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Kurzfassung

Gold-Nanopartikel sind in den vergangenen Jahren zu einem wichtigen Werkzeug der
Nanowissenschaften geworden. Die starke Kopplung zwischen sichtbarem Licht und
Goldnanopartikeln verursacht zum einen eine grol3e nichtradiativen Energieumwandlung,
das sogenannte plasmonische Heizen, welches einen kontrollierbaren Temperaturanstieg
in der Partikelumgebung ermdglicht. Zum anderen wirken auf Goldnanopartikel optische
Krdfte, die fiir deren optische Manipulation genutzt werden koénnen. In dieser
Dissertation wird gezeigt, wie diese Effekte fir das Injizieren einzelner Nanopartikel in
Zellen sowie fur intrazelluldre Messungen verwendet werden kénnen.

Zuerst wird eine neuartige Methode, um Goldnanopartikel (80nm Durchmesser) in
lebende Zellen einzubringen, vorgestellt. Dazu werden diese zuerst durch optische Krafte
mit einem fokussierten Laserstrahl auf die Oberflache lebender Zellen aufgebracht.
AnschlieBend konnen die Goldnanopartikel einzeln durch eine Kombination aus
plasmonischem Heizen und optischen Kraften injiziert werden. Der Prozess wurde sowohl
durch chemische, als auch durch optische Methoden charaktierisiert. Weiter wurde
beobachtet, dass die erfolgreiche Partikelinjektion mit der Ausbildung einer
Kavitationsblase einhergeht, welche eine Perforation der Zellmembran verursacht. Die
Uberlebensrate der Zellen fiir diesen Prozess lag dabei bei tiber 70%.

Der zweite Teil dieser Arbeit beschaftigt sich mit der Nutzung von Goldnanopartikeln,
welche in lebende Zellen entweder injiziert oder durch Endozytose eingeschleust wurden,
als Messsonden durch Fourieranalyse ihrer Trajektorien. Durch das periodische Heizen
eines Goldnanopartikels in Zellndhe wird eine Kavitationsblase erzeugt, die einen
periodischen Kraftliibertrag auf die Zelle verursacht, was zu Nicht-Gleichgewichts
Fluktuationen der Detektorpartikel in der Zelle fiihrt. Die spektrale Leistungsanalyse der
Partikelbewegung gibt sowohl Aufschluss Uber die physikalischen Eigenschaften der
Partikelumgebung, als auch (iber die GroRRe der wirkenden Kraft.
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Abstract

Gold nanoparticles (AuNPs) have emerged as a powerful tool in nanoscience. The light-
AuNP interaction gives rise to several applications, among which the plasmonic heating
and optical forces have received great interest. The former enables the controllable
increase of the temperature at the gold nanoparticle surface, while the latter allows for
the remote manipulation of a single gold nanoparticle using light. This thesis presents
studies on how these properties can be used in the application of single particle cellular
delivery and intracellular sensing.

First, a novel optical way to deliver the gold nanoparticles to a single living cell is
presented. It is shown that the individual gold nanoparticles (80 nm in diameter) can be
patterned on the surface of living cells with a continuous wave laser beam. Then, these
optically printed gold nanoparticles can be injected into the cell, one-by-one, through a
combination of plasmonic heating and optical forces. Both chemical and optical methods
were used to characterize the optical injection process. It was also found that successful
optical injection was achieved by the generation of bubbles that perforated the cell
membrane. The cell survival rate was maintained above 70% during the injection process.

Second, this study shows how gold nanoparticles that were injected or endocytosed into
a living cell were used as detectors and precisely readout the local perturbations by
Fourier analysis of their motions. The perturbations were generated by heating a gold
nanoparticle that was sitting in the vicinity of the cell using a chopped laser beam. The
heating induced the periodic formation of a cavity bubble around the particle and sent
out a series of force pulses that were applied to the cell, causing non-equilibrium
fluctuations to the movement of the detector particles inside the cell. We demonstrate
that the power spectral analysis of particle motion reveals the physical characteristics of
the nanodetector environment and the quantity of the applied force.
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Chapter 1

Introduction

Gold nanoparticles (AuNPs) have a long history of use, dating back to Roman times when
people stained glass, ceramics, enamel pottery, and clothes with metallic nanoparticles?.
Throughout this long period however, there was no understanding of the mechanisms
that give rise to the colors of the small metal particles until 19082, when the German
physicist Gustav Mie quantitatively explained the size-dependent optical properties of
metal spheres, and a clear mathematical foundation was established. Currently, with the
development of various methods for the controlled synthesis and functionalization of
materials on the nanoscale, gold nanoparticles have attracted considerable interest as a
novel platform for the development of nanotechnology and nanomedicine3®.

The interest in gold nanoparticles comes from their unique properties when interacting
with light. One of the most important characteristics of gold nanoparticles is the localized
surface plasmon resonance (LSPR; i.e., the resonant oscillation of free electrons in the
gold upon interacting with incident light’). This interaction results in some fundamental
effects electrically, optically, and thermally around the gold nanoparticle, which has found
numerous applications in imaging and therapeutic aspects. For example, the enhanced
electrical fields around the gold nanoparticles have been applied to surface-enhanced
Raman spectroscopy (SERS), which allows the gold nanoparticles to be used for sensing

intracellular molecules®1°

or monitoring drug metabolism in living cells'!. The enhanced
absorption cross-section of the gold nanoparticles enables their use as an ideal
nanoscopic heat source. A gold nanoparticle absorbs light efficiently at the particle
plasmon resonance, which leads to a strong local temperature rise within picoseconds of
irradiation with laser light'®> 13, This strong increase in temperature of the gold
nanoparticles on a nanoscopic scale has already found applications that range from

nanomaterial fabrication'* to cancer thermal therapy'™ 6. One of the most extensively
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studied thermal responses of laser heated gold nanoparticles is the water vaporization
around the gold nanoparticle (i.e. bubble formation). It is suggested that the surface
temperature of a gold nanoparticle can easily surpass the water boiling point under laser
irradiation'” 18, when water around the gold nanoparticle becomes superheated until
bubbles form from an explosive boiling during water spinodal decomposition. This
process has been used for enhanced image contrast and gene delivery'®2L. In addition,
the enlarged amount of light scattering and absorbing properties of the gold nanoparticle
also leads to enhanced photon momentum transfer to the particle (i.e., optical forces),
which enables the spatial and temporal control of gold nanoparticles and has enabled
applications in material science??2* and biological science?> 26,

Among all of the biological applications of gold nanoparticles, including imaging,
biosensing, and drug delivering, the particles must be in contact with living cells or sent
into the interiors of the cells to act as handles for cellular manipulation. However, this is
not a natural process since the cell membrane is almost impermeable to large molecules
or particles, which makes active nanoparticle delivery across the membrane barrier
difficult. Current biochemical strategies primarily employ carrier molecules such as
dendrimers?’, liposomes?®, and polymers®® for cell transfection, but most of these
strategies are only capable of treating an entire population of cells simultaneously. To
achieve more controllable cellular delivery for precise intracellular measurement or
sensing, a strategy for a single particle delivery to a single cell at one time is required.

Since the first presentation of the ‘gene gun’3’, there have been a number of studies
investigating possible mechanisms for single cell molecular delivery (e.g., physical means
such as electroporation3!, sonoporation3?, and optical approaches using laser light3% 3%).
For optical methods, living cells are usually treated with a tightly focused pulse laser beam,
which generates a transient hole in the cell membrane. Small molecules, such as nucleic
acids3>%, drugs®®, and nanoparticles®, are allowed to diffuse passively into the cell
through the hole that remains open for a short period of time. Although such laser-
assisted photoporation is contactless, efficient, and specific (i.e., cells can be singled out
from an entire cell population), the generation of membrane pores, however, requires
nano- to femtosecond laser pulses which have high peak intensities. It therefore imposes
a potential threat to cell viability through photodamage. In the study that is presented in
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this thesis, the gold nanoparticles, not only as intracellular manipulation handles but as
themselves, can provide a solution to establishing a less harmful approach for light-
assisted optical cellular delivery by taking advantage of their plasmonic properties. As
mentioned above, the drastic increase in temperature of gold nanoparticles upon laser
irradiation can lead to an increase in membrane permeability*® 4! or the formation of
nanobubbles?® 4243 which results in mechanical disruption of the cell membrane and the
formation of pores**. These effects have successfully been used for laser-induced gene
transfection of eukaryotic cells?% 4> 46 through the photoporation of cell membranes with
localized heating®” #8 or laser-mediated cavitation*> >°. Gold nanoparticles, at the same
time, are also subject to optical forces when they are irradiated with a focused laser
beam?? 1. In other words, a gold nanoparticle can be pushed and heated simultaneously
under the illumination of a resonance laser beam. These combined properties have been
used to inject gold nanoparticles into lipid vesicles (GUVs) °2. However, to date, it has not
been achieved to inject a single nanoparticle directly into living cells by using a single cw
laser beam. The first experimental part of this thesis demonstrates how to use light to
guide the gold nanoparticles to the surface of a living cell and overcome the barrier of a
cellular membrane to optically insert a single gold nanoparticle into the cell.

Gold nanoparticles have also been widely applied as biosensors to study various micro-
scale or nano-scale processes®*>°. In a recent study, Ohlinger et al. first introduced the
concept of the ‘nano-ear’, which is capable of detecting the vibrations of fluid on
microscopic length scales with an estimated sensitivity that is six orders of magnitude
below the threshold of human hearing®®. The principle of this concept was based on the
Fourier analysis of the motions of an optically trapped gold nanoparticle with a response
to the acoustic vibrations. The vibration was created by the periodical plasmonic heating
of the gold nanoparticles in close vicinity of the optical trap. Since this vibration is a result
of a series of mechanical force pulses that are sent through the liquid, if this concept can
be applied to living cells, it will provide a novel approach to studying cell mechanics.
Recent reports have shown that the mechanical stimulation of living cells plays an
important role in regulating essential cellular processes®” ®8. For instance, externally
applied forces are increasingly recognized as major regulators of cell structures and
functions and are capable of changing gene expression®®, altering cell migration®® 62,
influencing stem cell differentiation®% 3, and regulating disease states®* . However, how
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these forces apply and propagate through different intracellular structures and across the
cell membrane is not yet well understood. The measurement of these forces in a single
cell requires tools with unique spatial resolution and sensitivity.

Force spectroscopy has become a powerful tool for investigating the force and
displacement properties of biomolecules. Techniques such as atomic force microscopy
(AFM), magnetic tweezers, and optical tweezers are currently employed to measure and
apply forces to a single biomolecule®®. However, challenges still exist when performing
the same or similar measurements in living cells due to the crowded, inhomogeneous,
and sensitive physiological conditions that are found in the interior of the cells. AFM
requires a physical probe, which is not applicable to intracellular measurements under
normal circumstances. The large size and relatively high stiffness of the cantilevers 10—
10° (pN/nm), which impose a large minimal force (10 pN), make it difficult to study the
forces that are associated with many biological processes and structures®”. Moreover, a
direct mechanical contact between the AFM probe and the cell increases the possibility
of physical damage®® ©°. Magnetic and optical tweezers are less invasive manipulation
techniques and possess good measurement throughput (30 cells per hour)”, but the
former is only for unidirectional force measurement and requires micro-sized bead as a
probe’!, while the latter increases the risk of localized heating or photodamage since the
cells are exposed to a long period of laser illumination’2. In addition, applying in vitro
calibrated optical tweezers to the in vivo measurement is challenging since the presence
of cellular structures will lead to variations in the refractive index around trapped particles,
resulting in changes in the spring constant of the tweezers with respect to the viscous
medium?®. Although it is possible to calibrate the optical trap directly in the cytoplasm’3,
this method still requires multiple steps and can only achieve the measurement at one
randomly selected position at one time’# 7>,

The second experimental part of this thesis demonstrates a new concept: how gold
nanoparticles can be used as external signal sources and intracellular biosensors to locally
apply and detect forces in living cells. This method uses an indirect and contactless
method of force manipulation of living cells, which is more simple, efficient, and sensitive
than conventional tools of trade.
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This thesis starts with an introduction to the theoretical foundations that are related to
these studies. Chapter 2 presents fundamental knowledge for understanding the
experiments in this thesis. The chapter begins with a section that discusses light-AuNP
interactions, including a series of physical responses of the gold nanoparticles to the light.
The localized surface plasmon resonance of the gold nanoparticles is discussed in detail.
Plasmonic heating and optical forces are also introduced in this part. This information is
essential knowledge for understanding the experiments on laser printing and the
injection of gold nanoparticles into a living cell as discussed in Chapter 4. The following
sections primarily describe the physical principles of the motion of particles. This provides
a general understanding of the experiments in Chapter 5.

