapping and Trap Stiffness

For particles stably trapped near the focus of the beam, the force field can be linearized
around the equilibrium position.® When the particle is displaced from this position, a
restoring force acts to return it to the trap center. For small displacements, this force
is approximately proportional to the displacement and can therefore be described by

Hooke’s law as

Fp = —ky(T — Teq),

Fy = —ky(Y — Yeq): (3.8)
F, = —k,(2 — 2eq)
where, [x,y,2] is the particle’s position, [Teq, Yeq, Zeq] 1S the equilibrium position and, x,,
ky and k. are the optical spring constants, also referred to as the trap stiffness. In this

regime, the optical trap can be described as a three-dimensional potential well that is

separable into three harmonic oscillators, one for each spatial direction 1 = x,y, 2
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Lo

U(r;) = Shir (3.9)

Stable trapping occurs when the potential well U(r) is much deeper than the ther-
mal energy kgT. A stability criterion for a trapped particle can be estimated by
~ exp|=U(r)/kgT] < 1, where kg is Boltzmann’s constant and 7 is the absolute
temperature.’”% In the 2D trapping configuration used in Paper I, axial confinement
is instead provided by the cover glass and surface forces (Section 3.3), so only the

in-plane stiffnesses x, and x, are relevant to the trap dynamics.

3.3 Brownian Motion

Although the optical forces confine the particle to a small volume, it is never completely
at rest. Instead, the particle undergoes continuous fluctuations within the optical trap
due to Brownian motion (Figure 3.3). This erratic motion arises from constant col-
lisions with molecules in the surrounding fluid, which themselves move due to their
thermal energy. Consequently, such motion persists even at thermodynamic equilib-
rium in the absence of external perturbations.” The Brownian motion of a particle
can be described by adding a stochastic force (x(t)) to Newton’s equation of motion,%

resulting in the Langevin equation for translational Brownian motion as

mi(t) + 9 (t) = x(¢) (3.10)

where m is the mass of the particle and 7, is its friction coefficient. For micro- to
nanoscale particles, the motion is typically in the low Reynolds number regime’. In
this case, v; can be expressed using Stokes’ law for a spherical particle of radius a as
v = 67na, where n is the dynamic viscosity of the fluid, which can be described by
an Arrhenius-type equation.”®8® The stochastic force x(t) is not correlated with the

particle position and has a zero mean, (x(t)z(t)) = 0 and (x(t)) = 0.

If a particle is subjected to an external force, such as an optical force generated by

optical tweezers, the Langevin equation becomes

PThis means that inertial forces are negligible compared to viscous forces, so the acceleration term
in the Langevin equation can be dropped. In this overdamped limit, the particle’s displacement is
determined by the instantaneous balance between drag and the stochastic force.®°
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Figure 3.3: Illustration of translational and rotational Brownian motion. a Transla-
tional Brownian motion, where the particle’s position changes over time. b Rotational
Brownian motion, where the particle’s orientation changes over time.

(1) = f;F(r) + 2D (1), (3.11)

Here, the term W (t) represents white noise with an intensity of 2D;, where D, = kgT'/,
is the diffusion coefficient.®® As discussed above, the acceleration term in Equation
3.10 is dropped, as the speed of the object is solely determined by the forces acting on

it in the moment.”>%°

In addition to translational Brownian motion, a particle also experiences rotational
Brownian motion. This phenomenon occurs due to collisions with surrounding molecules,
causing the particle to randomly change its orientation. Rotational Brownian motion
is particularly important when trapping non-spherical particles, such as rods or ellip-
soids, as the rotational diffusion coefficient varies along different axes of the particle.
The rotational Brownian motion can also be described by a Langevin equation, but in

this case, it includes an externally applied torque M.,

Me:vt
r

o) = == 4\ 2D, W (1), (3.12)

where, ¢ is the rotation angle of the particle and v, and D, = kgT'/~, are the rotational

friction coefficient and diffusion coefficient of the rotational motion, respectively.4? 6081
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3.3.1 Hot Brownian Motion

As discussed in Chapter 2, laser irradiation can lead to significant heating of plasmonic
particles due to Ohmic losses. As a result, the Brownian motion described above,
which assumes thermal equilibrium in a homogeneous environment, is insufficient to
describe the particle dynamics. The heating of the particle induces both temperature
and viscosity gradients in the surrounding fluid, giving rise to a non-equilibrium regime.
In this case, the particle undergoes so-called hot Brownian motion, which requires

additional considerations to accurately describe its dynamics.5284

A particle maintained at a temperature higher than its surroundings establishes a ra-
dially symmetric temperature profile in the surrounding fluid, which can be treated
as stationary in the particle’s comoving frame.3?* This is justified by the fact that
heat conduction occurs on a much faster timescale than the particle’s Brownian mo-
tion. While the system is in a complex nonequilibrium state, its dynamics can often be
well described by an effective Markov theory that treats the particle as if it were in a
homogeneous medium at specific effective temperatures and viscosities. However, the
effective quantities differ between translational and rotational Brownian motion, be-
cause rotational motion couples more strongly to the fluid immediately adjacent to the
particle surface, where the temperature is highest, and therefore experiences a higher

effective temperature than translational motion.8!-8485

Hot Brownian motion has been experimentally studied by laser heating nanoparticles
and tracking their translational and rotational dynamics to extract effective tempera-
tures and friction coefficients.8!:8%8¢ These measurements reveal a hierarchy of temper-
atures: the translational effective temperature lies above the bulk fluid temperature,
the rotational effective temperature higher still, and the particle surface temperature
highest of all.

3.4 Surface Interaction and Trapping in 2D

In the trapping system used in Paper I, the particle is confined in two dimensions, as
the enhanced scattering/absorption force along the beam propagation direction over-
comes the axial gradient force. As a result, the particle is pushed toward the cover-glass
surface, where surface interactions must be considered. The scattering/absorption force

is counterbalanced by Coulomb repulsion (electrostatic forces) arising from the overlap
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3. Optical Trapping of Plasmonic Nanoparticles

of the electric double layers (EDLs) of the nanoparticle and the surface.

Figure 3.4: a A plasmonic nanorod is pushed toward the cover glass by the scat-
tering/absorption force (Fqt/aps), balanced by double-layer repulsion (Fpy); at short
distances, van der Waals attraction (F 4 ) becomes significant. b Total axial force and
its components, estimated from theoretical models, shown along the optical axis and
decomposed into individual contributions. ¢ Surface separation vs. ionic strength (5.6
mW) from experiment and Brownian dynamic simulations (varying Debye length; log
x-scale). Red bars/boxes/whiskers show median, IQR, and range. Reprinted (adapted)
with permission from Ref.%® Copyright © 2019, American Chemical Society.

Colloidal nanoparticles, such as those used in this work, carry a surface charge that
attracts a surrounding cloud of counterions. The resulting EDL consists of a Stern
layer, composed of adsorbed ions at the nanoparticle surface, and a diffuse layer, an
atmosphere of ions of opposite net charge extending into the surrounding liquid.* 87
When two similarly charged particles (or a nanoparticle and a surface, as in our case)
approach each other, the overlap of their electric double layers (EDLs) gives rise to
a repulsive force due to osmotic and electrostatic interactions. A standard way to
characterize the surface charge of a nanoparticle is through its zeta potential, defined
as the electrostatic potential at the shear plane® separating the bound ion layer from

the bulk liquid.* 87

At sufficiently short separations, however, attractive van der Waals (vdW) forces be-
come significant and can overcome the electrostatic repulsion, potentially leading to
particle aggregation. vdW forces are a result of the interaction of induced, instanta-

neous, or permanent dipoles found in the interatomic bonds of nanoparticles.’” Figure

®This plane is defined as the specific distance from the particle’s surface where ions are no longer
bound to the particle and instead move with the bulk liquid.®”
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3.4 b, shows the magnitudes of the different force components along the optical axis

for an optically trapped gold nanoparticle.%

The DLVO theory can be used to predict the stability of a colloidal system by superim-
posing the attractive vdW forces and the repulsive electrostatic forces.* For example,
it can be used to estimate how electrostatic repulsion is reduced with increasing ionic
strength, and thereby determine the conditions under which aggregation occurs. This is
particularly important for systems involving nanoparticles in biological environments,

which typically exhibit high ionic strengths.

Figure 3.4c shows the distance between the trapped particle and the surface as a
function of ionic strength (salt concentration) of the surrounding liquid. As the ionic
strength increases, the electric double layer becomes more strongly screened, causing the
particle to move closer to the surface. To prevent aggregation in such environments,
surface modifications can be employed, for example by coating the particle with a

polymer layer.87

31






Gold Nanorods in Biological

Environments

Translating a method from a well-controlled physical environment to a biological one in-
troduces a new set of constraints. Cells and their surrounding media are heterogeneous,
crowded, and active. Any nanoparticle introduced into such a setting is immediately
modified by its interactions with biomolecules. If internalized, it is further subjected
to active intracellular processes. For gold nanorods, the optical properties (Chapter
2) and mechanical response in an optical trap (Chapter 3) characterized so far are
therefore only a starting point. Despite this complexity, gold nanorods have proven
remarkably versatile in biomedical contexts, where their tunable optical response is ex-
ploited for imaging, drug delivery, and antibacterial materials. Realizing this potential,
however, requires understanding how the surrounding environment shapes their behav-
ior — through functionalization, protein binding in the surrounding medium, and, when

applicable, cellular uptake and trafficking.

This chapter first presents examples of biomedical applications of gold nanorods. It
then turns to their behavior in biological media, covering colloidal stability in cell
culture media, surface functionalization strategies, and protein corona formation in
serum. Because these factors govern nanoparticle—cell interactions and influence cellular
uptake, the final section discusses intracellular transport mechanisms and how particle

motion inside cells can be characterized.
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4. Gold Nanorods in Biological Environments

Figure 4.1: Illustrations of key processes affecting nanoparticles in biological environ-
ments. From left to right: colloidal aggregation in biological media; steric stabilization
by surface-tethered polymers, where d denotes the minimum approach distance; protein
corona formation through adsorption of serum proteins onto the nanoparticle surface;
encapsulation of a rod-shaped nanoparticle within an endosomal vesicle following cel-
lular uptake; and intracellular transport.

4.1 Gold Nanorods for Biological Applications

Gold nanoparticles have been used in biological applications for several decades, owing
to their controllable size and shape, tunable physicochemical properties, chemical sta-
bility, and relatively good biocompatibility.*® Their surfaces can additionally be func-
tionalized with a wide range of biomolecules, enabling targeted delivery and controlled
interactions with biological systems. A central reason for their broad use, however, is
the LSPR introduced in Chapter 2, which gives gold nanoparticles their strong optical
response and an enhanced electromagnetic field near the particle surface. For spherical
particles, the LSPR lies in the visible spectral range, whereas gold nanorods exhibit two
plasmon modes, with a longitudinal mode that can be tuned toward the near-infrared
(NIR) region by increasing the aspect ratio. This spectral range coincides with the
biological optical window, where absorption and scattering in tissue are relatively low
and light can therefore penetrate deeper.®® Together with their functionalizable surface,
this tunable optical response makes gold nanorods particularly attractive for in vivo

imaging and therapeutic applications.

Owing to their tunable optical properties and strong plasmonic response, gold nanorods
are widely used in bioimaging, both as standalone imaging agents and as contrast en-
hancers for techniques such as fluorescence and Raman imaging.”® When used as imag-
ing agents, the nanoparticles are injected into the bloodstream and circulate throughout
the body. They can either act as non-targeted agents — relying, for example, on pas-
sive accumulation in tumors through the enhanced permeability and retention (EPR)
effect? — or be functionalized with targeting ligands to actively reach specific tissues

or organs.”” Gold nanorods have been used, for instance, in two-photon luminescence
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9

imaging to track single nanorods flowing through blood vessels in mouse ears,? and in

photoacoustic molecular imaging to enhance contrast in cancer tumors.”