Chapter 3 describes the experimental setups and methods. The working principles of a
dark field microscope and a fluorescence microscope and their accessories that were used
in this work are introduced. In the sections of the experimental methods, the techniques
for basic cell culture and single gold nanoparticle optical manipulations are described.

The main experimental parts of this thesis are described in Chapter 4 and Chapter 5.
Chapter 4 describes a novel way to optically deliver gold nanoparticles to the cell
membranes and then inject the single gold nanoparticle into the living cell using a focused
laser beam. The optical injection mechanisms are discussed in detail. The second
experimental part (Chapter 5) focuses on the application of gold nanoparticles inside of
the living cells. The idea is to use intracellular gold nanoparticles as biosensors to probe
the fN forces, which are optothermally generated outside of the cell by plasmonically
heating a gold nanoparticle with a modulated laser beam to induce the formation of the
bubbles. The significance of this experiment is to achieve sensitive force spectroscopy in
vivo by providing an elegant way to apply and probe the external forces inside of the cell
at the single particle level, thus offering broad applicability for investigating the
heterogeneous nature of intracellular processes.

The last chapter 6 briefly concludes the work of my Ph.D. thesis and provides an overview
of the possible prospects of this research.






Chapter 2

Fundamentals

This chapter starts with an introduction of the fundamental theoretical background that
is relevant to this thesis. Section 2.1 discusses the theory of light-metal interactions. How
a gold nanoparticle responds to electromagnetic waves on the basis of the dielectric
function of gold is illustrated. The localized surface plasmon resonance that is excited on
the gold nanoparticle is discussed in detail as well. Theories on how a gold nanoparticle
can convert light into heat and how optical forces are generated on the gold nanoparticle
are also introduced. These theories are important for understanding the laser printing and
injecting of a gold nanoparticle into a cell. This section is followed by a short section about
the interactions of gold nanoparticles and living cells. The natural barrier ability of the cell
membrane and endocytosis pathway is introduced. This section provides knowledge that
will be useful when reading about the following concepts: how the detector particles enter
the cell and why it is necessary to develop new cellular delivery strategies. In the last
section, the fundamentals of the motion of particles are introduced. The analytical tools
that were used in Chapter 5 are discussed in detail.
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2.1 Interactions of Gold Nanoparticles and Light

The interaction of light with metallic nanoparticles gives rise to special properties.
Incident electromagnetic waves can induce the collective oscillation of free electron gas
in gold, which is known as a localized surface plasmon in gold nanoparticles. Depending
on the size and shape of the gold nanoparticles, the plasmons show a resonance behavior
with light at a broad peak frequency. The absorption of light results in a rapid temperature
increase at the gold nanoparticle surface and the optical forces on the particle. This
section begins with an explanation of the localized surface plasmon resonance of gold
nanoparticles and then discusses the optical and thermal properties of gold nanoparticles
in detail.

2.1.1 Localized Surface Plasmon Resonance of Gold Nanoparticles

The dielectric function of gold and the plasma frequency

The relationship between the incident electromagnetic wave and the irradiated metal
structure can be described by the dielectric function of the metal. This function is based
on the free electron model, which is also known as the Drude-Sommerfeld model’®; this
model assumes that the valence electrons of the metallic particle are detached from their
positive ion cores, forming free electron gas. Therefore, only the collisions between free
electrons and the surrounding atomic nuclei are taken into account. The dielectric
function ¢, builds a connection between the external electromagnetic field and the
dielectric response of the free electron gas:

2

Wp
ET((,O) =1 —m (2-1):

where w is the frequency of the external electromagnetic field and y = 1/t is the
collision frequency, which describes the damping of electrons by collisions with atomic
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nuclei. T is known as the relaxation time of the free electron gas, which is typically in the
order of 10'*s for gold at room temperature, corresponding toy = 100 THz’®.

Here, w, is the plasma frequency of the free electron gas, which is the natural property
of a material and provides a deeper physical understanding of the optical material
properties; when w > Wp, the collective motion of electrons cannot follow the rapid
oscillation of the external electric field, resulting in light passing through the material
without interactions. If w < w,, the electric field is slow enough to interact with the
oscillating electrons, and this results in the reflection and the absorption of light by the
material.

Localized surface plasmon resonance

When light is incident on a metallic nanoparticle, the electrons inside of the particle
oscillate in response to the oscillating electromagnetic field. The curved surface of a
nanoparticle provides an effective restoring force to the driven electrons that results in a
resonance, if the frequency of the applied electric field is close to the plasma frequency
of the collective electron oscillation. This resonance is called ‘localized surface plasmon
resonance’, a diagram of which is shown in Figure 2.1. An electromagnetic wave with a
certain frequency, w, irradiates a gold nanoparticle with dielectric function &, (w), which
is surrounded by the medium with dielectric constant &, and polarizes it. Meanwhile,
another electromagnetic wave is induced around the gold nanoparticle because of the
driven oscillation of electrons inside of the gold nanoparticle.

Quasi-static approximation

The simplest model for analyzing the interaction of a nanoparticle with the
electromagnetic field is the quasi-static approximation’®. The assumption is that the size
of the particle is much smaller than the wavelength of an incident light, such that the
phase of the incident beam is constant over the entire volume of the nanoparticle.
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Surrounding medium
Em

Oscillating electron gas

Electric field

Oscillating electron gas

Figure 2.1 | The formation of a localized surface plasmon in the gold nanoparticle

Through analysis with the simplest geometry, a homogeneous and isotropic sphere with
radius a and dielectric function &,(w), located in the isotropic medium with a dielectric
constant g, the complex polarizability a of a small sphere of sub-wavelength in diameter
in the electrostatic approximation’® can be obtained:

prad ) " & 2.9).
(04 mwa Sr( ) . ( )

This equation has the same functional form as the Clausius—Mossotti relation and shows
that the polarizability of a metal nanoparticle is dependent on the wavelength of incident
light, as the dielectric function is related to the frequency of light. This equation also
indicates a strong dependence of the resonance frequency on the dielectric constant of
the surrounding medium (i.e., the resonance red shifts with increasing &,,), which
suggests that metal nanoparticles are ideal candidates for sensing changes in the
refractive index of the medium, an application of which is presented in Chapter 3.

10
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However, the quasi-static approximation is not justified for a particle with a larger size as
the phase changes of the driving field become significant over the large particle volume.
Thus, a more precise approach is required.

Extended quasi-static approximation

As discussed above, the quasi-static approximation breaks down when applied to larger
particles because of the retardation effects over the larger volume of the particle; there
is another expression for the polarizability of a metallic nanoparticle with volume V (V is
valid for all particle sizes). It is a straightforward expansion of the first transverse
electromagnetic mode (TEM) of the Mie theory’”’:

1
1— (1) [er (@) + emlx? + 0(x*)
a= XV 23
l_}_g—m]_i[ (w) + 10¢,,] 2_-%14_0( ) 23)
37 5 (@) — &,) 307 Eml X T T U

In this equation, a significant difference compared to the quasi-static approximation is
the quadratic term in the numerator and the denominator, which includes the retardation
effect of the electromagnetic field over the volume of the nanoparticle that leads to the
shift of the plasmon resonance. The polarizability for the optical force calculation in this
thesis is obtained from this equation.

Mie theory

In 1908, Gustav Mie developed a theory that addresses the scattering and absorption of
an electromagnetic wave by a spherical particle to explain the colors of colloidal gold
particles in the solution’®. This theory provides a solution for light scattering by a sphere
particle, which is embedded in a homogeneous and isotropic medium that is illuminated
by a plane wave and is valid for all nanoparticle sizes and optical wavelengths because
the dipole contribution is considered as well as the contribution of higher orders of
multiple expansions. Here, an important physical quantity is introduced: the cross-section,
which can be defined as the net rate at which electromagnetic energy (W,;,s or W)
crosses the surface of an imaginary sphere that is centered on the particle, divided by the
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intensity of incident irradiance (I;;,c)’°. Thus, the absorption (C,,s) and scattering cross-
section (Cscat), respectively, can be written as follows:

C — abs

abs Iinc (2-4)
W,

Cscat = Ilsca (2.5).
inc

The sum of equations (2.4) and (2.5) is the extinction cross-section (C,,;). It represents

the amount of energy that is removed from the incident field because of absorption and
scattering by the particle:

Cext = Caps + Cscar- (2.6)

Using the boundary conditions for the electromagnetic field at the edge of the particle,
equations (2.4) and (2.5) can be extended to®:

[oe)

2n ) )
Cocat = iz @0+ Dllanl? + 1B, ) 27)
n=1
21 (2.8)
Cont = WZ(Z" + DRe(a, + by)
n=1

where k is the wave vector of the incident electromagnetic wave, a,, and b,, are the Mie-
coefficients from the multipole expansions, and n is the multipole order (n =1
corresponds to the dipole mold). The Mie-coefficients are as follows?:

a. = ml/)n(mx)w;l(x) - ¢n(x)¢r'l(mx)
" ma, ()& (x) — P ()& (max)

(2.9)
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2.1 Interactions of Gold Nanoparticles and Light

b = my, (mx)ihn (x) — mypy, (x) P (mx)
b ma, ()& (x) — mipy (x)§5 (mx)

(2.10)

where x = 2ma/A, the size parameter of the particle of radius a irradiated with light at
wavelength 4; m is the ratio of the complex refractive index of the particle and the
surrounding medium; and the Riccarti-Bessel functions are 1,, and &,,. In this thesis, the
cross-section of the gold nanoparticles was calculated using the program MQMie. An
example in Figure 2.2 illustrates that the cross-section presents size dependency and is
sensitive to the surrounding medium.
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Figure 2.2 | Extinction cross-section of the gold nanoparticle. (a) With increasing particle size,
the plasmon resonance peak shifts to longer wavelengths and the magnitude of the cross-sections
increases. (b) With an increasing refractive index of the surrounding medium, the plasmon
resonance of an 80 nm gold nanoparticle shows a red shift.

2.1.2 Thermal Properties of Gold Nanoparticles

As discussed above, gold nanoparticles present strong scattering and absorption of light
at a specific wavelength in the visible and near-infrared region due to their localized
plasmon resonances. Due to the much larger absorption cross-section of a gold
nanoparticle compared to its geometric cross-section, it can collect light from a much
larger area. For a gold nanoparticle, the larger the particle size, the greater the absorption
efficiency®l. When a gold nanoparticle is irradiated by an electromagnetic wave, the
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coherent oscillation of electrons results in the elastic scattering of the incident wave,
while the incoherent oscillation of electrons leads to increasing temperature inside the
gold nanoparticle. This process is reported to happen in the order of picoseconds, using
femtosecond excitation lasers®2-84,

Plasmonic heating of gold nanoparticles

To explain and understand this internal process, we assume the simplest case: that a gold
nanoparticle is in its ground state (T=0 K) before laser excitation, and all of the quantum
states below the Fermi energy are occupied, while all of the states above the Fermi energy
are unoccupied. When excited with a laser pulse that is shorter than the electron-phonon
energy relaxation time, part of the electrons are excited above the Fermi energy. At this
point, the electron distribution is in the non-thermal equilibrium state with regard to the
Fermi-Dirac distribution®. These non-thermal electrons then relax (thermalize) by
electron-electron scattering without losing the absorbed photon energy. This process
happens within one picosecond®® ®’. This electron-electron interaction produces a hot-
electron gas, and the temperature of an electron can reach several thousands of degrees
Celsius. Within the next 1 to 10 picoseconds®°, the electron-phonon interaction leads
to atemperature equilibration between the electron and the lattice subsystems, resulting
in homogeneous heating of the gold nanoparticle. After reaching thermal equilibrium, the
gold nanoparticle transfers the heat to the surrounding medium. As the excited electrons
above the Fermi level lose their energy to the phonons, leading to the cooling of the
electron gas, the Fermi-Dirac distribution narrows and the whole system returns to its
ground state before laser excitation within one nanosecond, depending on the size of the
gold nanoparticle®l. This internal process is also applied for continuous wave excitation,
and the surface temperature of a gold nanoparticle will be constant in the thermal
equilibrium state.
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Figure 2.3 | Plasmonic heating processes of a gold nanoparticle upon laser excitation.

Heat distribution and bubble generation around cw laser heated gold nanoparticles

As described in the previous section, a gold nanoparticle can absorb photon energy and
generate heat inside of itself efficiently. The generated heat will diffuse rapidly and heat
the surrounding medium. Depending on the temperature increase, the gold nanoparticle
and surrounding medium experience various thermophysical responses, as shown in
Figure 2.4. In this thesis, we are particularly interested in the formation of bubbles around
the gold nanoparticle under continuous wave (cw) resonance laser illumination.

Many studies during the past decade have reported photothermal bubble generation
induced around plasmonic nanoparticles, mainly under pulsed laser excitation'’2%-92, This
effect has applications in photothermal therapy®® ®*, cell membrane optoporation®> ®,
drug/gene delivery®’, and photoacoustic imaging®®. However, studies on photothermal
bubble generation under cw illumination are recent, and their applications are less
investigated. In 2011, Hihn et al.>® were the first to hypothesize that superheating causes
the generation of bubbles around nanoparticles under cw laser heating. Afterward, a

15



Chapter 2 Fundamentals

series of studies reported by Baffou et al.*> and Halas et al.’% jllustrated in detail the
achievements and mechanism of generating bubbles on nanoparticle arrays or a single
gold nanoparticle. Following is a brief summary of the physics behind bubble generation
around the gold nanoparticle under cw plasmonic heating.

When irradiated by a cw laser beam, a gold nanoparticle is heated because of the non-
radiative decay. The heat from the nanoparticle is transferred into the surrounding liquid,
resulting in a steady-state thermal gradient. Depending on the input laser power, the
liguid can be heated above its boiling point without a liquid-gas interface appearing. This
metastable state is known as superheating, which can be explained by the existence of
the surface tension of the liquid. When a bubble forms, its inner pressure (Pg) reads as
follows?0?

2y
PB=P0+_ (211),
Rg

where y is the surface tension of the liquid, P, is the ambient pressure, and Rjp is the
radius of the bubble. To generate a bubble, the liquid temperature must be raised slightly
above its boiling point to create enough vapor pressure to overcome the surface tension
and ambient pressure. Another effect that prevents the formation of bubbles is the
energy barrier at the liquid-gas interface®®:

AE = 4mRp%y (2.12).

Bubble formation occurs only when this energy barrier is overcome. The main reason that
the water superheating is not usually observed is that most surfaces of the containers are
endowed with small impurities, scratches, or cavities, which are potential nucleation
centers. The presence of these nucleation centers during heating lowers the energy
barrier®. However, if a gold nanoparticle is deposited on a particularly clean and flat glass
substrate in water, most of the nucleation centers for bubble growth are avoided, which
leads to superheating of the surrounding liquid. Without heterogeneities, the nucleation
of vapor bubbles must occur from a vapor embryo that exceeds a critical radius to grow
spontaneously. As the temperature increases, the free energy barrier decreases until the
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temperature reaches the spinodal decomposition temperature (SDT) of water. At this
temperature, a phase transition occurs without the presence of nucleation®? centers (i.e.,
the homogeneous bubble nucleation grows over time). Another critical reason that water
superheats around a nanoparticle is that the space, size, and amount of surrounding
liguids that are heated are restricted by the nanoscaled size of the gold nanoparticle. In
other words, the gold nanoparticle only heats a small volume of water, which limits the
possible cavities of the dissolved gas or other heterogeneities in liquid that facilitate
bubble nucleation. This temperature confinement, together with the other
considerations discussed above, traps the water in a metastable state above the normal
boiling point until the SDT reaches a point where the bubbles begin to grow.

hV Melting of ice Thermal expansion Bubble formation Melting of AuNP Vapoirization of AUNP  Fragmentation of AUNP
.Avﬂvy AUNP ! y - - -
Laser excitation - . . .
P A
: 4 \ Y ¥
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Figure 2.4 | Schematic illustration of thermophysical responses of a laser heated gold
nanoparticle and its surrounding medium. As the laser power increases, the gold nanoparticle
surface temperature increases, which results in different thermophysical responses. The phase
diagram shows the thermodynamic equilibrium states with the solid lines and the spinodal curve
of water (non-equilibrium) in the dashed line (Adapted from Qin et al.1%).

To quantitatively calculate the amount of heat that is generated on a gold nanoparticle, the heat
transfer equation is used to describe the transferring of the heat!?:
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p(r)C, (1) @ — Vk(r)VT(r,t) = Q (2.13),

where p(#) is the mass density of gold, C,(¥) is the heat capacity of gold at constant
pressure, k(7) is the thermal conductivity of gold, 7 and t are the spatial coordinate and
time, respectively. Q is the local heat density per gold volume.

When irradiated with a continuous wave laser beam, the generated and dissipated
thermal energies of the gold nanoparticle are constant, and the thermal steady-state is
reached at the time when the temperature distribution inside of the system is constant.
The steady-state temperature increase around a gold nanoparticle can be expressed as
follows*2:

Qv

4k, r

AT(r) = (2.14),

where Q is the thermal energy of the heat source, V is the gold nanoparticle volume, k,,
is the heat conductivity, and r is the distance to the heat source.

Figure 2.5 shows the temperature distribution around gold nanoparticles with different
sizes in water that are illuminated by the same laser beam, or one gold nanoparticle that
is irradiated with different laser powers. The detailed method for calculation and
simulation is described in the Appendix. This figure demonstrates that the maximum
temperature is at the surface of the gold nanoparticle and is linearly proportional to the
incident laser power. The temperature at the gold nanoparticle surface can reach several
hundred degrees rapidly with a small amount of laser power. This property makes gold
nanoparticles ideal candidates for a nano heat source, and they have been widely used in

nanomedicine!3.
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Figure 2.5 | Temperature distributions around the plasmonically heated gold nanoparticle in
water. (a) Gold nanoparticles with different sizes in water are irradiated with a CW laser beam at
a power density of 237 kW/cm?2. The temperature decreases as an order of 1/r to the center of
the gold nanoparticle. (b) Heat distribution of a gold nanoparticle with a diameter of 80 nm heated
with a laser beam at 100, 200, and 300 kW/cm?.

2.1.3 Optical Forces

As described above, the incident light is absorbed and transformed into heat by the
irradiated gold nanoparticle, and it exerts pressures due to scattering. The wavelength of
light and particle size play important roles during light-particle interaction. Based on this,
models of light scattering, as shown in Figure 2.6, can be divided into three regimes. The
first is the Rayleigh scattering regime, when the size of a nanosphere (r) is much smaller
than the wavelength (A) of the laser beam (r << A). In this regime, a nanosphere can be
approximated as a dipole and the optical forces can be calculated by the Rayleigh
scattering theory'®3, The second regime is the ray optics regime. This regime is
characterized by the size of the particle, which is much larger than the wavelength of the
laser beam (r > A). Optical forces, in this case, can be calculated by a ray optics
approximation!®. A qualitative view of the forces that were analyzed is shown in Figure
2.6. As a laser irradiates the particle, the photons are reflected when they hit the particle,
and they change their momentum, resulting in a force that acts on the particle and points
in the direction of light propagation. This force is known as the scattering force.
Meanwhile, the laser beam will also be refracted as it passes through the particle due to
the difference in refractive indices between the particle and the surrounding medium. As
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a result, the beam changes its direction as it exits the particle, which again leads to a
change in momentum and results in a force that pushes the particle towards the center
of the laser beam where the laser intensity is the highest. This force is called the gradient
force. In this thesis, the sizes of gold nanoparticles are comparable to the wavelength of
the laser beam (r = A), which is also known as the Mie regime. In this case, ray optics and
the Rayleigh scattering theory cannot be applied. Instead, the electromagnetic theory of
light must be used. Although one can use the generalized Lorenz-Mie theory to calculate
the optical forces, the mathematical process is complex'>. Here, the method is simplified
particularly toward the gold nanoparticle (80 nm) that is used in this thesis, using modified
dipole approximation to calculate the optical force, which is derived from the
nonrelativistic Lorentz forcel.

A>>r A<<r

D~
F2

t t F1
Lion Li-ion Li-on

Figure 2.6 | The three optical regimes of the optical forces on a particle. (a) Rayleigh regime
with a small particle in the laser beam. (b) Mie regime with particle size in the order of the
wavelength of a laser beam. (c) The ray optics regime with a particle size that is larger than the
wavelength of a laser beam.

The gold nanoparticle is considered as a dipole. Thus, the Lorentz force acting on this
particle with charge q and speed v in an electromagnetic field is expressed as:

FLorentz = Q[E(I', t) + 17(1‘, t) X #OB(r: t)] (2-15)-
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E(r,t) and B(r, t) represent the position-dependent and time-dependent electric field
and magnetic field, respectively. In the case of a dipole with a dipole moment p =
£0€m@E, equation (2.15) can be written in the form of Lorentz force density!°®:

; 7]
a
Fomol = (0em@EV)E(T, t) + €0Em@ 5 X B(r,t) (2.16).

By applying the vector calculus identity (EV)E = V (E?/2) — E x (V x E) and Maxwell
equation V X E = — dB/dt, equation (2.16) is rewritten as:

VE(r, t)? 0
F= eosma(T) + soemaa(E, B) (2.17)

Averaging the equation (2.17) over the period 2m/w, and inserting the real part @’ and
the imaginary part a'’ of polarizability from equation (2.3) results in the expression of
total optical forces??:

1 1
Frotat = Zeoema’V(E*E) + Eeoema”lm Z E;VE (2.18)
i=x,y,z
where * represents the complex conjugate and Im represents the imaginary part. This

equation can be decomposed into two parts, representing the gradient force and the
scattering force:

1
Fyraa = Zsoema V(E'E) (2.19)

1
Fscat=zeoema”lm Z E;VE (2.20)

i=x,y,Z

As equation (2.19) and equation (2.20) demonstrate, the magnitude of the gradient force
and the scattering force highly depends on the real part and imaginary part of
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polarizability, respectively. This enables the manipulation of the nanoparticles optically,
such as printing particles or trapping particles, by tuning the ratio of the real and
imaginary parts of polarizability. Figure 2.7 shows an example of the complex
polarizability of an 80 nm gold nanoparticle as a function of the wavelength of the

manipulating laser beam. In the wavelength regions that are close to plasmon resonance
of the particle, @’ is much larger than a’, which leads to a strong scattering force and a
weak gradient force. The net result is the total force pushing the particle toward the
direction of laser propagation, which is also the principle of laser printing of gold
nanoparticles. In the near-infrared wavelength region, the dominance of a’, which
corresponds to the strong gradient force, makes it possible to trap the particle in three-
dimensions using a strongly focused laser beam.

(a) 25

= oAbl 3 21
Axial displacement (nm) o2 Polarizability (m* X 107)
=

G

Axial displacement (nm)
o

22

Real part
—— Imaginary part

980 nm

300 400 500 600 700 800 900

Gradient force

1000
Wavelength (nm)

Scattering force Total force

NP2 P NN /72 AN T 4
AN NN N\ 7
== (o @
=) W
é 7‘%\‘5%5 e 2%{//// \\'\\\\\? . /'4// / \\ \\\\3
=N e
e s N B~
T Jl‘ i N i f::j'ttg
— N o0 /M/!Nll lm&\‘\ \‘ 200 __/v/;\\‘\‘/
= /) W
== IIN-==

Lateral displacement (nm)

Lateral displacement (nm) Lateral displacement (nm)

Figure 2.7 | Controlling
optical forces by tuning the
wavelength of laser beams.
(a) Complex polarizability of a
gold nanoparticle with a
diameter of 80 nm in a
medium with refractive index
n = 1.33. (b) The mapping of
optical forces applied to a gold
nanoparticle upon irradiation
with a 532 nm laser beam at a
laser output power of 1 mW.
(c) Optical force map applied
on a gold nanoparticle upon
irradiation with a 980 nm laser
beam at laser output power of
20 mW.
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2.2 Interactions between Gold Nanoparticles and Living Cells

The previous sections introduced the fundamentals of light-AuNP interactions. This is
important as in recent years, the optical and thermal properties of gold nanoparticles
have been utilized for many biological applications®” 1%, Physicists and biologists can
optically manipulate AuNPs on biological membranes and inside of cells!®®111, This is of
great significance because the cell membrane is the first barrier that separates the interior
of the whole cell from the outside environment, and one can control the cell functions in
a more precise way by optically altering the membrane properties*? for biomedical
reasons, including drug/gene delivery or intracellular sensing. In this thesis, the plasmonic
properties of gold nanoparticles were used to develop a new route of cellular delivery and
achieve intracellular biosensing applications. To understand this, the fundamentals of
biological membranes and the current strategies for cellular delivery must be understood.