Gold nanorods have been extensively investigated for therapeutic applications, partic-
ularly in photothermal cancer therapy, where their strong optical absorption enables
efficient conversion of light into localized heat for tumor ablation.?®%9% In addition
to photothermal therapy, gold nanorods have been explored for targeted drug deliv-
ery, where they act as drug carriers and have been shown to increase therapeutic effi-
ciency compared to drugs administered without nanorod carriers.?® Furthermore, gold
nanorods can serve as activation agents for drug release via photothermal conversion,
where irradiation-induced heating triggers controlled drug release from nanocarrier sys-

tems.?”

Beyond cancer treatment, their photothermal conversion has also been applied for an-
tibacterial purposes, where near-infrared-induced heating can kill bacteria and disrupt
biofilms, including drug-resistant strains.?®% This effect has been used in implant coat-

ings to prevent bacterial adhesion and treat implant-associated infections.!%

Realizing this potential is not straightforward, as nanoparticles introduced into a bio-
logical environment encounter complex interactions that can alter their behavior and
fate. The following sections address the central factors that determine their success:
colloidal stability, surface functionalization, protein corona formation, and interactions

with cells.

4.2 Surface Modifications for Increased

Biocompatibility and Stabilization

Biological environments, such as cell culture medium (CCM), can strongly affect the
stability of colloidal gold nanorods due to their complex chemical composition. CCM
is a buffered solution designed to support living cells and contains essential compo-
nents such as nutrients (amino acids, vitamins, inorganic salts, and glucose), growth
factors, hormones, and pH buffers, with the exact composition varying depending on
the cell line. These components directly influence the stability of gold nanorods in so-
lution: processes such as protein adsorption or compromised surface functionalization
can promote particle aggregation. In addition, the high ionic strength of CCM screens

electrostatic interactions, thereby suppressing the repulsive forces between like-charged
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4. Gold Nanorods in Biological Environments

nanorod surfaces and further increasing the likelihood of aggregation.®” Consequently,
chemical modification of the nanorod surface is required to ensure stability under such

conditions.

Figure 4.2: Surface functionalization of nanoparticles serves to improve colloidal sta-
bility, reduce non-specific protein adsorption, and modulate cellular uptake and intra-
cellular routing. a Schematic illustration of steric stabilization between two colloidal
particles coated with surface-tethered polymers, where d denotes the minimum ap-
proach distance set by the polymer layer. b Schematic of gold nanorods (AuNR) func-
tionalized with thiolated poly(ethylene glycol) (PEG, left) and with hydroxyl- (OH)
or carboxyl- (COOH) terminated alkanethiol self-assembled monolayers (SAM, right).
Chemical structures of the corresponding ligands are shown below each schematic.

To mitigate these effects, appropriate ligand coatings can shield the nanorod surface
and provide stabilization mechanisms that remain effective under the high ionic strength
conditions of cell culture media. Under such conditions, steric stabilization is the most
common strategy for maintaining stability of colloidal gold nanorods (Figure 4.2a).%"
Steric stabilization arises from polymeric functionalization of the nanorod surface and
does not rely on electrostatic interactions. Instead, it ensures colloidal stability through
repulsive forces generated when surface-bound polymer layers overlap and become com-
pressed as particles approach each other. This polymeric layer physically prevents the
nanorods from coming into sufficiently close contact for attractive vdW forces to induce

aggregation.®” 101

Since surface chemistry strongly influences protein adsorption, cellular interactions, and
nanoparticle uptake, controlling the surface functionalization provides a way to tune
nanoparticle behavior in biological environments. In this work, different ethylene-glycol-

based surface coatings were used to control protein adsorption and nanoparticle—cell
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interactions, ranging from protein-resistant surfaces to surfaces that promote protein

corona formation and cellular uptake.

192 Tn gold nanorod synthesis, cetyltrimethy-

Surface chemistry also governs cytotoxicity.
lammonium bromide (CTAB) is commonly used as a stabilizing agent, but it is highly
cytotoxic and must therefore be replaced or covered by other surface ligands before
biological experiments can be performed.'®® Two common approaches are coating the
nanorods with poly(ethylene glycol) (PEG) or with self-assembled monolayers (SAMs)

of alkanethiols.104195

Both are biocompatible, weakly negatively charged, and effec-
tive at suppressing non-specific protein adsorption, but they differ in length, structure,
and the way they pack on the gold surface. The terminal group of either coating can
additionally be tuned to introduce different chemical functionalities, such as hydroxyl,
methoxy, or carboxyl groups, enabling control over surface charge and further conjuga-

tion.10°

In Paper 1, the aim was to prevent nanoparticle binding to cells. This was achieved
using gold nanorods functionalized with a hydroxyl-terminated oligo(ethylene glycol)
alkanethiol self-assembled monolayer (HS-(CHz)11 EG,OH, hereafter SAM-OH), a neu-
tral coating known to resist nonspecific protein adsorption.'’ In Paper II, we instead
investigated whether surface functionalization influenced intracellular transport of the
nanoparticles. For this purpose, PEGylated particles were compared with particles
functionalized with the corresponding carboxyl-terminated alkanethiol (HS-(CHsy)11EGg
COOH, SAM-COOH) (Figure 4.2b). The negatively charged terminal group of SAM-
COOH promotes protein adsorption and protein corona formation, which in turn influ-

ences cellular interactions and intracellular trafficking.

The contrasting behavior of these coatings arises from fundamental structural differ-
ences between SAMs and PEG on the nanoparticle surface. SAMs are known for their

105 The alkyl chains attract one another through van der

very high grafting density.
Waals forces and pack into a tight, ordered lattice. On top of this alkyl lattice, the
ethylene glycol oxygens form hydrogen bonds with water, creating a tightly bound
hydration shell that prevents proteins and other molecules from reaching the gold sur-
face.!% PEG chains are much longer but their hydrophilic segments repel one another
in water, so the grafting density is lower than for an alkanethiol SAM. Instead of
a dense, ordered lattice, PEG forms a soft, hydrated brush whose protein resistance
comes from steric and osmotic repulsion as approaching proteins compress and dehy-

drate the chains.!0% 105,107
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Figure 4.3: A shift in the surface plasmon resonance (SPR) signal reflects mass
binding to the surface and is therefore a direct measure of non-specific adsorption
of biomolecules. SPR shift for different surface functionalizations: protein adsorp-
tion measured for 5 kDa polyethylene glycol (PEG) and SAM-COOH (COOH) func-
tionalized surfaces in cell culture medium (CCM) and bovine serum albumin (BSA).
COOH-functionalized surfaces are shown in red and PEG-functionalized surfaces in
beige/yellow. Bars represent the mean adsorption response, and error bars indicate the
outlier threshold (1.5x interquartile range, Tukey method).

To probe how the two surface functionalizations interact with biomolecules, we used
SPR to measure adsorption on SAM-COOH and PEG surfaces under two contrasting
conditions: a single-protein reference (1 mg/mL bovine serum albumin, BSA) and a
complex biological environment (cell culture medium, CCM). Figure 4.3 shows the
SPR shift for SAM-COOH and PEG surfaces exposed to two different protein environ-
ments: cell culture medium (CCM) and bovine serum albumin (BSA). Both surface
coatings show protein adsorption in both environments, confirming that no coating is
entirely non-fouling under these conditions. A clear difference between the two coat-
ings is nevertheless evident: SAM-COOH produces a larger SPR shift than PEG in
both solutions, indicating a greater amount of adsorbed protein. The higher adsorption
on SAM-COOH is attributed to its negatively charged terminal group, which electro-
statically attracts positively charged residues on proteins and promotes adsorption. In
contrast, the neutral PEG brush resists protein adsorption through its hydrated, steri-

cally repulsive layer, resulting in the lower SPR response observed here.
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4.2.1 Protein Corona

While the SPR measurements were performed on flat surfaces, the same adsorption
processes occur on nanoparticles in biological media, where they lead to the formation
of a protein corona (PC) — a layer of biomolecules that assembles on the nanoparticle
surface and significantly influences how nanoparticles are recognized, processed, and
internalized by cells.!'®® The PC is often divided into two subcategories, the hard
corona and the soft corona. The hard corona consists of proteins that are tightly
bound directly to the nanoparticle surface, whereas the soft corona is composed of
more loosely bound proteins that interact with proteins in the hard corona.'®® This
distinction is largely operational, however, since the hard corona is typically defined
as the proteins remaining after washing or centrifugation, meaning the classification
depends partly on the measurement method.!?® PC formation is still an active area of
research, and the structure of the corona is not yet fully understood. While some studies

10 of adsorbed proteins, others report a multilayer

describe the corona as a monolayer
structure consisting of a hard corona and multiple soft corona layers.'*! Furthermore,
several studies have shown that the proteins present in the hard and soft corona are not
necessarily different protein species.!'? Instead, the key factors determining whether a
protein resides in the hard or soft corona are its binding affinity to the nanoparticle

surface and its residence time within the corona.

The composition and architecture of the protein corona depend on the biological envi-
ronment — protein concentration, exposure order, pH, ionic strength, and flow condi-

108

tions all play a role™® — but also, and equally importantly, on the intrinsic physico-

chemical properties of the nanoparticles themselves, such as size, shape, surface charge,

and surface functionalization.®®

Surface chemistry is particularly influential. Surface charge affects the binding affinity,
thickness, and composition of the protein corona. For example, gold nanoparticles
with either positive or negative surface charge were found to bind a wider range of
proteins in human plasma compared to uncharged particles.''® Surface coatings sets
the dominant interaction mode - including steric repulsion, hydrophobic interactions,
and ligand-receptor recognition®® - and therefore determines whether a nanoparticle
promotes or inhibit nonspecific protein adsorption.!'* Hydrophilic PEG coatings are
widely used to reduce nonspecific adsorption due to steric and hydration repulsion,

giving them so-called stealth properties. Despite this, PEGylated nanoparticles still
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form a PC in biological environments, and this residual corona can itself mediate cellular
recognition and uptake.!!> Other coatings behave very differently: citrate provides only
weak electrostatic stabilization and is easily displaced or destabilized in high-ionic-
strength media,*” poly(vinylpyrrolidone) (PVP) coatings can lead to higher protein
adsorption, and thiol-based ligands such as glutathione can be displaced by proteins,

resulting in strong protein binding to the nanoparticle surface.!®

Particle size is a second key parameter.®® For example, studies on negatively charged
poly(acrylic acid) functionalized gold nanoparticles have shown that proteins exhibit
higher binding affinity and slower dissociation rates as particle size increases from

" The thickness and architecture

smaller (7 nm) to larger (22 nm) nanoparticles.'?
of the corona are also size-dependent:!'® particles larger than 80 nm, substantially big-
ger than most proteins, can accommodate multilayer coronas, intermediate particles
(12-80 nm) typically form a single protein layer, and very small particles (<7 nm) may
not be fully covered at all. Shape plays a comparably important role by setting the
available contact area and the steric environment for approaching proteins.®® This is
particularly relevant for the gold nanorods used in this thesis: in a direct comparison
of carboxy-PEG-functionalized gold nanorods and nanostars, the nanostars were found
to form a thicker protein corona with a distinct protein composition relative to the

nanorods.'?

4.3 Nanoparticle Internalization Pathways and

Intracellular Fate

The first interaction a nanoparticle has with a cell is with the outer plasma membrane.
Through contact with membrane components such as proteins, lipids, and receptors
- often mediated by the protein corona discussed above - the nanoparticle is subse-
quently internalized, almost exclusively via endocytosis.!?% 12! Several endocytic path-
ways can contribute to nanoparticle uptake, including phagocytosis, macropinocyto-
sis, clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis, and clathrin-
and caveolae-independent endocytosis (CIE)!?%12! (Figure 4.4). Which of these path-
ways a given nanoparticle uses depends on its size, shape, and surface chemistry, but
also on the cell type involved, since not all cells express the full set of endocytic ma-

120,121

chinery. Some cells, for example, lack caveolae and must therefore internalize

nanoparticles through the remaining pathways.'?%12! The particular route taken is im-
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portant because it determines the intracellular fate of the nanoparticle - which vesicles

it traffics through, whether it reaches the lysosome, and how long it resides inside the
cel] 122,123

Figure 4.4: Schematic illustration of the five endocytosis pathways by which nanopar-
ticles enter cells: a clathrin-dependent endocytosis, b caveolin-dependent endocytosis,
c clathrin- and caveolin-independent endocytosis, d phagocytosis, and e macropinocy-
tosis. The pathway followed depends on factors such as nanoparticle size, shape, and
surface chemistry, as well as cell type.

Clathrin-mediated endocytosis (CME) is one of the most important pathways for nanopar-
ticle uptake and is also responsible for the regulated internalization of surface receptors
and nutrients, including iron uptake via the transferrin receptor.'?* CME is named
after clathrin, the main structural protein involved: clathrin triskelions assemble into a
lattice of hexagons and pentagons, forming a polyhedral coat around forming vesicles

that increase membrane curvature.'? The resulting clathrin-coated vesicles (CCVs)
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range from approximately 50 to 200 nm in diameter, with the exact size depending on
cargo and cell type — from 50 nm vesicles at chemical synapses to 120-150 nm vesicles

in epithelial cells.

Caveolae-mediated endocytosis is another common route of nanoparticle internaliza-
tion. Caveolae are flask-shaped invaginations of the plasma membrane, 50-100 nm
in diameter, found in many mammalian cell types.'?? 2! Beyond cargo internalization,
they contribute to signal transduction, transcytosis, lipid regulation, membrane-protein
trafficking, and membrane-tension homeostasis. In cells lacking functional clathrin or
caveolae, internalization can still proceed via clathrin- and caveolae-independent endo-
cytosis (CIE). This pathway does not rely on a dedicated coat protein and is instead

driven by specific lipid compositions, typically enriched in cholesterol.'26

Macropinocytosis is an actin-dependent, non-selective pathway in which the cell en-
gulfs large volumes of extracellular fluid through membrane ruffles, forming vesicles
(macropinosomes) that can internalize micron-sized particles.'?” It can be constitu-
tive, occurring continuously as part of normal cell function, or inducible, triggered by
external signals such as growth factors. Cancer cells, for example, often upregulate
macropinocytosis to meet the increased nutrient demand of rapid growth.!'? Phago-
cytosis is the uptake of particles larger than 500 nm and is primarily carried out by
specialized "professional' phagocytes such as macrophages, dendritic cells, and neu-
trophils, whose role is to clear foreign particles, pathogens, and dying cells from the
body. Other cell types, such as fibroblasts and epithelial and endothelial cells, also

exhibit limited phagocytic activity.!?®

The particular route taken is important because it determines the early intracellular
fate of the nanoparticle, which vesicles it traffics through initially, how quickly it reaches
the lysosome, and how long it resides inside the cell.!??  Although the different entry
routes converge onto a common downstream sorting network, the entry pathway in-
fluences how the nanoparticle is processed within it. In CME and caveolae-mediated
endocytosis, a scission protein mediates release of the newly formed vesicle from the
plasma membrane, whereas in macropinocytosis, membrane protrusions close to enclose
extracellular material and form a macropinosome. The resulting vesicles fuse with early
endosomes, which act as central sorting hubs directing cargo toward different intracel-

LA fraction of the cargo is routed to recycling endosomes and

lular destinations.!?
returned to the plasma membrane, while the remainder matures into late endosomes

that either fuse with lysosomes — exposing the cargo to degradative enzymes — or are
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exocytosed, releasing their contents back into the extracellular environment.!2°

4.3.1 Nanoparticle Properties and their Effects on Cellular
Uptake

The size of nanoparticles plays an important role in cellular uptake.!?® After a nanopar-
ticle interacts with the cell membrane through receptor—ligand interactions, electrostatic
interactions, or hydrophobic interactions, the membrane begins to bend and form pits
or ruffles that eventually envelop the particle completely.!?* The efficiency of this mem-
brane invagination strongly depends on particle size. For example, one study showed
that among spherical gold nanoparticles ranging from 14 to 100 nm in diameter, those
with a diameter of 50 nm were internalized most efficiently.'® Another study reported
that particles smaller than 40-50 nm were taken up more slowly due to their inability

to occupy multiple receptor binding sites simultaneously.!3!

Particle shape is another important factor influencing cellular uptake. Rod-shaped
particles have been found to undergo slower uptake compared to spherical particles.'?°
This has been hypothesized to result from slower membrane wrapping or from surfac-

132 Studies have also

tant molecules on the nanorods interfering with ligand binding.
shown that rods with a lower aspect ratio are taken up faster than rods with a higher
aspect ratio,'?? and that a larger particle surface area can lead to faster uptake.!3* Fur-
thermore, internalized rods have been reported not to cause lysosomal swelling, which
was observed for internalized spheres, suggesting that rods may induce a milder cellular

stress response. '3

Surface charge and hydrophobicity also strongly influence cellular uptake. Positively
charged nanoparticles generally exhibit higher uptake than neutral or negatively charged
particles,'?” in part because cationic particles can enter cells by disrupting or forming
transient holes in the membrane.'*® Hydrophobic nanoparticles can insert directly into
the lipid bilayer and cross the membrane without conventional membrane wrapping.'3”
In biological media, however, these bare-surface effects are attenuated by protein corona
formation, which screens the underlying surface functionalization and reshapes how the
particle is perceived by the cell (see Section 4.2.1). Deliberate surface functional-
ization is therefore widely used to steer cellular interactions — for example, to di-
rect particles toward specific cell types, as demonstrated for cervical-cancer-targeted

nanoparticles with enhanced uptake relative to unfunctionalized controls.!3

43



4. Gold Nanorods in Biological Environments

4.3.2 Intracellular Transport

Once nanoparticles enter the cell, they encounter a complex intracellular transport sys-
tem that distributes ions, metabolites, proteins, and organelles across the cell.® This
transport operates over a wide range of length scales, from nanoscale mixing that sup-
ports reaction kinetics to the directed movement of cargo over micrometers. Short-range
transport is dominated by Brownian diffusion, which drives mixing and random encoun-
ters between molecules. For longer distances and larger cargoes such as organelles or
RNA-protein complexes, cells rely on active transport, in which molecular motors move
along cytoskeletal filaments.> Some cells additionally use advection — bulk flow of cy-

tosolic fluid — to move particles through the cytoplasm (Figure 4.5).

Figure 4.5: Intracellular transport mechanisms: a diffusive motion, b active motor-
driven transport along cytoskeletal filaments, and ¢ advection in a flowing cytoplasm.

In this thesis, we focus on diffusion and motor-driven transport, as these are the dom-
inant modes for intracellular nanoparticles in mammalian cells. Both can be resolved

experimentally by single-particle tracking (SPT),!?

which follows the position of indi-
vidual nanoparticles over time and, through analysis of their trajectories, distinguishes
diffusive motion from directed, motor-driven transport. This approach is used in Paper
IT to characterize intracellular transport phenotypes of gold nanorods in two therapy-
resistant prostate cancer cell lines, PC-3 and LNCaP-19, and to examine how nanorod

surface functionalization modulates these transport patterns.

4.3.2.1 Low Reynolds Number Regime

Transport at the micro-scale is characterized by how the distance traveled by particles

scales with time, which reflects whether the motion is driven by diffusion, active trans-
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port, or other transport mechanisms. Intracellular transport occurs within the regime

of low Reynolds numbers, which is defined by

Re="%_ " (4.1)
n v

where v is the speed of flow, a is the characteristic length (e.g., particle diameter), p
is the fluid density, n is the dynamic viscosity, and v is the kinematic viscosity of the
fluid. If, for example, a particle with a diameter of a = 0.1 pm is transported within
a cell, assuming the viscosity of water at v =1 x 1075 m2?s™! (n = 1 x 107 Pa-s) and
moving at a speed of v = 1 um s~!, the Reynolds number becomes Re = 1077, that
is Re < 1.8 In this regime, viscous forces dominate over inertial forces, and particle
motion is governed primarily by viscous drag rather than inertia. This means that
particles stop moving immediately when the applied force is removed, and continuous

force is required to maintain motion.”

Intracellular transport can be characterized by a power-law relationship between dis-
tance traveled and time, [ ~ ¢°, where the scaling exponent /3 ranges between 0 < 3 < 1.
Active transport, such as the motion of organelles driven by molecular motors or intra-
cellular fluid flows, corresponds to 8 = 1, resulting in motion at approximately constant
velocity (I = vt). In contrast, diffusive transport, or transport resembling a random
walk, scales as [ ~ (Dt)%?, which describes particles with diffusivity D in a viscous fluid
and motion with uncorrelated steps over long time scales.4?

Even slower scaling of distance explored versus time (5 < 0.5) occurs when particles

41 This type of transport is characterized by negative

undergo sub-diffusive motion.*
correlations in particle velocities between consecutive time steps, meaning that particles
are more likely to reverse direction over time. Such behavior can occur, for example,
when particles move through a crowded or viscoelastic medium such as the cytoplasm,
which contains polymer networks and macromolecular crowding.® The cytoplasmic
transport of large protein complexes and organelle-sized particles is therefore often

observed to exhibit sub-diffusive behavior.

4.3.2.2 Diffusion

Intracellular transport is a highly regulated system and is essential for cellular home-
ostasis. The choice of transport mechanism depends on several factors, such as the size

of the particle, the distance over which it must be transported, whether directed delivery
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to a specific location is required, and the time scale of the biological process. Diffusive
transport is primarily used for small molecules such as ATP, ions, and metabolites,
as these can diffuse at sufficiently high speeds to support processes such as molecular
mixing, which enables biochemical reactions to occur, and the maintenance of chemical
gradients.® For example, ATP molecules produced in mitochondria can diffuse through
the cytoplasm to ATP-requiring enzymes throughout the cell.!*? Diffusion is driven
by thermal fluctuations and governed by the thermal energy of the surrounding fluid
(kgT'), meaning that particle motion arises from random collisions with surrounding

molecules and does not require ATP-driven transport mechanisms.

The motion of diffusing particles in a viscous medium can be described as a random
walk. For such motion, the mean squared displacement (MSD) increases linearly with

time in each spatial dimension:

MSD = (2*) = 2Dt, D=—= (4.2)

where p is the friction coefficient of the particle, kg is Boltzmann’s constant, and 7T is
the temperature of the medium. For a spherical particle moving in a viscous fluid at
low Reynolds numbers, the friction coefficient is given by Stokes’ law, u = 67na, where
71 is the viscosity of the fluid and a is the particle radius. Combining this expression

with Equation 4.2 yields the Stokes—Einstein relation,

 kpT

D = .
6mna

(4.3)

The Stokes—Einstein relation relies on several assumptions, namely that the particle
is embedded in a continuous, purely viscous, three-dimensional fluid of infinite extent,
and that the motion is driven only by thermal fluctuations with no external sources of
energy.'*3 However, the intracellular environment does not fully satisfy these assump-
tions, as the cytoplasm is a crowded, viscoelastic, and actively driven medium. As a
result, diffusion in cells often deviates from classical Brownian motion. A detailed dis-
cussion of diffusion in complex intracellular environments, including crowding effects,
viscoelasticity, and active processes, is beyond the scope of this thesis. For a deeper

overview, see the review by Mogre et al.’
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4.3.2.3 Active Transport

For the transport of larger organelles or protein complexes, diffusion becomes inefficient
due to the much longer transport times required. Cells therefore rely on active trans-
port, in which cellular cargo is attached to motor proteins that use ATP hydrolysis as
an energy source to move in a directed manner along cytoskeletal filaments.’ Active
transport is used when cargo must be delivered to specific locations within the cell. For
example, during cell membrane repair,'4* vesicles are transported to the damaged site
to facilitate repair. Another example occurs during mitosis, when organelles must be

distributed between daughter cells.!4?