2.2.1 Cellular Membranes and Permeability

The cell membrane, also known as the plasma membrane or cytoplasmic membrane, is a
thin (5 to 10 nm wide), impenetrable biological barrier that protects the cell’s delicate
internal contents from a nonliving and often inhospitable environment by separating the
cells from the external world. Membranes consist of lipid—protein assemblies where the
components are held together in a thin sheet by noncovalent bonds. As illustrated in
Figure 2.8, the core of the membrane consists of a lipid bilayer that serves primarily as a
structural backbone of the membrane and provides a barrier that prevents the diffusion
of water-soluble materials into and out of the cell. The proteins of the membrane
implement most of the specific functions.

The plasma membrane has a dual function. On one hand, it retains the substances inside
of the cell to ensure that they do not leak into the environment. On the other hand, it
allows for the necessary exchange of information in and out of the cell. The plasma

113

membrane plays a critical role in a variety of cellular processes!?, such as signal

transduction, intercellular interaction, energy conversion, and cell-matter interactions.
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Figure 2.8 | Illlustration of the basic structure of a eukaryotic cell membrane. The cellmembrane
consists of the lipid bilayer, which is an assembly of lipid molecules. Phospholipids with
hydrophobic tails and hydrophilic heads are the main components of the lipid bilayer. Membrane
proteins and cholesterols are implanted within the bilayer.

Small solute molecules move through the membrane via two methods: passive diffusion
or active energy-dependent transport, a diagram of which is shown in Figure 2.9. Water
molecules, oxygen, carbon dioxide, and certain small nonpolar molecules can freely
diffuse through the plasma membrane, driven by the concentration gradient. Other small
molecules such as ions and amino acids cross the membrane through the active transport
pathway of integral membrane protein pumps or ion channels!*4,

However, most therapeutic drugs and inorganic nanoparticles are hydrophobic and
impermeable to the cell membrane. Therefore, they are usually formulated or
functionalized as nanoscale hydrophilic biomacromolecules and are conventionally
transported into the cell by means of endocytosis, which is a pathway that internalizes
cargo in transport vesicles that are derived from the plasma membrane. The following
discussion focuses on this type of internalization and specifically on how gold
nanoparticles penetrate the cell membrane!?®.
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Figure 2.9 | Four basic mechanisms of solute molecules moving across membranes. The arrows
indicate the direction of substance movement. (a) Simple diffusion through the bilayer, which
always proceeds from high to low concentration. (b) Simple diffusion through a membrane
channel formed with the integral proteins. (c) Facilitated diffusion in which solute molecules bind
specifically to a membrane protein transporter. (d) Energy-dependent active transport using a
protein transporter. Movement occurs against a concentration gradient.

2.2.2 Cellular Uptake of Nanoscale Matters

Endocytosis is a cellular active transport process in which a cell takes up exogenous
materials in an energy-dependent manner by enclosing them in vesicles that are pinched
off from their cytoplasmic membrane. Currently, the endocytotic process is categorized
into three types: phagocytosis, pinocytosis, and receptor-mediated endocytosis (RME).
Phagocytosis, which is also called ‘cell eating,” is a process where a cell internalizes large
particles with diameters that are greater than 750 nm (such as dust particles, cell debris,
microorganisms, bacteria, and apoptotic cells) by folding around the molecules or
substances with the plasma membrane to form an internal phagosome!!®. This process is
conducted by specialized mammalian cells, such as monocytes, macrophages, and
neutrophils'’>. Pinocytosis, which is also known as ‘cell drinking,” is a process in which
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extracellular particles are brought into the cell, forming an invagination, and are then
suspended within small vesicles. This process occurs in most cell types, and small particles
that range from a few to several hundred nanometres are internalized by pinocytosis or
micropinocytosis. Receptor-mediated endocytosis, which is also called clathrin-
dependent endocytosis, is similar to pinocytosis except that the cell uses receptor
proteins embedded within the cell membrane to recognize the materials to internalize.
Once a ligand binds to a plasma membrane receptor, a signal is sent through the
membrane; this leads to the coating of the membrane from the interior of the cell by a
type of protein called clathrin, which assists in the formation of a membrane invagination.
The cargos are deposited in small endocytic vesicles (usual diameters are smaller than
100 nm) that fuse with early endosomes!'’. This process is the primary characterized
mechanism for the cellular uptake of nanoparticles. A diagram of the endocytotic
pathway is shown in Figure 2.10.
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Figure 2.10 | Schematic of the known pathways for the intracellular uptake of nanoparticles.

For the cellular uptake of gold nanoparticles, the pathway for cellular internalization
varies depending on the size, shape, and surface properties of each particle. Typically, the
incubation of gold nanoparticles with cell culture medium leads to the formation of an
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AuNP-protein corona on the gold nanoparticle surface. The corona is a complex mixture
of proteins that is absorbed on the surface of gold nanoparticles and plays a significant
role in tuning the surface physicochemical properties of gold nanoparticles. The RME is
the most possible internalization pathway of gold nanoparticles in this case!'®. However,
if the surface of the gold nanoparticle is covered by organic molecules, the cellular uptake
pathway is mostly changed. It is reported that positively charged gold nanoparticles were
taken up mainly by the macropinocytosis pathway, while negatively charged gold
nanoparticles entered the cell mainly by clathrin-dependent endocytosis''® 120, Recently,
a more comprehensive study reported the effect of gold nanoparticle surface charge on
their cellular uptake!?!. The study found that positively charged gold nanoparticles are
favored by the cell membrane over negatively charged or hydrophobic particles. The
uptake is promoted by increasing the surface charge density of the gold nanoparticles.
Exceeding a certain threshold of charge density, the gold nanoparticles can escape an
endocytotic pathway and directly diffuse into the cell.

However, these results were obtained by computer simulations, and the situation, in
reality, would be more complicated. As mentioned above, many factors affect the cellular
uptake of gold nanoparticles, and more complex situations of cellular uptake regarding
the size, shape, and surface modifications of gold nanoparticles are discussed in recent
publications!!> 22, A successful cell delivery of gold nanoparticles requires the precise
delivery of the particles to a target site. This indicates that the internalization pathway
should be clear and definable, and the whole process is ideally controllable. To accomplish
this, chemists and biologist have developed many ways to modify the surface of gold
nanoparticles with functional groups, including polymers, nucleic acids, and proteins, to
improve the targeting and membrane permeability!?> 124, These engineered gold
nanoparticles showed improved and more specific cellular internalization. These methods
normally require multi-step chemical synthesis, and experiments are conducted on an
entire sample of the cell. In this thesis, a novel method is introduced to deliver a single
gold nanoparticle into a single cell using a completely optical method. This approach will
provide a new concept for the development of modern nanoparticle cellular delivery
strategies and pave the way for many possible future applications.
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2.3 Motion of Particles in Living Cells

The previous sections discuss how nanoparticles interact with cells and how they are
delivered into the cytoplasm. Once the particles are inside of the cells, analyzing the
motions of these nano-sized objects can provide an evaluation of the local and non-bulk
properties of the heterogeneous intracellular environment!?>. The behavior of particles
inside living cells is complex. Thus, this section begins with the introduction of the most
common and simplest movement of small particles, the Brownian motion, focusing on
the mathematical description of this motion, the Langevin equation. Based on the
equation, more complicated cases of analyzing the inside of living cells can be achieved
by modifying each term of the equation with appropriate models.

2.3.1 Langevin Equation

Brownian motion refers to the random motion of particles that are suspended in fluid.
This motion is a result of their collisions with the atoms or molecules in the fluid. The time
evolution of the position of a particle in Brownian motion can be described by the
Langevin equation; this equation involves a random force that represents the effect of
the thermal fluctuations of the solvent on the particle. Considering a case of a small
particle immersed in a fluid, this particle is not acted upon by any external forces other
than the force that results from the collisions with molecules in the fluid. According to
Newton’s second law of motion

mi = F, (2.21)
where m is the mass of the particle and x is the displacement of the particle within time
t (thus, ¥ = d%x / dt), and F is the total force that is applied to the particle, which can be

split up into two different forces. The first force is called the frictional force (drag force):

Fdrag = —yXx, (2.22)
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which represents the dynamical friction that is experienced by the particle and is
proportional to and acts on the opposite direction of the particle’s velocity x = dx/dt.
Here, y is the friction coefficient and it is related to the viscosity of the fluid. The second
part of the total force is regarded as random thermal force Fipermai(t), Which is a
fluctuating force that is due to the collision of fluid molecules on the particle. This force
is stochastic and is independent of the particle’s displacement. It fulfils:

(Fthermat(£)) = 0, (2.23)

(Fthermal(t)Fthermal(t,)) = A 2k3TV5(t - t,)- (2'24)
Here, t and t'are different time steps and §(t) denotes the Dirac delta function. The
Fourier transform of equation (2.24) gives the power spectral density, which is discussed

in later sections. The power spectral density is constant over all frequencies; in this case,
it is regarded as white noise. We can write equation (2.21) as:

mi = —yx + Fthermal(t)- (2.25)

Equation (2.25) is known as the Langevin equation for Brownian particles. In the case of
an external force (F,,; ) acting on the particle, equation (2.25) can be written as:

mjé = —)/D'C + Fthermal (t) + Fext. . (2.26)
Equation (2.26) is used in this thesis to describe the motion of gold nanoparticles inside

of living cells applied to a time-dependent driving force. The detailed solutions are
discussed in subsequent chapters.
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Chapter 2 Fundamentals

2.3.2 Single Particle Tracking and Mean Square Displacement

The previous section introduced a mathematical approach to describing the motion of a
Brownian particle. In the practical cases, one must extract the information of a particle’s
motion in order to apply and solve the motion equations. Thus, a measurement technique
that can precisely give the time-position data is required. Single particle tracking (SPT) has
been widely used as a powerful tool to study the complex and highly dynamic
organization of the heterogeneous systems!?¢128, As illustrated in Figure 2.11, SPT is
based on observation of an individual particle’s motion within a medium, and coordinates
(x, y) are recorded over a series of time steps, yielding the trajectory for the tracked
particle. The trajectory represents the positions of the particle and can be further
analyzed to identify modes of motion. As this technique provides the time-displacement
information of a single particle at the micro-scale or nano-scale, it enables the possibility
of detecting the microscale behavior of a dynamic system, which cannot be directly
accessed by other optical microscopy types.

tO frame O

™ P Figure 2.11 | Principle of
single particle tracking. The
positions of each tracked

= particle are recorded at each
Y\ \E time steps tg, t1,t2, ..., t,. In
tr = frame 2 the last frame, the trajectories
are represented as time-

%WW v displacement x(t).

tn 3 framen Tlme
x1(t) x2(t) xs(t)

t1 s frame 1

To understand the dynamics of particle motion, several theoretical interpretations are
introduced. Usually the physics of particle motion is described by time averaged mean
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2.3 Motion of Particles in Living Cells

square displacement (MSD), which is defined as the square of the displacement of a
particle at a certain time, relative to the position of the particle at zero time, averaged
over many time points!?%, and has the following expression:

n—-At-1

PRLCESELON (227),

i=0

MSD(At) = (r?(At)) = p—

where 1(t;) is the position of a particle at a certain time step ¢;; n is the total recorded
time of steps, At = 1,2,3,...,n — 1 is the time delay, which is interpreted in Figure 2.12.
This method of calculating MSD averages over all pairs of trajectory points for a time delay,
At.