The velocities of actively transported cargos have been found to range between 0.3—

18,146-148 and are usually independent of cargo size.'%® In mammalian cells,

2 pm s”
long-distance transport primarily occurs along microtubules, which are hollow tubes
that can reach lengths of up to 30 pm.'® Motor proteins move along the outside of
these filaments, carrying cargo between different regions of the cell. Microtubules, as
well as actin filaments, are polarized structures with distinct plus and minus ends,
and the polarization of these cytoskeletal “highways” governs the direction of active
transport. In many mammalian cells, the minus end of the microtubules is directed

toward the nucleus, while the plus end is directed toward the cell periphery.?

Two main families of motor proteins are responsible for transport along microtubules,

146,151 Kinesins transport cargo away from the nucleus

namely kinesins and dyneins.
toward the plus ends, which is called anterograde transport, while dyneins transport
cargo toward the minus ends, corresponding to retrograde transport toward the nu-

cleus. Many cargos show bidirectional transport,'®?

switching direction along the mi-
crotubules as a result of both kinesin and dynein motors being attached to the cargo
simultaneously.!®® Some cargos do not attach directly to motor proteins, but instead
“hitchhike” by attaching, via a linker protein, to another organelle that is already in
transport.'#® Active transport enables directed movement of vesicles, organelles, and
signaling molecules to specific locations within the cell and is essential for processes
such as growth, repair, signaling, and cell division. Together with diffusion and cy-
toplasmic flows, it forms an integrated intracellular transport system that maintains

cellular organization and function.
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Materials and Methods

In the preceding chapters, the basic principles of light—-matter interaction in gold nanorods,
their behavior in optical traps, and their interactions in biological environments have
been established. Together, these provide the necessary foundation for the work ex-
plored in this thesis and define the context in which the experiments are conducted.
This chapter describes the materials and experimental procedures used to obtain the
results presented in this thesis. It outlines the optical and microscopy techniques,
including dark-field microscopy and the optical tweezers setup, as well as the analysis
methods used to probe cellular nanomotion and intracellular transport. In this way, the
chapter provides a practical framework for exploring cellular dynamics at the nanoscale,
while demonstrating the use of gold nanorods as probes in both physical and biological

systems.

5.1 Materials and Sample Preparation

5.1.1 Gold Nanorod Synthesis

The gold nanorods used in this thesis were synthesized by Dr. Lei Shao using a wet-
chemical seed-mediated growth method, and are shown in Figure 5.1. In this approach,
small gold seed particles are first prepared by reducing a gold salt (HAuCly) in the
presence of a surfactant. These seeds are then added to a separate growth solution,
where further reduction of gold ions occurs preferentially on the seed surfaces rather

than through new nucleation, allowing the particles to grow in a controlled manner.'?*
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Figure 5.1: Scanning electron microscopy (SEM) images of the two types of gold
nanorods used for the work presented in this thesis. a Gold nanorods with an average
size of ~ 70 x 140 nm. b Gold nanorods with an average size of ~ 100 x 165 nm. Scale
bar: 200 nm.

The growth solution contained a binary surfactant mixture of hexadecyltrimethylam-
monium bromide (CTAB) and sodium oleate (NaOL). Compared to the more com-
monly used CTAB-only system, this binary mixture provides improved control over the
nanorod diameter and narrower size distributions.'* Anisotropic growth into rod-shaped
particles is driven by the addition of silver ions, which promote elongation along one

crystallographic direction and thereby determine the final aspect ratio of the nanorods.

Because the longitudinal LSPR of gold nanorods depends strongly on their aspect ratio,
the resonance wavelength was further fine-tuned after synthesis by anisotropic oxida-

tion. In this step, additional CTAB, HCI, and HAuCly are added to the nanorod so-
lution, which selectively shortens the rods while largely preserving their diameter.4? 1%
The LSPR can thus be tuned to match the wavelength of the trapping laser used in the

optical experiments, which is important for efficient optical trapping and rotation.

5.1.2 Surface Functionalization of Gold Nanorods

In both Paper I and Paper II, the experiments were conducted in biological environ-
ments, where the nanorods were located either in the vicinity of or inside living cells.
The synthesis method results in a bilayer of CTAB molecules on the surface of the
nanorods, which must be removed prior to introduction into cell samples, as CTAB is
highly cytotoxic and can severely affect cell viability.1?> 1% This is achieved through
surface functionalization, which not only reduces cytotoxicity but also preserves col-

loidal stability and minimizes aggregation.

Three different surface functionalizations were used in this work: a hydroxyl-terminated
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oligo(ethylene glycol) alkanethiol self-assembled monolayer (HS-(CHsy)1; EG4OH, here-
after SAM-OH), the corresponding carboxyl-terminated alkanethiol (HS-(CHs),; EG¢COOH,
SAM-COOH), and thiolated polyethylene glycol with a molecular weight of 5kDa
(PEG). SAM-OH was used in Paper I, as it was stable in cell culture medium and
did not bind to the cell membrane during rotation measurements. SAM-COOH and
PEG were used in Paper 1I to investigate whether surface functionalization affected

the intracellular transport of gold nanorods.

SAM functionalization. The nanorod solution was first washed by centrifugation at
7500 rpm for 60 s, after which the supernatant was removed and the nanorods were
resuspended in Milli-Q water. The alkanethiol (SAM-OH or SAM-COOH; ProChimia,
Poland) was dissolved in absolute ethanol to a concentration of 10 mM and mixed
with the nanorod solution to a final thiol concentration of 0.5 mM, corresponding to a
CTAB:thiol ratio of approximately 1:4. The solution was then stored overnight at 4 °C
to allow formation of the self-assembled monolayer. After incubation, the solution was
washed again by centrifugation, removal of the supernatant, and resuspension of the

nanorods in Milli-Q water.

PEG functionalization. Thiolated PEG was dissolved at 1 mg/mL and added to
the washed nanorod solution at a volume ratio of 1:5 (PEG solution:anorod solu-
tion), giving a final PEG concentration of 0.17 mg/mL. The nanorods were incubated
overnight, centrifuged, and redispersed in 10x diluted PBS buffer (10 mM phosphate
buffer, 140 mM NaCl, and 3 mM KCI, pH 7.4 at 25 °C; Sigma-Aldrich).

5.1.3 SPR Measurements

To investigate how the two surface coatings interact with a protein-rich solution, and
whether protein adsorption (PA) differs between them, we used Multi-Parametric Sur-
face Plasmon Resonance (MP-SPR) on a Navi 220A NAALI instrument (BioNavis,
Finland) with a laser wavelength of 670 nm. Surface Plasmon Resonance (SPR) is an
optical technique that enables real-time, label-free detection of changes at a metal—-
dielectric interface. When plane-polarized light is incident on a thin metal film under
total internal reflection conditions, it can excite surface plasmons at a specific resonance
angle. This resonance condition is highly sensitive to the refractive index near the sur-
face.’®” As molecules accumulate at the interface, the local refractive index changes,

resulting in a shift in the resonance angle. The magnitude of this shift is directly related
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to the amount of material adsorbed on the surface, allowing quantitative comparison

of PA between different surface coatings.

SPR gold sensor slides with a gold thickness of ~50 nm (BioNavis, Finland) were cleaned
twice with 70% EtOH and dried with Ny after each step. The slides were then rinsed
with Milli-Q water and dried with N,. The gold slides were subsequently functionalized
with either SAM-COOH or PEG. For the SAM-COOH functionalization, the thiol was
dissolved in absolute ethanol to a concentration of 10 mM, after which 105 pL of this
solution was added to 10 mL Milli-Q water to form the immersion solution for the
sensor slides. For the PEG functionalization, PEG was dissolved in PBS (pH 7.4) to
a concentration of 1 mg/mL and subsequently mixed with Milli-QQ water at a ratio of
1:5 (PEG solution:water). During functionalization, the sensor slides were stored in the
dark at 4 °C overnight to allow formation of a self-assembled monolayer on the surface.

Prior to measurement, the sensor slides were air-dried under ambient conditions.

PA was measured on the two functionalized surfaces using cell culture media (CCM)
and bovine serum albumin (BSA). CCM was prepared as described in the cell culture
procedure, and BSA was dissolved in PBS to a concentration of 10 mg/mL. Both
solutions were diluted 10x in Milli-Q water and filtered (0.22 pum) to prevent clogging
of the instrument tubing. Measurements were performed at room temperature using
the instrument’s two parallel channels, enabling simultaneous acquisition of PA from
CCM and BSA on the same surface. The flow cell was first filled and rinsed with PBS
at 20 pL/min until a stable baseline was obtained. PBS was then exchanged with
CCM in one channel and BSA in the other, and the solutions were injected for 35
minutes at 10 uL/min, followed by rinsing with PBS. The SPR response was quantified
as the angular shift, defined as the difference between the PBS baselines before and
after injection. FExperiments were performed on three sensor slides for each surface

functionalization.

5.1.4 Cell Culturing and Sample Preparation
HMEC-1

In Paper I, cell experiments were performed on human microvascular endothelial cells
(HMEC-1), kindly provided by Patricia Lalor’s group at the University of Birmingham.
Cell culture was performed by Dr. Charlotte B. Hamngren, with the exception of the
cells used for the viability assay, which were prepared by the author (Figure 5.2).
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Figure 5.2: Cell viability assay of the HMEC-1 cell line with the addition of gold
nanorods functionalized with hydroxyl-terminated SAMs. Green fluorescence corre-
sponds to live cells stained with calcein-AM, red fluorescence marks compromised or
dead cells stained with ethidium homodimer-1 (EthD-1), and blue fluorescence high-
lights all nuclei stained with Hoechst. Phase-contrast images of the corresponding fields
are shown on the right for structural context. Scale bar: 166 pm.

HMEC-1 cells were maintained at 37°C in a humidified incubator with 5% CO2. The
culture medium was MCDB 131 (Gibco, Fisher Scientific, USA), supplemented with
10 mM L-glutamine, 10 ngmL~" epidermal growth factor (EGF), 1 pgmL ™" hydrocor-
tisone, 10 % fetal bovine serum (FBS), 1% non-essential amino acids, and 1% peni-
cillin/streptomycin. Cells were allowed to reach 80 % to 90 % confluency before use in

experiments.

For harvesting, the cells were detached using TrypLE Express Enzyme (Gibco, Thermo
Fisher Scientific, USA) with a 7-minute incubation, followed by centrifugation at 200 g
for 7 minutes. The supernatant was discarded and the pellet was resuspended in fresh
medium and diluted to roughly 30 % confluency. This low seeding density produced a
sparse cell distribution on the glass coverslips, which was important for the subsequent
nanomotion measurements. The diluted cell suspension was then deposited onto cleaned

coverslips and left to sediment for 2 hours in the incubator.

Each coverslip carrying sedimented HMEC-1 cells served as the top layer of the imaging
chamber. Cells along the edges of the coverslip were carefully wiped away with a lint-
free tissue to enable a tight seal. A 120 pm spacer was positioned on the coverslip, and
3nL of a gold nanorod suspension (approximately 107 mL~! in MCDB 131 medium)

was drop-cast onto the surface before the chamber was closed with a microscope-grade
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glass slide. Measurements were started immediately after chamber assembly, under con-
ditions that minimized non-specific adhesion and prevented appreciable cellular uptake

of the nanorods.

Procedure for Fixing HMEC-1

For control measurements using fixed HMEC-1 cells, the cells were cultured and seeded
on coverslips as described above. All fixation steps were performed at room tempera-
ture. The cells were first washed three times with cold (4 °C) phosphate-buffered saline
(PBS), with 5-minute intervals between washes. They were then fixed with cold 4 %
formaldehyde for 15 minutes, followed by three PBS rinses and an additional three PBS
washes, again spaced by 5 minutes. After fixation, the cells were stored in PBS at 4°C

until measurement.

Viability Assay for HMEC-1

HMEC-1 cells were cultured as described above and seeded at ~50% confluency in
35 mm glass-bottom dishes and incubated overnight at 37°C with functionalized nanorods
(1:100 dilution of stock solution). Cell viability was assessed using a Live/Dead Via-
bility /Cytotoxicity Kit (Thermo Fisher Scientific) with Hoechst staining. Cells were
rinsed with PBS (+/4) and incubated with staining solution (calcein-AM, ethidium
homodimer-1, and Hoechst) for 15 min at 37°C in the dark. Imaging was performed
on a Leica DMI6000B fluorescence microscope using a 20x objective. Images were
analyzed in ImageJ by thresholding each channel to quantify live (green), dead (red),
and total (blue) cells. Viability was calculated as the percentage of live cells relative to

total cells.

LNCaP-19 and PC-3

The cells used in Paper II, were cultured by Dr. Peter Dahlbecker and Dr. Hana Jun-
govéa and provided by Karin Welén, Sahlgrenska Academy, University of Gothenburg.!58
Human prostate cancer cell lines LNCaP-19 and PC-3 were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS), sodium pyruvate (1 mM),
NaHCOj3 (0.375 g L™1), glucose, and 1% penicillin-streptomycin. Cells were maintained
at 37 °C in a humidified incubator with 5% CO, and passaged at 70-80% confluency.

For passaging, the culture medium was removed, and adherent cells were rinsed with
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phosphate-buffered saline (PBS, without Ca®*"/Mg?"), detached using trypsin, resus-
pended in complete medium, and seeded into new culture flasks containing prewarmed

medium.

For nanoparticle uptake experiments, cells were seeded onto cleaned and sterilized glass
microscope slides at approximately 50% confluency and allowed to adhere overnight.
The following day, cells were exposed to gold nanorods (gold nanorods) and incubated
for 12-16 h at a final concentration of 5 pM. After incubation, excess gold nanorods were
removed by washing three times with pre-warmed culture medium, and fresh medium

was added prior to live-cell imaging.

Viability Assay for LNCaP and PC-3

A viability assay was performed to assess whether functionalized gold nanorods affected
cell viability under the exposure conditions used in this study. PC-3 and LNCaP-19 cells
were incubated overnight with PEG- or SAM-functionalized nanorods and evaluated us-
ing a Live/Dead Viability /Cytotoxicity assay (Thermo Fisher, USA). The experiments
were performed by Dr. Hana Jungova. As a rigorous control, cells were exposed to a
nanorod concentration approximately 100-fold higher than that used for the live-cell

transport measurements.

Cells were cultured on glass coverslips and incubated overnight at 37°C with a 1:100
dilution of the functionalized nanorod stock solution. After exposure, the samples were
washed twice with Dulbecco’s phosphate-buffered saline (DPBS) containing Ca** and
Mg?* (GE Healthcare, Sweden) and stained with 4 uM calcein-AM and 4 M ethidium
homodimer-1 (EthD-1) in DPBS at 37 °C for 40 minutes. The samples were then washed
twice more with DPBS before imaging. A dead-cell control was prepared in parallel
by treating a separate set of cultured cells with 70 % ethanol for 7 minutes at room

temperature prior to staining.

Fluorescence imaging was performed on an inverted microscope equipped with a mer-
cury lamp and appropriate filter cubes. Calcein-AM and EthD-1 signals were detected
through GFP (FF495, Semrock) and mCherry (49008 ET, Chroma) filter sets, respec-

tively, using a 20x objective.
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5.2 Dark-Field Microscopy

Gold nanoparticles exhibit enhanced scattering and due to this, dark-field (DF) mi-
croscopy is often used for their observation and imaging. In DF microscopy, the sample
is illuminated with oblique light that passes through a DF condenser. The scattered
light is collected by the objective lens, while transmitted light is excluded from the im-
age, creating a dark background around the scattering sample structures (Figure 5.3a,
b). DF imaging requires the numerical aperture of the condenser to be larger than that
of the objective so that only scattered light, and not direct light, enters the objective.
In this setup (Figure 5.4), an oil-immersion DF condenser with NA = 1.2-1.43 and an

objective with NA = 0.7 were used to satisfy this condition.

DF imaging of cells is possible because cellular compartments differ in molecular den-
sity, and therefore in refractive index, from the surrounding cytoplasm, causing them
to scatter the illuminating light.'®® DF imaging is also non-invasive and requires no
staining, making it well suited for observing live cells in their native state. When com-
bined with gold nanoparticles, DF is particularly advantageous because AuNPs scatter
light far more intensely than biological structures, making them easily distinguishable

from the cellular background.!®

Figure 5.3: a Illustration of the inverted dark-field (DF) microscope used in this
study, with the DF condenser positioned above the sample and the objective below.
b DF microscopy image of an endothelial cell. The nucleus appears as a region of
relatively homogeneous scattering, while surrounding vesicles and organelles scatter
light more strongly, producing bright spots distributed throughout the cytoplasm. The
cell boundary is visible as a faint outline at the periphery. Scale bar: 20 pm.
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Figure 5.3b shows a DF image of an endothelial cell in which several structural features
can be identified. The cell boundary appears only as a faint outline, reflecting the thin,
well-spread morphology of the cell at its periphery, where there is little material to
scatter the illuminating light. The nucleus is visible as a large region of relatively
homogeneous scattering near the center of the cell. Surrounding and overlying the
nucleus, the cytoplasm contains numerous bright, sub-micron puncta corresponding to
vesicles and small organelles such as mitochondria and lysosomes. These structures fall
within the size range (=~0.1-1 pum) where scattering is well described by Mie theory,
and their refractive index contrast with the surrounding cytoplasm makes them efficient

159,161

scatterers despite their small size. The perinuclear region appears particularly

bright, consistent with the high density of organelles typically found there.

5.3 Optical Trapping of Gold Nanorods in 2D

The measurements presented in Paper I rely on optically trapping a single gold
nanorod, driving it to rotate, and reading out small variations in its rotation frequency.
The rotation frequency depends on the particle’s axial position within the trap, so once
this dependence is calibrated, frequency fluctuations can be translated into nanometer-
scale height variations of the surface beneath the particle. This section describes the
optical setup, how the rotational dynamics are extracted from the back-scattered light,
and how the same configuration is used both for nanomotion measurements on living

cells (Section 5.6) and for non-contact surface profilometry (Section 5.5).

5.3.1 Setup for 2D Trapping

The optical trapping is achieved using an optical tweezers setup built around a Nikon
Eclipse TE300 inverted microscope equipped with white-light DF illumination for nanopar-

42,66,81,162 The microscope is equipped with a piezoelectric

ticle imaging and detection.
stage, enabling precise spatial control along the x-, y-, and z-axes. Image acquisition is
performed using a CMOS camera (sCMOS Neo 5.5, Andor), and a short-pass filter is
installed in the detection path to block the trapping laser and thereby prevent photo-
damage to the camera sensor. A schematic illustration of the trapping setup is shown

in Figure 5.4.

A collimated, linearly polarized laser beam (Xtra 2, Toptica Photonics) with a wave-

length of 785 nm is directed into the microscope via a non-polarizing beam splitter
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Figure 5.4: Schematic illustration of the optical setup: the inverted microscope en-
ables trapping of a single gold nanorod against the upper cover glass of the sample
chamber. Rotation of the nanorod is induced through spin angular momentum trans-
fer, generated by a circularly polarized near-infrared laser beam (A = 785 nm). The
trapped particle is illuminated from above by a white light DF condenser. Laser light
back-scattered from the particle passes through a polarizer before being collected by a
fiber-coupled photomultiplier tube (PMT), for particle motion analysis.

(BS), BS2 in Figure 5.4. Since the experiment relies on rotating the trapped nanorod,
the linear polarization of the laser must be converted to circular polarization. This is
achieved using a A/4 and a A\/2 wave plate. A \/4 plate alone would normally suffice
to produce circular polarization, but the beam splitter that directs the laser upward
introduces ellipticity. The A/2 plate pre-compensates for this, so that the slightly ellip-
tical beam becomes circularly polarized after the beam splitter and before entering the
objective. Angular momentum is then transferred from the circularly polarized beam

to the nanorod, enabling optical trapping and rotation.

Due to the large scattering cross-section of the nanorods, the particles become opti-
cally trapped in two dimensions against the upper cover glass of the sample chamber.*?
The back-scattered light from the trapped nanorod is collected by the objective and

directed out of the microscope. The objective used in the experiments was a 60x
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magnification, 0.7 NA extra-long working distance air objective (Nikon). The back-
scattered light is then directed via BS1, passed through a linear polarizer, and coupled
into a fiber-coupled single-photon counting photomultiplier tube (PMT), which serves
as our detector (Becker & Hickl). As the nanorod rotates around its short axis, the
scattered light is dominated by scattering from the long axis of the rod. Due to the
strong anisotropy of the nanorod and the longitudinal LSPR being close to the laser
wavelength, the back-scattered light becomes linearly polarized. The polarization di-
rection of the back-scattered light changes as the nanorod rotates, and by placing a
linear polarizer in the detection path, the detector records periodic oscillations in the
detected intensity. These intensity oscillations are then used to determine the rotation

frequency of the nanorod.

5.3.2 Analyzing the Rotational Dynamics of a Gold Nanorod

We analyze the signal using two complementary methods: the autocorrelation function
(ACF) and the Short-Time Fourier Transform (STFT) (Figure 5.5). The ACF cor-
relates the signal with itself at different time lags, yielding the nanomotor’s rotation
frequency f and a decay time 75 that quantifies the loss of rotational phase coher-
ence due to rotational Brownian motion. These parameters are averaged over the full
measurement cycle. The STFT complements this by computing the discrete Fourier
transform of short, windowed segments of the signal, producing a time—frequency rep-
resentation in which the rotation appears as a peak at 2f. From each time slice of
the resulting spectrogram, both the instantaneous rotation frequency f(¢) and a time-
resolved decay time 7(t) can be extracted, providing access to rotational dynamics on

timescales shorter than the full measurement cycle.

Auto-Correlation Function

The detected intensity signal is recorded using time-correlated single-photon counting
(TCSPC), where individual photon arrival times were recorded over the acquisition
period. The rotation frequency and rotational dynamics were extracted by calculating
the autocorrelation function (ACF) of the detected photon signal using the TCSPC
analysis software. The ACF measures the similarity between the signal and a time-
delayed version of itself as a function of the delay (lag). Consequently, it captures

both the periodicity of the signal and the rate at which correlations decay over time,
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providing information about the underlying rotational dynamics.'®® Periodic intensity
fluctuations caused by the rotation of the nanorod appear as oscillations in the ACF,

which can theoretically be described as

T

C(r) = I + 0.5I7 exp ( ) cos(4m f), (5.1)

70
where I represents the average intensity, I; denotes the amplitude of intensity fluctua-
tion, f stands for the average rotation frequency, and 7y represents the autocorrelation

76

decay time.”™ 7 is closely related to the rotational Brownian motion and is expressed

as

o = 41;sz/ (5.2)
Here, T, denotes the rotational Brownian temperature, kg represents Boltzmann’s con-
stant, and ~,(T) is the friction coefficient given by 7n(T)gL3. n(T) represents the
temperature-dependent dynamical viscosity of the surrounding water, g represents a
geometrical shape factor dependent on the nanorod eccentricity, and L denotes the
length of the nanorod. The rotational dynamics, and thereby the temperature, can be

extracted by fitting the theoretical autocorrelation curve to the experimental data.