- At=3 ~
Ly e At=3 N
o BT T At=0,1,....n-1
}: At=2 =I g ’
{e— a—— e—( Ja—» )
At=1 At=1 At=1 At=1 O
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ti to t1 t2 {3 t4 fn-1

Figure 2.12 | Schematic illustration of the calculation of mean square displacement (MSD).

If a particle diffuses in a viscous liquid at thermal equilibrium when the motion of driving
force is only exerted by the molecules in the surrounding medium, this particle exhibits
random, diffusive motion'3°, The motion in d-dimensional systems is normally described
as a linear time dependence of the MSD:

MSD(At) = 2dDAt (2.28),
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where D is the diffusion coefficient that is involved in the Stokes-Einstein equation®3!:

kgT = 6émnaD (2.29),

where kgT is the thermal energy of the liquid with kg Boltzmann’s constant and T is the
absolute temperature. Equation (2.28) is valid for thermal equilibrium liquid and particle
motion and depends on the viscosity of liquid (n) and the particle’s radius (a). However,
the microenvironment inside of a cell is more complicated than a viscous liquid because
it is a collection of macromolecules and compartments of different sizes with specific
functionalities that are located in the viscous liquid containing ions and small molecule
complexes. This heterogeneous combination makes cytoplasm a viscoelastic structure.
The cytoskeleton contributes the most to this crowded environment, not only forming
the networks that spatially organize the whole cell but also providing a toehold for
molecular motors that carry particles actively in specific directions'32. Therefore, one
must take into account the influence of the intracellular environment when dealing with
the motion of a particle inside of a cell.

According to Michael J. Saxtion’s research!®3, the diffusion of a particle through a
viscoelastic medium is defined as anomalous diffusion, the MSD of which becomes
nonlinear with time and can be described with a time-dependent power law:

MSD(At) = 2dDAt® (2.30).

Here, a is also referred to as the diffusive exponent, the value of which indicates the
mode of motion that is induced by energy consuming force and thermally mediated force.
Figure 2.13 schematically shows the different types of particle motions that are
characterized by the MSD exponent law. @ = 0 indicates that the particle is stuck and
exhibits confined diffusion. When the diffusive exponentisintherangeof 0 < a < 1, the
motion is typically called anomalous subdiffusion, which indicates the hindrance to free
diffusion. Particles inside of the cytoplasm that are confined by the cytoskeleton normally
exhibit subdiffusion with an a value between 0.6 and 0.8%. « = 1 represents normal
diffusion. Although the MSD becomes linear with time in this case as well, the motion of
a particle is not driven solely by the thermal force of the surrounding medium but also by
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2.3 Motion of Particles in Living Cells

other random intracellular motion; biological activity can also give rise to random
fluctuation motion that dominates the thermally induced fluctuations. Evidence of this
conclusion was reported by M. Guo and D. A. Weitz who found that the normal diffusion
behavior in the cytoplasm is caused by random forces because of aggregate motor activity
in the cell, rather than the result of thermally induced Brownian forces'3* 135, The random
movement of molecular motors contributes to the random motion of particles inside of
the cell and results in the active transport of particles, which is called super diffusion and
has the diffusive exponent 1 < a < 2, where a = 2 is the ballistic limit of pure
convection.

superdiffusion

—

normal diffusion

MSD

subdiffusion

At (‘1)

Figure 2.13 | Schematic showing of three types of particle motions characterized by MSD
power law MSD~At”.
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2.3.3 Fourier Transform and Power Spectral Density
Fourier analysis

Any physical signal that can be represented as an amplitude that varies in time, such as
an electrical, optical, or mechanical signal, has a corresponding frequency spectrum.
When these signals are viewed in the form of a frequency spectrum, certain aspects of
the underlying or hidden information can be revealed, such as distinct peaks that
correspond to certain wave components. Fourier analysis is a technique by which a signal
variation in time is decomposed into its constituent temporal frequency components. This
technique has found wide applications in various areas of everyday life'3¢, A typical
example is the function of the human ear, which works as an analogue Fourier analyzer:
sounds in different frequencies are split into mechanical vibrations at different spatial
locations along the cochlea. In this thesis, Fourier analysis is applied to analyze the motion
of the intracellular gold nanoparticles. This section provides a brief introduction of the
underlying principles of the Fourier transform.

A signal x(t) with a total duration T can be decomposed into an infinite sum or series of
sine and cosine functions:

2nnt

x(t) =ag + Z[ancos( ) + bnsin(@)] (2.312).
n=1

The right side of equation is called the Fourier series. The coefficients ay, a,,, and b,
represent the amplitudes of each component and are calculated from the following time
averages'?’

T/2

1
Qo =7 J/‘ x(t)dt (2.32)
-T/2
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T/2

nt 2 2nnt
a, = 2{x(t)cos ) = T f x(t)cos dt, interger n>1 (2.33)
-T/2
T/2
2nnt 2 2Nt
b, = 2 (x(t)sin ) = T f x(t)sin dt, interger n>1 (2.34).
-T/2

Using Euler’s formula and trigonometric identities, equation (2.31) can be simplified to a

complex form of the Fourier series:

< 2mt
x(t) = Z c,e” T (2.35),
n=-—oo
where the coefficient is
T/2
1 _;2nnt
cn"é‘? f x()e " T dr (2.36).
—-T/2

Then inserting equation (2.36) into equation (2.35) provides

oo T/2
1 _;2mmt 2mnt
x(t) = Z T j x(t)e T dt|e" T (2.37)
n=-—o -T/2

where harmonics of frequency f = n/T, and these frequencies are separated by

(2.38)
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where f, denotes the fundamental frequency. It is suggested that in the long time limit
(T - o0), fo becomes smaller (f, = 0) and can be conveniently written as Af. Then we
can replace the sum over the discrete frequencies f by an integral over all frequencies
and equation (2.37) can be written to

oo [ +o0
x(t) = fl x(t)e 2rftqt| e2mrtqf, (2.39)

Thus, we define Fourier transform (FT) as:

+oo

2(f) © f x(t)e~ 2 tdt (2.40)

—o00
and the inverse Fourier transform (FT) as:

+ oo

x(t) & f 2(f)e?™tdf (2.41).

—00

The function X(f) is the equivalent of the Fourier coefficients in the Fourier series in
equation (2.35). It is the function in the continuous frequency domain where f €
(—o0, +0).

However, in real life problems, the finite-time data is typically taken at integer times t; =
to, t1, .-, ty—1, and one must consider the Fourier transform in a discrete time domain.
Given a case of N equal time samples, such as

tj=jAt(j=0,1,2,..,N-1), (2.42)

where At is the time between two neighboring time steps, f; =1/At is the sampling
frequency, which is the number of samples taken per second. In this thesis, the sampling
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frequency is the video camera’s resolution (50 frames per second). If the signal x(t) is
periodic with period T = NAt measured at N discretely sampled times, then the
corresponding frequencies are also discretized that is given by

fe =kAf (k=0,1,2,..,N—1) (2.43),

where Af = 1/T = 1/NAt = fs/N is the space between adjacent frequencies. Here the
frequency fy is limited in the region [-f; /2, f;/2], because f;/2 is the Nyquist frequency:
the maximum frequency of the original signal x(t) that can be resolved. In other words,
the sampling frequency should be at least twice the highest frequency contained in the
signal'38. Then the discrete Fourier transform (DFT) for a finite discrete time data set
X(t;) is given by

N-1
X(fi) = Z X(tpe i, k=0,1,2..,N-1 (2.44).
j=0

The DFT can be efficiently performed using the fast Fourier transform (FFT), which is a
particular computational algorithm for computing a DFT with more efficiency. Known
from equation (2.44), there are N outputs )?(fk) and each output requires a sum of N
terms. As a result, evaluating DFT directly requires O(N?) operations. FFT can compute the
same results in only O(N logz N) operations!®°. This is a large increase in speed for large
data sets. In this thesis, FFT is used to perform all of the Fourier analyses.

Power spectral density (PSD)

Power spectral density function (PSD) is a measure of a signal's power intensity as a
function of frequency. We have shown that the random signals in the time domain can
be analyzed in the frequency domain by Fourier transforming the signals. PSD shows the
strength of the signals per unit frequency in the frequency domain. Assuming we have a
truncated stochastic process X (t) over a total period of time T:
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_(x(®), |t]| <T/2
The average power (P) over all time of this signal is
T/2
P = lim O2dt (2.46)
~Jimz [ k@l 46).
-T/2

According to Parseval’s theorem'4?, the total energy of a signal can be expressed in terms
of its Fourier transform:

f x(0)|2dt = f 2(F)12df (2.47).

Then equation (2.46) is written as

T/2

P= hm— jlx(t)l dt = llm— f Z(H|%df = fl

—T/2

% (;)Izdf. (2.48)

The power per unit frequency (i.e., the integrand on the right side of equation (2.48)) is
defined as power spectral density (PSD).

.00 & Jim TOL_ iy X T (2.49)

T—oo

PSD is a description of the variation of a signal’s power versus frequency. It is often
conceived as single-sided, in which all of the power is accounted for in positive frequency
space. If the signal corresponds to displacement, then the units of S, (f) is m?/Hz.

Figure 2.14 shows an example of the power spectral analysis of a time-displacement
signal x(t). The signal has a duration of 60 seconds and is sampled at the rate of 50 Hz,

38



2.3 Motion of Particles in Living Cells

resulting in a time-displacement spectrum (Figure 2.14a). Discrete Fourier transform of
the time trace is applied in the frequency region [5, 25 Hz] (Figure 2.14b) and the power
spectral density analysis gives rise to two distinct peaks at 13.3 Hz and 22.0 Hz
respectively (Figure 2.14c), which reveals the hidden characteristics contained in the

signal.
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Figure 2.14 | (a) The time-displacement spectrum of a signal x(t) sampled at 50 fps. (b) Fourier
transform of the original signal. (c) Power spectral density analysis of the signal.
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Chapter 3

Methods and Materials

In this chapter, the main experimental techniques that were used in this work, including
the main materials that were used to perform the experiments, are described. The
research of this dissertation is categorized into two parts, Chapter 4 and Chapter 5. The
studies in both of these parts are based on the dark field microscope system, a detailed
introduction of which is described in Section 3.1.1. The fluorescence microscope, which is
used for characterizing cellular viability in this work, is also introduced in Section 3.1.2.
The second part of this chapter (i.e., Section 3.2) contains all of the essential methods for
preparing the samples and performing the measurements. Since living cells are the
research targets of this work, a detailed description of cell culture techniques that are
related to the measurement are listed in this section. Moreover, the optical manipulation
of gold nanoparticles and single particle tracking in a living cell are the core techniques in
this dissertation. However, only brief introductions are provided here since both of these
methods are modified depending on the experiments and are discussed in detail in the
following chapters.
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3.1 Experimental Setups

3.1.1 Dark Field Microscope

Dark field microscopy (DFM) is the main imaging technique that is used in this thesis. Since
it separates the scattered light from the illuminating light, samples can be visualized by
DFM if they scatter light or possess luminescent properties. The fundamental principle of
DFM is illustrated in Figure 3.1(a). In a DFM condenser, a specially sized opaque disc is
placed under the condenser lens, such that the central part of the illuminating beam is
blocked, forming a hollow cone of light. The light at the apex of the cone is focused at the
plane of the specimen. Most of the light that enters the sample is directly transmitted,
while some is scattered from the sample. Since the objective lens sits in the dark hollow
of this cone, only the scattered light enters the objective lens and goes on to produce the
image. The directly transmitted light travels around the objective lens and does not enter
the cone shaped area. The achievement of this condition is determined by the coaxial
conformation of the condenser, the objective and the numerical aperture (NA) of the lens

system:
NA = nsin(a) (3.2),

where n is the refractive index of the surrounding medium and « is the half angle of the

focused cone of light.

Successful dark field imaging requires that the NA of the condenser is higher than the NA
of the objective, to ensure that no directly transmitted light enters the objective and
disturbs the observation. As a result, the entire field of view appears dark when there is
no sample on the microscope stage. Thus, it is named dark field microscopy. However,
when a sample is placed on the stage it appears bright against a dark background. Due to
the strong light scattering ability of metal nanoparticles, it is possible under dark field
illumination, to observe gold nanoparticles down to a size of 20 nm in diameter, which
are invisible in other microscope setups without additional labeling. Another unique
advantage of DFM is that it enables the viewing of biological objects that are unstained,
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transparent, and absorb little or no light. These specimens often have similar refractive
indices to their surroundings, making them difficult to distinguish with other illumination
techniques. For example, as illustrated in Figure 3.1(b), spherical gold nanoparticles of 80
nm in diameter and biological living cells can easily be observed simultaneously using
DFM, making it possible to perform single particle manipulations on living cells.