Short-Time Fourier Transform

The PMT collects back-scattered photons at a sampling frequency of 100 kHz, produc-
ing an intensity time trace of the rotating nanorod. The ACF provides precise estimates
of the dominant periodicity and decay time, but these parameters are averaged over the
entire acquisition time. However, the intensity trace also contains information about
temporal variations in the nanorod’s rotational dynamics on shorter time scales. The
data show a periodic oscillation that corresponds to the alignment of the particle’s long
axis with the linear polarizer, this scattering-maxima occurs twice per revolution of
the rod. To resolve these time-dependent variations, the signal is analyzed using the
Short-Time Fourier Transform (STFT). While time-dependent changes could also be
analyzed by dividing the signal into segments and analyzing each segment separately,
the STF'T provides a continuous time—frequency representation with improved tempo-

ral resolution.
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Figure 5.5: The signal contains information about the rotational dynamics of the
optically trapped nanomotor. Top: Time trace of the backscattered intensity from the
nanomotor. Bottom left: Local power spectrum obtained from the Short-Time Fourier
Transform (STFT), showing a peak at twice the rotation frequency, 2f. The position of
the peak yields the instantaneous rotation frequency, while its Lorentzian width yields
the decay time 7(t). Bottom right: Autocorrelation function (ACF) of the signal, from
which the rotation frequency and decay time 7y are extracted.

STFT is a time—frequency representation in which the signal is divided into shorter
segments, and the Fourier transform is computed for each segment. This method is
particularly useful when the signal contains temporal variations that would otherwise
be averaged out if a standard Discrete Fourier Transform (DFT) or Discrete-Time
Fourier Transform (DTFT) were applied to the entire signal, which can result in loss

of time-dependent information.'4165

The STFT is computed by sliding a window function w[n] with length M over the
signal x[n] and calculating the DFT of each window segment of the signal. The window
function moves over the original signal at intervals of R, with an overlap of L = M — R

between adjoining segments. For a discrete signal, the STFT is defined as

X[m,w] = i z[n|wn — mle 74", (5.3)

n=—oo

where (m) represents the time index corresponding to the center of the window, and

(n) denotes the time variable. In the resulting spectrogram, a peak appears at twice the
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rotation frequency (see Figure 5.5, bottom left). Dividing this frequency by two yields
the instantaneous rotation frequency f(t), producing a trace analogous to that obtained
from the ACF but with higher time resolution. A time-resolved decay time 7(¢) can
also be obtained from the spectrogram. By the Wiener-Khinchin theorem,'% the ACF
and the power spectrum form a Fourier transform pair, so an exponentially decaying
ACF corresponds to a Lorentzian peak in the power spectrum. Fitting a Lorentzian to
the peak in each time slice of the spectrogram (see Figure 5.5, bottom left) therefore

allows 7(t) to be extracted via'6®

1

TZ*?T-FWHM' (5.4)

The choice of window function affects the time and frequency resolution of the STFT.
A commonly used window is the rectangular window, which simply selects a segment
of the signal without modification. Another common choice is the Hanning window,
which tapers to zero at the edges, producing smoother transitions between segments

and reducing spectral leakage.'%”

Spectral leakage occurs when energy from one frequency component spreads into ad-
jacent frequency bins in the DFT.167 This arises because the DFT implicitly treats
the analyzed segment as one period of an infinitely periodic signal; when the segment
does not contain a whole number of periods, discontinuities at the segment bound-
aries cause energy to smear across neighboring bins. Therefore, the choice of window
function should be adapted to the characteristics of the signal under analysis. The
back-scattered light from the rotating nanorod produces a signal that is not strictly
periodic, particularly when the particle is trapped above a living cell where environ-
mental fluctuations affect the rotational dynamics. In this case, the Hanning window
is preferable, as its tapered edges suppress boundary discontinuities and yield a more

accurate representation of the signal in the frequency domain.

Another important parameter is the window length, which governs the trade-off be-
tween temporal and frequency resolution: a shorter window provides higher temporal
resolution at the expense of broader spectral peaks, while a longer window sharpens
the peaks at the cost of temporal resolution.!®* For the data analyzed in this work, the
rotation period of the nanorod must also be considered. To reliably extract frequency
changes caused by environmental variations, the nanorod must complete at least one

full rotation within the time window. Consequently, the window length must be at least
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equal to the duration of one rotation. In this work, the selected time window was on the
order of 2-5 ms, corresponding to approximately 10-20 complete revolutions. A 50%
overlap was used, which satisfies the constant-overlap-add condition for the Hanning

window and ensures uniform temporal coverage of the signal.®®

5.4 Nanomotion Measurements with an Optically
Trapped Gold Nanorod

The setup described above is used to measure nanoscale height fluctuations on the
membranes of living cells (Paper I). The measurement procedure consists of three
steps, illustrated in Figure 5.6a. First, a single functionalized gold nanorod is optically
trapped against the upper coverslip of the sample chamber using the circularly polarized
785 nm laser, with the laser power set to the minimum level that maintains stable

trapping (typically 4-5.5 mW).

The rotation frequency of the trapped nanomotor is then calibrated against its axial
position by translating the piezo stage in 100 nm steps and recording the frequency at
each height (Figure 5.6b). The frequency depends on the distance from the laser focus,
reaching a maximum near the focus and decreasing at larger separations due to reduced
optical torque, and the relationship is well described by a second-order polynomial fit
that defines the calibration curve f(z) (Figure 5.6¢). Both the rotation frequency
and the scattering intensity of the nanomotor depend on its axial position and can
in principle be used as readouts of membrane height; rotation frequency is used as the
primary signal for the nanomotion measurements in Paper I, while scattering intensity

is used for the surface profilometry measurements described in Section 5.5.

After calibration, the nanomotor is positioned at the midpoint of the calibrated range,
which maximizes the dynamic range available for detecting membrane displacements,
and is then laterally relocated to a targeted region on a living cell — typically the
nucleus, perinuclear region, or cell periphery. Its rotation frequency is monitored con-
tinuously over time, and vertical displacements of the cell membrane modulate the
nanomotor’s axial position within the optical trap, which in turn modulates its rota-
tion frequency. Applying the calibration curve to the measured frequency trace f(t)
yields a time-resolved trace of axial displacements z(t), from which nanomotion ampli-

tudes and dynamics are quantified.
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Figure 5.6: a Schematic of the three-step nanomotion measurement protocol. Step
1: a single gold nanorod is optically trapped against the upper coverslip. Step 2: a
calibration curve is acquired by axially translating the piezo stage and recording the
rotation frequency at each height. Step 3: the nanomotor is laterally relocated above
a targeted region on a living cell, where its rotation frequency is monitored over time
and converted to axial displacements via the calibration curve. b Schematic illustrating
calibration curve acquisition through stage displacement. ¢ Rotation frequency (circles)
and scattering intensity (squares) as functions of axial position for a nanomotor (~ 164
x 98 nm) at 5.5 mW laser power in water. The dashed line shows a polynomial fit used
to obtain the calibration curves. Reproduced from.?® © 2025 The Author(s). Small
Methods published by Wiley-VCH GmbH.

5.5 Surface Profilometry with 2D Trapped Gold

Nanorod

The same trapping configuration described above can also be used to map surface to-
pography. In an ongoing project, we exploit the equilibrium particle-surface separation
that arises from the balance between radiation pressure and electrostatic repulsion. The
trapped nanorod can be scanned across the substrate beneath it by laterally translat-
ing the sample with a piezo stage. Variations in surface height beneath the particle
modulate its axial position within the trap, which is read out through either the ro-

tation frequency or the scattering intensity, as in the nanomotion measurements. The
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maximum accessible feature size depends on the equilibrium separation, which can be
tuned through the ionic strength of the surrounding solution. The following subsections
characterize this approach. We first quantify how lateral motion affects measurement
stability, then demonstrate profilometry on microscale features, and finally show how

ionic strength can be used to access different feature sizes.

5.5.1 Scan-Speed Effect on Measurement Stability

The lateral translation of the trapped gold nanorod introduces noise in the rotation
frequency. Figure 5.7a shows the standard deviation (SD) of the inferred height as
a function of particle velocity, where the SD increases with increasing speed. The SD
rises sharply from approximately 50 nm at rest to approximately 250 nm at 1 um/s, a
factor of five, and then grows more moderately with further increases in speed, reaching

approximately 325 nm at 4 pum/s.

Figure 5.7: Characterization of measurement stability as a function of scan speed
for a trapped gold nanorod used as a profilometry probe. a Standard deviation of
height fluctuations of a trapped gold nanorod measured over 5 pum at different scan
speeds (n = 4 per speed). Bars show the mean; error bars indicate +1 SD. b Rotation
frequency recorded while tracing the perimeter of a 10 ym x 10 pm square on flat
PDMS, repeated twice at 1 um/s (reproducibility test). All data are analyzed using
STFT (1024-point Hanning window) and smoothed with a third-order Savitzky—Golay
filter (51-point window).

This behavior can partly be understood from the force balance in the optical trap. A

particle moving through the fluid experiences a viscous drag force proportional to its
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velocity®. Under steady motion, the drag force is balanced by the restoring force of the
trap, producing a steady-state displacement from the trap center that scales linearly
with velocity.'®® This larger displacement leads to enhanced fluctuations in both posi-
tion and rotation, thereby increasing the measured SD.4%17° The observed SD, however,
does not scale linearly with velocity: the largest increase occurs between 0 and 1 pm/s,
while further increases in speed produce only moderate growth in comparison. This sug-
gests that additional factors beyond steady-state displacement, such as stage-induced
vibrations, contribute to the fluctuations once the particle is in motion. Keeping the
scan speed sufficiently low therefore preserves the sensitivity needed to resolve surface

structure, and a scan speed of 1 um/s was used in all subsequent measurements.

5.5.2 Profilometry of Microscale Structures

The reproducibility of the scanning approach is shown in Figure 5.7b, where the
perimeter of a square with 10 pum sides was scanned twice at the speed of 1 pum/s
over a featureless PDMS surface. In water, where the particle-surface separation is
approximately 100 nm (as discussed in Chapter 3), allows for larger features to be
scanned without destabilizing the trap. Figure 5.8a, b, shows an inverted pyramid
in PDMS scanned at a speed of 1 pm/s, with the rotation-frequency readout clearly
resolving the step-like features as the particle moves down into and back up out of the

structure.

5.5.3 Tuning Particle-Surface Distance by Ionic Strength

Resolving smaller features requires reducing the particle-surface separation. This can
be achieved by increasing the salt concentration of the surrounding solution, which
screens electrostatic repulsion and allows the particle to approach the surface more
closely. The trade-off is that the maximum feature size that can be traversed without

destabilizing the trap is correspondingly reduced.

Figure 5.9a illustrates this trade-off. In this measurement, performed in undiluted
PBS (NaCl concentration ~ 137 mM), the particle is very close to the surface. As
the trapped particle is translated toward a wall with a height of ~250 nm, it does not

2In the regime where the optical trap can be approximated as harmonic, the restoring force is
linear in displacement (F,..s = —kz). At low Reynolds numbers, the hydrodynamic drag force is linear
in velocity (Farag = v, v is the drag coefficient).
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Figure 5.8: Profilometry of a microscale inverted pyramid structure in PDMS using a
trapped gold nanorod scanned in water. a 3D optical profilometry of a PDMS structure
with the same dimensions as in (b), measured using a Sensofar Neox system (Dr. Khosro
Zangeneh Kamali). b Top: Dark-field image of the structure with edges highlighted
in white (scale bar: 10 pm). Bottom: Rotation frequency as a function of position
for an gold nanorod scanned over an inverted pyramid PDMS microstructure with 250
nm step size at 1 um/s; dark trace shows extracted data, light trace shows smoothing.
All data are analyzed using STFT (1024-point Hanning window) and smoothed with a
third-order Savitzky—Golay filter (51-point window).

traverse the feature. Instead, it becomes increasingly displaced within the trap and

ultimately escapes as the laser focus is moved across the wall.

At lower ionic strength, the equilibrium separation increases and finer features can be
resolved. Figure 5.9b-d, shows a 3 um square well of 100 nm depth, profiled by scan-
ning the trapped particle back and forth across the feature nine times at a speed of
1 pm/s. This measurement is performed in a solution with a salt concentration of 0.001
M, corresponding to a particle-surface separation of approximately 40 nm.®® Here the
scattering intensity provides the readout, clearly resolving the particle entering and

exiting the well.