(@) darkfieldimage
“

ot
scaftered transmitted light

objective lens

E 1 specimen

condenser lens

opaque disc

light source

Figure 3.1 | Schematic illustrations of the DFM principle and the observed cell and gold
nanoparticles. (a) Schematic view of the DFM optical path. The central part of the direct
illumination light is blocked by a condenser system, to ensure that only scattered light from the
specimen hits the objective. (b) CHO cell containing several 80 nm gold nanoparticles are imaged
with the DFM. The contour of the cell is clearly observed and the golden dots represent the
scattering from single gold nanoparticles. The clean glass substrate is illustrated as a black non-
scattering background.

The DFM combined with the laser is the most important setup in this thesis, a diagram of
which is shown in Figure 3.2. This setup is based on an upright microscope (Axiotech 100,
Carl Zeiss Microlmaging GmbH). The illumination below the sample can be switched
between a 100 W halogen lamp and a 50 W mercury lamp. The halogen lamp that covers
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the entire visible spectrum of light is used in this work. Before entering the condenser,
the light passes through an aperture to adjust the imaging area. An oil dark field
condenser (Carl Zeiss Microlmaging GmbH) with an NA between 1.2 and 1.4 is used, which
allows for observations with high magnification objectives. A special immersion oil with a
refractive index that is matched to the glass (n = 1.518) is dropped on the top of a
condenser lens and brought into contact with the bottom of the petri dish (ibidi GmbH).
The petri dish is specifically used for cell culture and imaging. It has a glass bottom of 35
mm in diameter, 0.17 mm in thickness, and 2 ml in volume, and is sterilized before usage.

A self-made 3D-piezo stage is used to hold the petri dish. The stage is controlled by a
gamepad and has an accuracy of 15 nm. Since the measurement is conducted in solution,
a water immersion objective (Carl Zeiss Microlmaging GmbH) with a magnification of 100
x and an NA of 0.9 was used for imaging. The scattered light collected by the objective
passes through a 50/50 beam splitter cube and enters the imaging systems which include:
(1) an SLR digital camera (Canon EOS 6D) for taking optical pictures of the samples; (2)
the ocular of the microscope for direct sample observation and positioning; (3) a grating
spectrometer (Acton SpectraPro 300i by Princeton Instruments) coupled to a liquid-
nitrogen cooled CCD (Princeton Instruments Spec-10) for obtaining spectral information
of the detected light. Allimages and spectra are output to a computer for further analysis.
The 50/50 beam splitter cube is used to couple laser into the microscope. The laser used
here is a continuous wave (cw) diode-pumped Nd: YAG laser (Millennia V, Spectra Physics
Lasers GmbH) with a wavelength of 532 nm and a maximum output power of 4 W. The
laser focal plane and imaging focal plane are already aligned at the same level. A notch
filter is placed behind the beam splitter cube to prevent any laser light from entering the
imaging systems. To achieve a modulated laser beam, an optical chopper is placed on the
laser path and its chopping frequency can be tuned using a controller system.
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Figure 3.2 | Diagram of the dark field microscope imaging system equipped with a laser that
was employed in the measurements.
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3.1.2 Fluorescence Microscope

Fluorescence microscopy is a powerful analytical tool in biology and the biomedical
sciences due to its combination of the magnifying properties of traditional optical
microscopy with visualization of fluorescence. The application of wide selections of
fluorochromes has made it possible to identify cells and subcellular structures with a high
degree of specificity, which promotes studies on different cellular functions.

The principle behind fluorescence microscopy is illustrated in Figure 3.3. The main
components of the fluorescent microscope overlap with the traditional inverted optical
microscope, except for the light source and specialized filter elements. The halogen lamp
is used as the illumination source of the sample as usual, while the mercury lamp is used
as a light source for excitation due to the bright spectral bands that it generates within
the visible wavelengths. As the light leaves the lamp, it is directed into a filter cube that
consists of three components: an excitation filter, a dichroic mirror, and an emission filter.
The excitation filter isolates one specific wavelength. Then, the dichroic mirror reflects
the excitation light towards the sample, namely the excitation light will be reflected while
the emission light can pass through. The reflected excitation light then passes through the
objective and is focused onto the fluorescent specimen. The emitted fluorescent light
passes back, first through the objective where magnification happens and then through
the dichroic mirror. Before leaving the filter cube, the emissions are filter one more time
by the emission filter, which helps to select the emission wavelength and suppress the
backgrounds from lamp sources or other sources that are reflected off by the microscope
components. Finally, the filter fluorescent light is sent to imaging systems. A 50/50 beam
splitter cube is placed on the beam path to guide the fluorescent emissions to ocular for
eye viewing and CCD camera for imaging, respectively. The filter cube is switchable, and
the filter components of different wavelengths are commercially available for various
fluorescent staining.
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Figure 3.3 | Diagram of the principle of fluorescence microscopy.
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3.2 Experimental Methods

3.2.1 Preparation of Glass Substrate

The petri dish with a hydrophobic glass bottom (® 35 mm, thickness 0.17 mm) was
purchased from ibidi GmbH. To make it hydrophilic and more comfortable for cell
attachment, the petri dish was first cleaned in the air-plasma for 15 min to remove any
organic residue, and then disinfected in UV cleaner for 10 min before seeding the cells.

3.2.2 Cell Culture

Chinese hamster ovary (CHO) cells were used in this work. The cell line was derived from
the ovaries of Chinese hamsters and is a commonly used mammalian cell model in
biomedical and pharmaceutical research. They were first derived from a Chinese hamster
by T. Puck from a lab at the Boston Cancer Research Foundation in 19574, Since then
CHO cells have been useful for many research purposes.

CHO-K1 (ATCC® CCL-61™), a common CHO derivative that contains a slightly lower
amount of DNA than the original CHO, is used in this study. The purchased cell line was
stored in the liquid nitrogen vapor phase before usage. To thaw the cryopreserved cells
for subculture, the cryo-vial containing the frozen cells was removed from the liquid
nitrogen storage and immediately placed into a 37 °C water bath. The cryo-vial was kept
in the water bath with gently swirling until a small ice crystal was left in the cryo-vial. Then,
the vial was transferred to a laminar flow hood and wiped with 70% ethanol for
sterilization before opening. The content of the vial was then drop wised into a clean 75
cm? culture flask containing 14 mL of pre-warmed complete growth medium, namely the
Ham's F-12 medium with 10% fetal calf sera (FCS). The newly thawed cells were kept in
an incubator (with a humidified atmosphere of 5 % CO2 and 95 % air at 37 °C) overnight;
all of the cells attached to the bottom of the flask, and then the old medium that
contained DMSO was replaced by fresh, warm complete growth medium. The flask was
kept in the incubator for another 48 hours until the cell confluence reached 80% and
subculturing could be conducted.
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The maintenance of CHO cells follows the standard procedure that is provided by ATCC®.
Specifically, when the cells 75 cm? culture flask reached the confluence of 60% to 80%
(normally 48-72 hours after the last passage), the old medium was discarded and the cell
layer was rinsed with PBS to remove all traces of serum that would inhibit the detaching
reagent in subsequent steps. Three milliliters of a 0.25% (w/v) Trypsin / 0.53 mM EDTA
solution was added to the flask to detach the cell. This process is also called trypsinization
and is normally conducted in the incubator for 3-5 minutes. Since Trypsin is a proteolytic
enzyme and it breaks down the proteins that enable the cells to adhere to the flask, the
cell layers were dissociated from the container and each other. To stop the trypsinization,
seven mL of complete growth medium was added to the flask. The cell suspensions were
then dispersed by gently pipetting over the cell layer surface several times and
transferring the supernatantinto a 15 mL conical tube for centrifugation at approximately
1000 rpm for three minutes. The upper medium containing Trypsin/EDTA was discarded,
and five milliliters of pre-warmed complete growth medium was added to re-suspend the
cell pellet. For maintenance of the cells, three milliliters of cell suspensions were diluted
with 12 mL warm complete growth medium, transferred into a 75 cm? culture flask, and
cultivated in the incubator. To prepare the sample for experiments, 200 pL of cell
suspensions were mixed with 1 mL of growth medium, seeded in a petri dish with a glass
bottom (ibidi, ®35mm, thickness 0.17 mm), and kept in the incubator.

3.2.3 Cell Quantification

In cell culture, keeping a consistent number of the cells is important for maintaining
optimum growth during subculture routines, and it helps to standardize procedures,
which in turn enhance the reproducibility of the results. Therefore, it is necessary to
guantify the number of cells prior to use. In this work, the device that was used for
counting cells is called a hemocytometer, which was originally designed to count blood
cells and is now widely used for fast cell quantifications. As shown in Figure 3.4, the device
consists of a thick glass microscope slide with a rectangular indentation that forms a
counting chamber. When mounted with a cover glass on top of the slide, cell suspensions
can be filled inside the chamber and observed with an optical microscope. Inside of the
counting chamber, the slide surface is engraved with a gridded area consisting of nine 1 x
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1 mm (1 mm?) squares. Since the depth of the chamber is 0.1 mm, each square is given a
defined volume. It is therefore possible to count the number of cells in a specific volume
of fluid and calculate the concentration of cells in the fluid overall.

counting sample
chamber filling notch outer sides
Top view r
T i ﬁ : 1 mm
coverglass '"‘\%Q
Side view - /t, T s e ol
>l
0. 1 mm chamber depth inner sides 1mm

Figure 3.4 | Structure and working principle of the hemocytometer.

To perform the measurement, the adherent cells were brought into suspension by
Trypsin/EDTA, as describe in Section 3.2.2. Under sterile conditions, 200 ul of cell
suspension was removed and mixed gently with an equal volume of Trypan Blue solution
(Sigma), which is a dye that selectively stains dead cells. Since dead cells do not have an
intact membrane, the dye will penetrate into them and they will show a distinctive blue
color under a microscope. The mixture (approximately 5-10 pl) was then filled into both
sides of the chamber and viewed under an inverted microscope using 20 X magnification.
Cells that were distributed in the four large corner squares were quantified (Figure 3.4).
Specifically, the number of viable cells (seen as bright cells) and non-viable (stained blue)
cells were counted; ideally, more than 100 cells should be counted in order to increase
the accuracy. The cells that overlap the edge of the inner sides on the top and left should
be included, and the cells that overlap the edge of the outer sides on the bottom and right
should be excluded.
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P
N

Figure 3.5 | Cell quantification in the gridded area of the hemocytometer. (a) The four large
corner squares (red outlined) that are used for counting cells. (b) A microscope image of cells
distributed in one of the large corner squares. Note that cells touching the left and top edges
(green circled) should be included in the count, while cells touching the right and bottom edges
(red circled) should be excluded.

As a result, the concentration of viable and non-viable cells and the percentage of

live/dead cells could be calculated using the equations below:

. Nn;:
Nive — 1€ o £ 5 10 (3.2)

squares

n
nsquares
live
Percentage of Viability = ﬁ x 100 % (3.4)
NmL + NmL

Ngead is the number of

Here, N1iV¢ represents the number of viable cells per milliliter;
non-viable cells per milliliter; n;;,. is the number of viable cells counted and 1,44 is the
number of non-viable cells counted; Mgy qres is the number of large corners used for cell

counting; f represents the dilution factor, which is two here since the mixture consists
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of an equal volume of Trypan Blue solutions and cell suspensions. In addition, the volume
of one large corner square = 1 mm? x 0.1 mm = 10" mL. Therefore, the number of cells
per milliliter is multiplied by 10%.