The ability to control particle-surface separation through ionic strength highlights the

flexibility of this approach, enabling access to different interaction regimes and length
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Figure 5.9: Tuning particle-surface separation via ionic strength to access different
surface feature sizes. a Lateral position traces of a trapped gold nanorod as it is
gradually moved toward a wall. The measurement was performed in undiluted PBS.
b Intensity trace of an optically trapped gold nanorod scanned back and forth over a
square glass well (3 pm side length, 100 nm deep) at a speed of 1 um/s. The raw data
are shown in dark blue, the light blue trace is smoothed using a third-order Savitzky—
Golay (SG) filter (1001-point window), and the yellow trace is further smoothed using
SG followed by a moving average filter. ¢ Zoomed-in segment of the data in b, divided
into regions to track the particle motion: (A) start of the measurement, (B) entry into
the well, (C) exit from the well, (D) reversal of scan direction, and (E) re-entry into the
well from the opposite direction. d Dark-field image of the measured glass well with
the trapped gold nanorod. The edges of the well are highlighted in white for clarity.
Scale bar: 5 pm.

scales. Together with the dual readout from rotation frequency and scattering intensity,
this opens opportunities for high-resolution, non-contact probing of surface topography;,
with potential applications in studying both engineered nanoscale structures and soft

systems such as cells.
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5.6 Tracking Intracellular Gold Nanorods

In the previous sections, gold nanorods were used as actively driven probes, optically
trapped and rotated to interrogate cellular nanomotion or surface topography. The
same particles can also be used in a fundamentally different way, as passive cargo that
has been internalized by cells, with their motion through the cytoplasm reporting on
the intracellular transport machinery itself. In this regime, the role of the nanorod
shifts from a controlled probe held in place by light to a freely moving tracer carried
by the cell.

Following individual particles in this way relies on single-particle tracking (SPT), which
is widely used to study biological and biomolecular processes inside living cells.!
SPT requires that individual emitters be detected and tracked above the background.
These emitters are often fluorescently labeled molecules or strongly scattering nanopar-

1717173 qyych as the gold nanorods used in our work. We use dark-field microscopy,

ticles,
in which the whole sample is illuminated simultaneously, allowing us to visualize mul-
tiple cells with hundreds of internalized nanorods. By combining deep-learning-based
particle detection and trajectory linking across frames, we obtain large ensembles of
trajectories that report on intracellular transport. Because individual particles rarely
follow a single mode of motion throughout an entire trajectory, but instead switch be-
tween confined, diffusive, and directed transport, we further apply a Hidden Markov

Model to segment each trajectory into its underlying motility states.

5.6.1 Particle Detection and Trajectory Reconstruction

In Paper II, intracellular cargo containing highly scattering gold nanorods in two
prostate cancer cell lines were tracked using a deep-learning framework consisting of
two neural network architectures: LodeSTAR!™ for particle detection and MAGIK!™
for trajectory reconstruction, shown in Figure 5.10. The training and application of
the deep-learning models LodeSTAR and MAGIK were performed by Yuchao He.

LodeSTAR (Localization and Detection from Symmetries, Translations, And Rotations)
is a self-supervised deep-learning method for object detection in microscopy. It is par-
ticularly advantageous in systems such as those studied in Paper II, where hundreds

of particles must be detected within crowded environments.

LodeSTAR learns to detect particles without labeled examples, exploiting a simple
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Figure 5.10: Detection and tracking of intracellular gold nanorods. a DF image of
PC-3 prostate cancer cells with internalized gold nanorods (~ 70 x 140 nm). b Particle
localization using LodeSTAR (pink circles) ¢ Trajectory reconstruction using MAGIK.
Scale bar in a, b and c¢: 20 pm.

but powerful idea: if you shift or rotate an image of a particle, the predicted particle
position should shift or rotate by exactly the same amount. By generating multiple
transformed versions of the same image and requiring the network’s predictions to
transform consistently, LodeSTAR learns to recognize particles purely from this geo-
metric self-consistency — no manual annotation required. The final positions of the
objects are then obtained through a weighted aggregation of local predictions derived
from the network’s vector-field and weight-map outputs, enabling precise and robust
localization of the intracellular particles, in our case. Beyond providing centroid posi-
tions, LodeSTAR’s localization output is also used to quantify the scattering intensity
of each detected cluster, which serves as a qualitative indicator of cargo load. To ac-
count for uneven illumination and background signal, the intensity was obtained by
integrating the signal within a 25 x 25 pixel region of interest (ROI) centered on each
cluster. The ROI is chosen to capture the diffraction-limited scattering profile while
avoiding overlap with neighboring particles, and the resulting intensities are averaged

over each trajectory.

While LodeSTAR provides per-frame particle positions, studying intracellular transport
requires stitching these detections together over time. This linking step is non-trivial
in crowded environments, where particles can be closely spaced, cross paths, or briefly
disappear from view. MAGIK (Motion Analysis through GNN Inductive Knowledge)
approaches this by representing all detections across all frames as nodes in a graph,
where candidate links between detections in nearby frames form the edges. A graph
neural network then learns which candidate edges correspond to true particle identities,

using both local motion features and the global context of the whole trajectory field.
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5.6.2 Hidden Markov Model for Sub-Trajectory Analysis

Particles moving inside cells rarely exhibit a single, uniform mode of motion. A single
vesicle might sit nearly stationary for several seconds, then be captured by a molecular
motor and transported rapidly along a cytoskeletal filament, before being released again
to diffuse more slowly. Quantifying intracellular transport therefore requires segmenting
each trajectory into these distinct dynamical regimes. The difficulty is that the regime
itself — whether a particle is confined, diffusing, or being actively transported — cannot
be observed directly. We only see the particle’s positions over time, not the underlying

process driving its motion.

Figure 5.11: llustration of Hidden Markov Model state inference applied to intracellu-
lar gold nanorod trajectories. Left: Trajectory steps projected into the two-dimensional
feature space defined by speed and straightness ratio. Each point corresponds to one
time step, colored by its inferred hidden state (State 1, State 2, State 3). Ellipses show
the fitted Gaussian emission distributions for each state. Right: A representative in-
tracellular trajectory color-coded by inferred motility state, after physical interpretation
of the states as confined (blue), diffusive (orange), and transported (green), illustrating
the intermittent switching between these regimes over a 385 s acquisition. The bar
below shows the full temporal sequence of state assignments. Inset: three-state HMM
schematic showing possible transitions between states, including self-transitions. Scale
bar: 1 pm.

The Hidden Markov Model (HMM) provides a framework for these kinds of problems,
and has been used in several prior studies of intracellular transport.'”¢1™® The HMM
assumes that at each time step, the system is in one of a small amount of hidden states,
which in our case corresponds to three motility regimes.!™ The HMM assumes that
the observed data, i.e the motion features of the trajectory, at each time step is drawn
from a probability distribution that depends on which state the system is currently in.

The states themselves evolve over time according to a transition matriz, which specifies
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how likely the system is to stay in a certain state or switch to another. Figure 5.11
illustrates this framework applied to a representative intracellular trajectory, where the
inferred state sequence reveals the intermittent switching between motility regimes.
The Markov assumption means that the probability of transitioning to a future state

depends only on the current state, meaning the process has no memory of past states:

P(St+1 =] | St = i,St—1>---751) = P(Stﬂ =] | Sy = Z) (5-5)

Given a sequence of observations, the HMM framework can answer two types of ques-
tions. First, what are the parameters of the model, the emission distributions that
describe the observations in each state, and the transition between each state? Second,
given those parameters, what is the most likely sequence of hidden states that produce
those parameters? The first question is answered during training and, the second dur-

ing inference.

Feature Extraction. The observable features that are provided to the HMM are
computed for each trajectory. The first is step speed, defined as the displacement be-
tween consecutive frames divided by the frame interval. This provides a time-resolved
measure of particle motion and reflects how efficiently cargo is moved through the cell.
The second feature is straightness ratio that computes directional persistence over a
centered sliding window, comparing the net displacement over the window to the total
path length, which generates a ratio between 0 (indicating tortuous movement) and 1
(perfectly straight movement). The two features are computed for each step in every
trajectory, except the start and end point where the centered window cannot be defined.
To place these features on comparable scales, both are standardized by subtracting the
global mean and dividing by the global standard deviation (z-score normalization) com-

puted across all trajectories in the dataset.

Model Specification. Trajectory dynamics are modeled using a discrete-time HMM
with K hidden states, S; € {1, ..., K}, each corresponding to a distinct motility regime.
The observed feature vector f; at time ¢, is assumed to be generated from a multivariate

Gaussian distribution whose mean and covariance depend on the current hidden state:

p(fe | Si = k) = N(f: | iy, Zie), (5.6)
where k indexes the discrete set of hidden states, and p;, and 3, denote the mean vector
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and covariance matrix associated with state k, respectively. A full covariance structure
is employed to capture correlations between features. The model further includes an

initial state distribution 7 and a state transition matrix A

ail aiz Aais
A= 21 Q22 Q23 |, (5-7>

az1 asz 33

where a;; = P(S;11 = j | S; = i) denotes the probability of transitioning from state ¢

to state j.

Training. The model parameters {m, A, pu,, X} are learned from the full ensemble
of trajectories using the Baum-Welch algorithm, an Expectation-Maximization (EM)
procedure.'® In plain terms, Baum—Welch iteratively refines the model parameters to
maximize the likelihood that the observed trajectories were produced by the model.
Each iteration has two steps: the Expectation step computes, for every time point in
every trajectory, the posterior probability that the system was in each hidden state
at that moment (using the forward—backward algorithm); the Maximization step then
uses those posteriors to update the transition probabilities and the emission distribution

parameters.

Before training begins, the model must be initialized. We initialize the emission dis-
tributions by partitioning the observations into K groups based on step speed (low,
intermediate, and high for K = 3) and computing the mean and covariance of the
features within each group. The transition matrix is initialized with a bias toward
self-transitions, reflecting the expectation that motility regimes typically persist over

multiple frames rather than switching at every time step.

Inference. Once the model is trained, each trajectory is segmented into its sequence
of motility states. The most probable sequence of hidden states given the observations,
a single and temporally consistent state assignment for every time point, is computed
using the Viterbi algorithm. In addition to this hard classification, the posterior state
probabilities computed during the Expectation step provide a soft assignment: they
quantify how confident the model is in each state assignment at each time point, which

is useful for identifying ambiguous transitions.
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Figure 5.12: Empirical transition matrix for PEG-functionalized gold nanorods in
PC-3 cells, derived from Viterbi-decoded state sequences. Rows indicate the current
state and columns the next state, such that each row sums to one (within rounding).
The large diagonal elements indicate strong temporal persistence of all three motility
states, while the off-diagonal structure shows that transitions between the diffusive
(state 2) and transported (state 3) states are more probable than direct transitions
between confined (state 1) and transported (state 3).

An example of such a transition matrix from Paper II, derived from Viterbi-decoded
trajectories of PEG-functionalized nanorods in PC-3 cells, is shown in Figure 5.12.
The dominance of diagonal elements reflects the temporal persistence of each motility
state, while the off-diagonal structure reveals which transitions between states are most

probable.

Physical Interpretation. The three learned states are interpreted based on their
characteristic feature values. Low speed with low directional persistence corresponds
to confined motion; intermediate speed with low persistence corresponds to diffusive
motion; high speed combined with high persistence corresponds to directed (actively
transported) motion. This framework enables quantitative characterization of intra-
cellular transport, including the extraction of trajectory-level statistics such as state

occupancies, transition frequencies, and the durations of active transport episodes.
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The preceding chapters have established the physical principles and methodological
framework underlying this thesis. The following sections describe how these tools were
applied in practice, summarizing the main findings of the appended papers and the
context in which they emerged. Where relevant, I have included some reflection on
how the projects developed, since the path a project takes is often as informative as its

outcome.