3.2.4 Cellular Uptake of Gold Nanoparticles

Gold nanoparticles are taken up by cells voluntarily, and the internalization pathway and
intracellular distributions depend on various factors including the size, shape, charge,
surface modifications, concentrations, and incubating time of the gold nanoparticles®. In
this study, the cellular uptake of AuNPs was conducted by mixing nanoparticles with
healthy cells for a certain period. The gold nanoparticles (obtained from Nanopartz™ Inc.,
USA) that were used here have a +30 mV surface potential, are 80 nm in diameters, and
were supplied in deionized water with an initial concentration of 5.5x10%
nanoparticles/mL. CHO cells were seeded at a low density (1x10° cells/mL) in a petri dish,
as described in Section 3.2.2, and cultured for 24 hours. Afterward, 5 uL of gold
nanoparticle solution was added to the petri dish, yielding a final concentration of 2.3x10°
nanoparticles/mL. Then, the mixture was incubated at 37 °C for another 24 hours. The
uptake of gold nanoparticles can be directly observed under a dark field microscope or
proven using the method described below in Section 3.2.5.

3.2.5 Gold Etching with Kl/l, Reagent

A KI/1; mixture solution was used to oxidize AuNPs on the cell surface, leaving those that
were internalized unreacted. A stock solution of Kl/I, oxidation reagent was prepared by
mixing 12.69 mg of I, and 49.8 mg of Kl in 5 mL of deionized water, yielding final
concentrations of 10 mM (I2) and 60 mM (Kl), respectively. The major role of Kl is to
increase the solubility of I, in water. The oxidation of AuNPs was directly observed under
a dark-field microscope. Typically, after incubating the AuNPs with cells for a certain
period of time or after laser injection of a single AuNP into the cell, 10 uL of KI/I, stock
solution was added to 400 pL of a sample solution that contained cells. Oxidization was
performed at room temperature for 1 min, and then the mixture was removed, the

52



3.2 Experimental Methods

culture dish was washed with 1 mL PBS, and 400 L of fresh complete medium was added.
Dark-field images were recorded using a digital camera (Canon EQS 6D).

3.2.6 Optical Manipulations of a Single Gold Nanoparticle

Nanoparticle manipulation with light is a powerful tool for the study of nanofabrication,
sensing, analytics, biology, and medicine since it provides a non-invasive way to
manipulate nano-sized objects??2. The methods used here include laser printing and
plasmonic heating of a single gold nanoparticle. The laser printing technique is based on
A. S. Urban’s report on printing individual gold nanoparticles directly from the colloidal
suspension onto precise positions of a substrate?*. The entire process was conducted in
the dark field microscope described in Section 3.1.1. Before the experiments, the
microscope table, sample holder, and objective lens were cleaned and disinfected using
75% ethanol. Cell culture dishes were sealed with Parafilm and only opened immediately
before the experiment. The laser beam at 532 nm was focused on the substrate by a 100
X water objective. Spherical gold nanoparticles (diameter of 80 nm) in colloidal
suspension would be captured once they diffused into the laser beam and then pushed
towards the center of the beam. Printing occurs once the total optical force overcomes
the electrostatic repulsive force between the nanoparticle and substrate, and the
nanoparticles are immobilized firmly on the substrate. By moving the positions of the
stage and the laser focal plane, the nanoparticles could be printed three-dimensionally at
specific locations. The printing efficiency mainly depends on the laser power and the
concentration of gold nanoparticles, such that printing a single particle or multiple
particles at one site could be achieved by tuning the laser powers. The plasmonic heating
of gold nanoparticles was done by focusing the laser beam at one gold nanoparticle using
the dark field microscope. The increase in temperature on the gold nanoparticles is
linearly proportional to the laser powers that are used for heating, which can be
estimated using finite element simulations. In addition, modulated laser heating can be
achieved by chopping the laser beam at a certain frequency (5-25 Hz) with an optical
chopper placed on the beam path.
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3.2.7 Single Particle Tracking in Living Cells

Once the gold nanoparticles were taken up by cells, the motion of the intracellular
nanoparticles could be analyzed from the captured videos. The dark-field video of the
cells that contained gold nanoparticles was recorded for a certain period of time at the
speed of 50 frames per second, and the video file was analyzed by the particle-tracking
software ‘video spot tracker’ (freeware provided by CISMM: Computer Integrated
Systems for Microscopy and Manipulation). The manual for users is available freely online
(http://cismm.cs.unc.edu/resources/software-manuals/video-spot-tracker-manual/).
This program enables the tracking of multiple particles at the same time and as a result,
it reads out the spatiotemporal displacements of each particle in two dimensions in the
form of x (tn) and y (tn) with n=0, 1, 2, 3, ..., N. N is the total amount of frames in the
recorded video.

3.2.8 Cell Viability Test

The cell viability was tested using the LIVE/DEAD® Viability/Cytotoxicity Kit for
mammalian cells (Molecular Probes™, Invitrogen detection technologies), a commonly
used method for examining cell viability and membrane damage, which is more sensitive
than Trypan blue exclusion. The principle is based on the enzymatic conversion of non-
fluorescent cell-permeant calcein AM to the intensely green fluorescent calcein by
ubiquitous intracellular esterase inside of living cells. Dead cells, on the other hand, are
identified by the bright red fluorescence of Ethidium Homodimer-1 (EthD-1), which can
only enter cells if the plasma membrane is damaged and becomes fluorescent upon
binding to nucleic acids. The stock solution of LIVE/DEAD assay reagents was prepared by
adding 20 uL of supplied 2 mM EthD-1 stock solution and 5 uL of supplied 4 mM calcein
AM stock solution to 10 mL of sterile tissue culture-grade PBS, and vortexing for thorough
mixing; this resulted in approximately 2 uM of calcein AM and 4 uM of EthD-1 working
solution. CHO cells were cultured on a grid petri dish with a glass bottom (ibidi, grid size
500 pm). A grid petri dish was used to relocate the cell when transferring the samples
from the dark-field microscope to the fluorescence microscope. Immediately after laser
printing or injection experiments, the cells were gently washed with 1 mL PBS, and 200
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uL of combined LIVE/DEAD assay reagent was added to the culture dish and incubated
with a covered lid at room temperature for 30 min before transferring it to the
fluorescence microscope for imaging. The percentage of live cells and dead cells can be

calculated by counting the number of red and green stained cells:

N,
Live Cells (%) = —2=—— % 100 % (3.5)
Ngreen Nred

(3.6)

_ Nred
Dead Cells (%) = ———x 100 %
Ngreen Nred

where Ngy;cep, indicates the number of green stained cells and N4 is the number of red

stained cells.
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Chapter 4

Delivering Gold Nanoparticles to
Living Cells with a Laser Beam

Nanoparticles promote the development of contemporary personalized medicine that
aspire the diagnostics and treatment of a disease in a single system?#% 143, Among a variety
of nanoparticles, gold nanoparticles (AuNPs) have a long history of utilization in the
human body for biomedical reasons?. They are increasingly used in more precise manners
for cellular imaging, diagnosis, and biosensing*** because of their superior chemical,
biological, and optical properties, which include easy surface modification for functional
molecular attachment?# 146, excellent biocompatibility**¢ 147 and the conversion of light
into heat upon irradiation at their plasmon resonances?’. While there have been many
reports on the nanotheranostic applications of nanoparticles inside of living cells#® 142,
the major challenge is to find proper means of delivering particles one-by-one to the cell
surface or into the interior with full spatiotemporal control and high precision. This chapter
demonstrates a novel delivery approach to optically printing a single gold nanoparticle
with a diameter of 80 nm on the cell surface and then injecting it into the cells. Section 4.1
shows that individual gold nanoparticles from a solution can be patterned on the surface
of living cells in a controllable way with a continuous wave laser beam. Section 4.2
demonstrates how the same particles can, in a second step, be injected into the cells
through a combination of plasmonic heating and optical force. Moreover, the injection
mechanism is discussed in detail in this section. The last section describes the test of the
cell survival rate following the optical printing and injection and looks forward at this
highly reproducible and controllable injection method offering promising prospects for
follow-up applications in biomedicine and biosensing areas.
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4.1 Optical Printing of Gold Nanoparticles on Cell Membranes

The mammalian cell membrane is the main barrier that separates the intracellular
environment from the outside. Any exogenous objects to transport inside of the cell must
be in contact with the cell membrane initially. Therefore, studying the interaction of a cell
membrane with these objects and bringing them to the cell membrane is the key to
successful cellular delivery. Since gold nanoparticles have long been used as the reagent
for cellular imaging, diagnosis, and therapy, various strategies have been exploited to
assist their affinity to cell membranes. The simplest method relies on electrostatic
interactions. The surface of AuNPs are capped with positively charged molecules and can
deposit on the cell membranes®°. This method usually has low controllability and is likely
to result in nanoparticle aggregation. A more efficient and popular approach is based on
the ligand-receptor interactions. An AuNP’s surface is easy to modify with various ligands
that target specific receptors on cell membranes and facilitate their targeted delivery.
Many reviews and research articles have reported these methods!?® 51, In addition, one
can use AuNPs tagged liposome to deliver AuNPs to the cell membranes, which shows
more stability since the AuNPs are covalently bound to the lipid surface!>?. However,
these methods are still performed in bulk cell solutions and single-cell and single-particle
resolutions are difficult to reach.

In this section, an entirely optical strategy, which is more precise and controllable to
deliver the AuNPs on the cell membrane, is presented. This approach is based on A. S.
Urban’s report?* about laser printing AuNPs on a glass substrate, and is further developed
and applied to living cells in this study. As explained in Chapter 3, the CHO cells were
cultured in a petri dish and imaged on dark field microscope. Before printing, the old
medium of cell culture was discarded and the cell sample was washed with PBS three
times to remove the protein residues, which could bind to AuNPs unspecificly. Then 400
uL of Leibovitz's L-15 Medium that contained 5x10°/mL 80 nm of AuNPs was added to the
culture dish (culture medium: AuNPs solution = 40:1). The surface of the AuNPs were
negatively charged (the same as cell membranes), such that the probability of the
interactions between cells and AuNPs without any active manipulations was extremely
low during the two hours. The Millennia V laser at 532 nm (cw mode) was coupled into
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the microscope and focused by a 100 X water immersion objective, resulting in a spot size
of 604 nm (FWHM) on the glass substrate underneath a cell. Therefore, a large
illumination area was on the cell membrane. AuNPs in the solution that was entering the
laser beam were exerted by a forward directed scattering force, pushed toward the
substrate at a high speed, and then positioned on the cell membrane. A diagram of these
steps is shown in Figure 4.1.

(a) (b)

CW laser beam

laser beam
Objective lens

colloidal AuNPs
‘ !
E—— — printed AuNPs
, CHO cell -
qlass@e

Dark field -
condenser ~ White light

Figure 4.1 Diagram of laser printing gold nanoparticles on the cell membrane.

At low laser powers, the gold nanoparticles were accelerated by the laser towards the
cells, but were not bound to the membrane and diffused through the solution. Figure
4.2(a-c) shows the situation when the laser power was set at 1 mW. Although the laser
was kept on for 30 seconds, the gold nanoparticles were not printed on the cell
membrane. After increasing the laser power to a value of 5 mW during the same exposure
time, one gold nanoparticle began to attach to the cell surface (Figure 4.2d-f). Increasing
the laser power further (10 mW: Figure 4.2g-i; 25 mW: Figure 4.2j-1), more gold
nanoparticles were printed on the cell membrane during the same illumination period.
The printing efficiency depends on the laser power, gold nanoparticle concentration in
the solution, and laser illumination time. Thus, one must balance these three main factors
to achieve a proper printing event. These values of laser powers are far above the values
that are necessary for gold nanoparticles with the same properties to be printed onto the
glass substrate. In this study, however, the gold nanoparticles concentration in the
solution was kept low to prevent them from spontaneously binding to cell membranes.
In addition, the laser beam was focused on the substrate underneath the cell; therefore,
the power density at higher positions (i.e., on the cell the membrane) was reduced to
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Chapter 4 Delivering Gold Nanoparticles to Living Cells with a Laser Beam

ensure that the optical forces on the nanoparticles were weaker than the optical forces
on the laser focal point. In addition, the surface properties of cell membranes are more
complicated than the properties of a clean glass substrate. As such, their interactions with
gold nanoparticles are difficult to predict. Thus, one must use relatively high laser powers
to capture the gold nanoparticles and print them on cell membranes.