Paper 1

Rotating Gold Nanomotors for High-Resolution Mapping of

Subcellular Nanomotions

When 1 first joined the group as a Ph.D. student, a substantial body of work had al-
ready been established on the optical trapping of plasmonic nanoparticles. From early
demonstrations of optically driven rotation 7% to ultrafast gold nanorod motors,*? this
work has laid the foundation for understanding key aspects of plasmonic trapping, in-
cluding hot Brownian motion and photothermal effects.®%18! It further enabled studies

1

of non-equilibrium dynamics,'®? while also clarifying particle-surface interactions in

2D traps® and enabling applications such as probing DNA melting kinetics on single

162 Building on this foundation, we aimed to extend these techniques to

nanoparticles.
more complex environments and explore their application to the study of dynamics in

living cells, which forms the basis of Paper 1.
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Figure 6.1: In Paper I, an optically trapped rotating nanomotor is used to detect
nanoscale height fluctuations of living cells. Reproduced from.?® © 2025 The Author(s).
Small Methods published by Wiley-VCH GmbH.

By establishing an approximately linear relationship between the rotation frequency
of the trapped nanomotor and its position along the optical axis, we realized that it
could be used as a nanoscale ruler to measure height fluctuations of the cell membrane.
The region probed during the measurements was highly localized, allowing the rotating
nanomotor to function almost as a stethoscope for detecting sub-cellular nanomotions,

providing a new approach to probing cellular dynamics.

The small probing area enabled us to investigate specific cellular compartments and
assess whether the nanomotion patterns differed between them. We defined three re-
gions: the nucleus, the perinuclear region, and the cell periphery. We observed clear
heterogeneity in the nanomotion, with the largest fluctuations occurring in the per-
inuclear region. We believe this behavior is linked to active intracellular processes,
such as the trafficking of vesicles and organelles, cytoskeletal rearrangements, and the
dynamic activity of the endoplasmic reticulum and Golgi apparatus. In contrast, the
cell periphery appeared to be the most mechanically stable region, consistent with its
role in cell adhesion and structural integrity. We also observed variations within each

compartment, indicating that these membrane fluctuations are transient in nature.

By analyzing the nanomotion data at higher temporal resolution, we were able to resolve
short-lived oscillatory motions with characteristic frequencies of approximately 10 Hz.

In addition, power spectral analysis (PSA) of the signals revealed 1/f* dynamics. A
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shift in the exponent a was observed in nearly all measurements, suggesting a transition
in the mechanical behavior of the cell from correlated (long-memory) dynamics to more
stochastic (short-memory) motion. This project resulted in a method for studying
both mechanical and dynamic processes in living cells, and it also introduced me to the

fascinating and complex world of cellular dynamics.

Paper 11

Gold Nanorod Tracking and Deep-learning Analysis Reveal Intracellular
Transport Phenotypes in Therapy-resistant Prostate Cancer Cells

Paper II continues the exploration of cellular dynamics, but from a different angle.
Here, the focus shifts from mechanical fluctuations at the membrane to transport pro-
cesses inside the cell. The gold nanorods followed us into this project as well, though in
a different role: rather than being driven as nanomotors, they are now passive probes,

internalized by the cells and tracked as they move through the cytoplasm.

Figure 6.2: In Paper II, intracellular transport of gold nanorods is studied using a
deep-learning framework for single-particle tracking. a Schematic illustration of intra-
cellular trafficking in prostate cancer cells, showing AuNR-containing endocytic vesicles
transported along microtubules and actin filaments. b A dark-field image of a PC-3
cell with internalized gold nanorods. Scale bar: 20 pm.

In Paper II, our objective was to compare intracellular transport between two prostate
cancer cell lines, LNCaP-19 and PC-3. Both cell lines are androgen-independent; how-
ever, PC-3 cells exhibit a more aggressive than LNCaP-19 cells. We wanted to investi-

gate whether transport differences could be detected without specific organelle staining,
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instead relying on highly scattering nanoparticles. Furthermore, we also investigated

whether different surface coatings influence intracellular transport.

Both cell lines were incubated with a large number of nanoparticles, resulting in hun-
dreds of particles per cell. Their transport was characterized using dark-field imag-
ing, exploiting the strong scattering of the nanorods, and the resulting trajectories
were extracted using a deep-learning framework combining the self-supervised detec-
tor LodeSTAR with the graph neural network tracker MAGIK. To capture variations
within trajectories and switching between transport modes, we further analyzed the
data using a three-state Gaussian Hidden Markov Model (HMM), segmenting motion
into confined, diffusive, and directed states. A single model was trained on pooled
trajectories to ensure consistent state definitions across both cell types and surface

coatings.

Using this analysis framework, we resolved clear differences in transport behavior be-
tween the two cell lines. Both exhibited confined, diffusive, and directed motion; how-
ever, PC-3 cells showed a higher prevalence of active transport, with more frequent
and faster directed events compared to LNCaP-19. In addition, the spatial distribu-
tion of cargo differed markedly. In PC-3 cells, cargo was distributed throughout the
cytoplasm with accumulation near the nucleus, whereas in LNCaP-19 it was more con-
fined to the cell periphery, indicating differences in cargo organization and loading.
Furthermore, we also observed that the surface coating of the nanorods have an effect
on intracellular transport. PEG-functionalized rods exhibited longer confined intervals
but maintained active transport over a wide range of cargo sizes, indicating a weaker
dependence on cargo load. In contrast, SAM-functionalized rods favored rapid trans-
port of lightly loaded vesicles, while larger cargos were more likely to remain confined
or diffusive. These differences suggest that surface chemistry plays an important role

in how nanoparticles interact with the intracellular transport machinery.

Taken together, this work demonstrates that plasmonic nanoparticle tracking combined
with neural network—based analysis provides a powerful way to quantify intracellular
transport and relate it to cellular state, establishing motion as a measurable physical
phenotype. On a personal level, it has been fascinating to realize that what initially
appears as random, busy motion within the cell in fact encodes the dynamics of a

tightly regulated and highly organized intracellular machinery.
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7.1 Conclusions

The aim of this thesis has been to convey the versatility of plasmonic gold nanorods
as probes of nanoscale dynamics and structure. By exploiting their translational and
rotational Brownian motion together with optically driven rotation, we have shown that
a single class of particle can be used to investigate a surprisingly broad range of sys-
tems, from nanoscale mechanical fluctuations of living cell membranes, to intracellular

transport patterns in cancer cells, to static surface structures on engineered materials.

The theoretical foundation for this versatility was established in Chapters 2, 3, and 4.
Chapter 2 described why gold nanorods are particularly well suited to this role, with
their localized surface plasmon resonances in the visible and near-infrared regime giving
rise to strong, tunable scattering and absorption. Chapter 3 built on these properties
to introduce the framework of optical trapping and rotation, in which the anisotropic
geometry of the nanorods, combined with their plasmonic response, gives rise to optical
forces and torques that allow them to be held and controlled with light. Chapter 4 then
addressed the additional considerations that arise when these particles are introduced
into biological environments, where colloidal stability, surface functionalization, and
protein corona formation determine their behavior and fate. Chapter 5 introduced the
experimental and analytical methods that build on this foundation, including optical
trapping, dark-field tracking, deep-learning-based trajectory analysis, and rotational

readout. These methods are applied across the studies summarized in Chapter 6.
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Across the three studies, the same particle takes on three distinct roles — actively
driven, passively tracked, and applied beyond biology. Paper I uses an optically driven
nanorod as an active probe of mechanical activity at a cellular interface. Paper II uses
internalized nanorods as passive tracers of intracellular transport across a population of
particles. The profilometry study extends the same trapping-and-rotation configuration
to non-biological surfaces, demonstrating that the underlying readout is not specific to

living systems.

Taken together, these results demonstrate that a single plasmonic nanorod functions
as a transducer linking optical interaction to its surroundings, translating mechanical,
transport, and structural information into measurable optical signals. The versatility of
this approach, and the richness of the information it provides, motivates the directions

explored in the following section.

7.2 Outlook

The work presented in this thesis opens up many possible directions for further study.
Here, I focus on a few that I find particularly compelling — directions that build on
what the methods can already do, while pushing them toward richer detail and more

directly interpretable signals.

A natural starting point for extending the work in Paper I lies in the experimental
geometry itself. Adding axial tracking via a quadrant photodiode (QPD) would extend
the measurement from a one-dimensional height signal to a full three-dimensional map-
ping of sub-cellular fluctuations, and would also provide much higher-bandwidth lateral
tracking than our current camera-based detection, giving access to faster dynamics.'®3
A complementary extension would be the introduction of a spatially separated second
optical trap, which would make it possible to test whether nanomotion events are cor-
related between nearby locations, and in particular whether mechanical fluctuations

propagate along the membrane.'®4

Beyond these technical upgrades, a recurring limitation across the studies in this thesis
is that the nanorod reports on motion without directly reporting on the underlying
cause of that motion. In Paper I, for instance, we observed clear heterogeneity in

nanomotion across cellular compartments, but the specific processes responsible for the
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fluctuations — organelle trafficking, cytoskeletal rearrangement, membrane remodeling
— could only be inferred indirectly. A natural next step is to combine nanomotion de-
tection with fluorescence imaging of specific organelles or cytoskeletal elements, so that
mechanical fluctuations and their molecular context can be recorded simultaneously.
Together, these extensions would move the platform from sensing that something is
moving to resolving what is moving and how — turning sensitive but generic readouts

into measurements that can be linked to specific cellular structures.

Like nanomotion detection, the profilometry method would also benefit from mov-
ing into biological environments. Because the technique is non-contact and the parti-
cle—surface separation can be tuned via ionic strength, it is in principle well suited to
mapping soft surfaces such as cell membranes. Tuning the ionic strength adjusts the
length scale being probed: high ionic strength brings the nanorod close to the surface
and resolves small features, while lower ionic strength would allow coarser scans across
larger regions, potentially even whole cells. Such measurements would, however, re-
quire fixed cells, since—as we saw in Paper I—living cells move too much for scanning
to work on the relevant timescales. Combined with axial QPD readout, this approach

could yield gentle, three-dimensional maps of cellular topography.

The methodology developed in Paper II could be extended in several ways. First,
adding fluorescent tagging of endocytic compartments would make it possible to re-
solve not only where a nanorod is transported, but through which pathway it was
internalized, enabling a more direct link between surface chemistry and uptake route.
Second, our current analysis is restricted to the two lateral dimensions, whereas the in-
tracellular transport network is inherently three-dimensional. Extending the measure-
ment to full 3D tracking would give access to each cargo’s complete trajectory, rather
than its projection onto the imaging plane, and would allow a more complete charac-
terization of diffusion modes, transport direction, and the local cellular environment
through which cargo moves. Adapting recent single-particle 3D tracking approaches,
which achieve nanometer localization precision with extended axial ranges,'® 87 to

plasmonic scattering-based readout would be a valuable direction to pursue.

Beyond the measurement itself, there remains a wide range of biological parameters
to explore. As discussed in Chapter 4, particle size, shape, and surface chemistry all
influence how nanoparticles are taken up by cells and subsequently transported intra-

cellularly. Tuning these parameters is therefore not only a means of optimizing particles
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as probes, but also a way to deliberately bias which uptake pathways are engaged and

which intracellular compartments the nanorods ultimately access.'®®

The effect of surface chemistry on intracellular transport observed in Paper II stood
out to me, and a systematic study combining variations in nanorod size, aspect ratio,
and surface functionalization would help disentangle which particle properties most
strongly determine intracellular fate. A natural extension of this would be a more fo-
cused investigation in LNCaP and PC-3 cells, specifically targeting lysosomal transport,
as altered trafficking within the endo-lysosomal system is a well-established feature of

189192 making it a relevant and sensitive pathway to probe. Combin-

cancer progression,
ing systematically tuned nanorods with fluorescently labeled lysosomes would enable
direct correlation between particle design and lysosomal transport dynamics, providing
a more mechanistic understanding of the differences previously observed between these

cell lines.

The directions outlined here all build on the same observation that has run through
this thesis: the motion of a single nanorod, observed through light, encodes a surprising
amount of information about the system it explores. This thesis has shown that a single

nanorod can reveal a great deal. The remaining task is to ask sharper questions of it.
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