10 mW

Printing laser on
bottom focal plane

S b
Focal plane " C -

Before laser printing
top focal plane

After laser printing
top focal plane

Figure 4.2 | Printing gold nanoparticles on cell membranes at different laser powers. The top
row shows the images where the focal plane is on the glass substrate and the laser is on. Clear
cell outlines (white line) and laser illuminating sites (green spots highlighted with red circles) can
be identified. The middle and bottom panels show the images before and after laser printing,
respectively. The focal planes are both set at the top of the cells, such that gold nanoparticles can
be easily observed once they are printed (white circle). During 30 seconds of laser illumination,
no particle was printed at a laser power of 1 mW (a-c); only one particle was printed on the
membrane at 5 mW (d-f); and multiple particles can be printed at 10 mW (g-i) and 25 mW (j-I).

The printing method presented here is an alternative method for delivering gold
nanoparticles to the cell membranes since it has high spatiotemporal controllability. By
moving the laser beam to different areas, it is possible to print gold nanoparticles one-by-
one specifically onto targeted sites on the cell surface. Figure 4.3 illustrates the
experiments of targeted printing. In order to achieve high printing efficiency, the laser
power was set to 25 mW. Three positions on the cell surface were illuminated with the
printing laser beam for 60 seconds. After printing, gold nanoparticles patterns were
visible on the cell membrane, distributed over a large area around the three points of
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laser treatment. In order to achieve higher precision at the single particle level, the laser
power was decreased to 5 mW. During the same exposure time (60 seconds) at each
printing position, up to two gold nanoparticles were delivered to the membrane. However,
as mentioned above, the printing efficiency depends on laser power, exposure time, and
gold nanoparticle concentration. Decreasing exposure time while keeping high laser
power, for example, could also achieve single particle printing. Thus, one must take all
factors into account when conducting optical printing to obtain the desired results.

In general, the results that are presented here indicate that gold nanoparticles can be
optically delivered to cell membranes. An advantage over similar delivery strategies is
that this method can be used in more general cases since the gold nanoparticle surface
does not need specific modifications that target a certain cell type because the delivery
relies on optical forces rather than chemical bonds between nanoparticles and the cell
surface. Moreover, molecular delivery at the single particle and single cell level was
achieved using this method. By tuning the experimental parameters, it is possible to
position a single gold nanoparticle at one time to the desired position on a single cell’s
membrane. This controllable precision will facilitate further studies on nanoparticle-cell
interactions.

5mw . \ 5mW
Before printing = =20pm | Afer printing

Figure 4.3 | Printing gold nanoparticles on cell membranes at targeted sites. Different spots on
the cell surface were irradiated with a green laser. Gold particles that are diffusing in the cell
media are pushed towards the cell surface by a forward directed scattering force as soon as they
enter the laser beam. In the dark field images above, the white arrows indicate the laser
illumination points and the numbers show the printing orders. The illumination time at each
numbered point is 60 seconds. Printed gold nanoparticles at each printing position are circled. (a-
b) Before and after printing using a laser power of 25 mW. (c-d) Before and after printing using a
laser power of 5 mW.
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4.2 Laser Injection of Gold Nanoparticles into Living Cells

A novel strategy for delivering gold nanoparticles to cell membranes using a completely
optical method has been discussed. This section takes a step further to demonstrate how
individual gold nanoparticles, which were already patterned with high control and
precision on the surface of a living cell, can be injected one-by-one into the cell using a
combination of optical forces and plasmonic heating.

The injection of individual particles inside of the cells is accomplished in a two-step
process. First, gold nanoparticles are printed on the cell membrane by optical force, which
is discussed in Section 4.1. After the printing, the medium is rinsed to remove excessive
gold particles (Figure 4.4a). Finally, injection occurs when the laser beam is focused
directly on a single particle that is attached to the cell membrane to achieve the strongest
increase in optical force and temperature (Figure 4.4b).

(a) rinse solution (b) laser injection

optically

printed AUNP %
glass substrate\“

Figure 4.4 | Laser injection of gold nanoparticle into living cell. (a) After printing, particles in the
solution are washed away. (b) For nanoparticle injection, the laser beam is focused directly on
individual gold particles to induce the highest amount of heat and force to push the particles
directly into the cell.

glass substrate
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4.2.1 Targeted Injection of Gold Nanoparticles into a Single Cell

The result of the complete injection process for a single cell is shown in Figure 4.5. CHO
cells were grown in a glass bottom culture dish at a confluence of 60% to 80%, as
described in Chapter 3. Gold nanoparticles with a diameter of 80 nm were added to the
culture dish with fresh Leibovitz's L-15 Medium (culture medium: AuNPs solution = 40: 1).
The particles were stabilized with a citrate coating to avoid unspecific attachment to the
cells (Figure 4.5a). First, four gold nanoparticles were printed next to each other onto the
surface of a single cell (Figure 4.5b) using the method described in Section 4.1. The power
of the printing laser was 5 mW and the exposure time was 60 seconds. Then, two of the
nanoparticles (Figure 4.5c, Nr. 1 and Nr. 4) were injected into the cell by focusing the
same laser beam directly onto them. The laser exposure time for each particle is
estimated less than one second. The successful injection was immediately visible under
the microscope since the irradiated particles were pushed out of focus to a lower focal
plane in the cell center (Figure 4.5c lower panel).

(@) AuNPs in solution (b) Printing (C) Injecting
y Figure 4.5 | Dark field
# & images for laser printing
— . e —— and injection of gold
‘ I nanoparticles into a cell.
— — — iﬁ—— - . E (a) CHO cells growing on
Topimagingﬁne the glass bottom petri

dish were mixed with 80
f nm particles and the cells
were imaged at two

1ol 10 pm \ 10 ym \ different focal planes (top
and lower panel). (b) A
laser beam (A=532 nm)
was focused on the glass
substrate underneath the
cell to print four particles
(Nr. 1 to 4) to the cell
surface. (c) Nanoparticle

injection was achieved by focusing the laser directly onto single selected particles (Nr.1 and Nr.4)
for 1 second at a laser power density of 1185 kW/cm? of each gold nanoparticle.
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To prove that the gold nanoparticles were inside of the cell, a method that was reported
by Xia et al.*>3 was used. As illustrated in Figure 4.6, the combination of KI/I2 is used as
an etching reagent to selectively dissolve any gold nanoparticles on the cell surface, while
those that are inside of the cell are protected and are not exposed to the chemical reagent
since KI/I; in solution is impermeable to the cell membrane. Here, iodine acts as a strong
oxidant to oxidize gold while potassium iodide is used to increase the solubility of iodine
in water. In this study, The KI/I, stock solution was prepared following the procedure that
is presented in Section 3.2.5. It is important to note that although I, has a strong
oxidability, it is of low toxicity to cells when used below 0.34 mM. A cell viability of over
90% was confirmed after an etchant exposure for over 5 min, which was in agreement
with the previous reports?®3,

KI /2 solution AuNPs on KI/ I2solution
AuNPs on cell surface )

Y wr———— T
slfbélr?w/_/NAu +l2= 2Au|l_/-\ ’/6\2Au +lo= 2Au|,_/6\

| glass substrate B glass substrate | | glass substrate B glass substrate |
—

Figure 4.6 | Evidence that the gold nanoparticles are dissolved by the K/, solution. (a) Gold
nanoparticles are either deposited on the glass substrate or (c) optically printed on the cell
membrane. The arrows indicate the presence of the gold nanoparticles. (b, d) After adding Kli/I,
solution, the gold nanoparticles exposed in the solution are dissolved and invisible in dark field
images.

The progress of etching that was directly observed under the dark-field microscope was
recorded as a video, the captured images of which were shown in Figure 4.7. Four gold
nanoparticles, two of which (Figure 4.7a, lower panel Nr. 1 and Nr. 4) were optically
injected as described above, while the other two particles (Figure 4.7a, top panel Nr. 2
and Nr. 3) were still sitting on the cell membrane. After 10 seconds of adding the Kl/I,
etchant (Figure 4.7b), the scattering intensity of particles Nr. 2 and Nr. 3 could directly be
seen decreasing compared to the time that etching began, which indicates that the gold
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nanoparticles were dissolving gradually. Twenty seconds after the addition of the reagent,
particles Nr. 2 and Nr. 3 completely disappeared while particles Nr. 1 and Nr. 4, which
were injected into the cell, were unharmed (Figure 4.7c). This result implies that the gold
nanoparticle is injected through the membrane while the permeability of the membrane
is not affected after injection, as we did not observe the etchant entering the leaking cell
membrane and dissolving gold nanoparticles inside of the cell. However, it is believed that
the membrane will not be intact where the gold nanoparticle entered since the heat that
is generated in this situation is sufficient to melt the lipid molecules. One explanation for
this is that the cell membrane was damaged during injection to let the particle penetrate,
but recovered within minutes after the particle was inside of the cell. This hypothesis will
be further proven by the cell Live/Dead experiment that is described in later sections.

(a) Add KI/Iz solution (b) Dissolving AuNPs (C) AuNPs dissolved
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Figure 4.7 | The progress of the etching gold nanoparticles on the cell surface. (a) After optical
injection, the KI/I; solution was added to the cell culture medium. (b) 10 seconds later gold
nanoparticles that are attached to the cell membrane (Nr.2 and Nr.3) are dissolved partially. (c)
After 20 seconds, the gold nanoparticles on the cell surface were completely dissolved while the
particles that were injected into the cell (Nr.1 and Nr.4) are preserved.
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4.2.2 Spectroscopy Characterization of Injected Gold Nanoparticles

As discussed in Section 2.1, the resonance frequency of a gold nanoparticle shows a strong
dependence on the dielectric constant of the surrounding medium according to the
Clausius—Mossotti relation. This indicates that a gold nanoparticle can be used to sense
local changes of the refractive index. Differences in the intracellular and extracellular
environments result in changes in the refractive index. Therefore, the gold nanoparticle
inside of the cell can be distinguished from the one outside of the cell by comparing their

plasmon resonance.

Here, the successful injection of the gold nanoparticles was also confirmed by Rayleigh
scattering spectroscopy as shown in Figure 4.8. A single gold nanoparticle was laser
printed on the cell, and a scattering spectrum was recorded (Figure 4.8a). The same
particle was then injected into the cell, and the scattering spectrum of the particle was
recorded again (Figure 4.8b). The comparison of both spectra showed that the resonance
peak was shifted from 555 nm to 565 nm after injection (Figure 4.8c), which agrees well
with the simulation result that is expected due to the refractive index change from the
outside (n~1.33) to the inside (n~1.38) of the cell*>* 13> (Figure 4.8d).

(C) === Before injection (d) === AUNP in medium with n=1.33
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Figure 4.8 | Rayleigh scattering spectroscopy of a gold nanoparticle before and after laser
injection. Dark-field images of gold nanoparticle before (a) and after (b) injection into the cell. (c)
The spectra showed a red shift of approximately 10 nm following laser injection which
corresponds to the simulated spectra (d) with a change in the refractive index from 1.33 to 1.38
from the outside to the inside of the cell.
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4.2.3 The Mechanism of Laser Injection

4.2.3.1 Laser Power-Dependent Manner

As the laser printing experiment highly depends on laser power, it is important to consider
the laser power for laser injection. To study the impact of laser power upon injection, gold
nanoparticles were printed on a cell membrane using the method described above, and
then gold nanoparticles were irradiated by a focused laser beam at the total laser powers
of 1, 5,10, and 25 mW. On each single cell membrane, only one single gold nanoparticle
was irradiated at one chosen laser power, which led to the laser power density that
reached the surface of individual gold nanoparticles varying at 237, 1185, 2370, and 5925
kW/cm? (for calculations see Appendix A). The experimental result was shown in Figure
4.9. In all cases, multiple gold nanoparticles were printed on a cell membrane, but only
one particle was chosen for injection. When a particle was irradiated at 237 kW/cm? (1
mW in total), the injection did not occur (Figure 4.9a-d). When the laser power increased
to 1185 kW/cm? (5 mW in total), the irradiated particle was successfully injected while
the particles around it were not affected and remained on the membrane, which is
illustrated in Figure 4.9(e)-(h). However, as the laser power density at the gold
nanoparticle continued to increase to 2370 kW/cm? (10 mW), the irradiated particle and
some surrounding particles were injected together (Figure 4.9 i-1). The high laser power
density at 5925 kW/cm? (25 mW) was also tested, the particle in the laser focal center,
together with most of the surrounding particles on the membrane were injected
simultaneously into the lower part of the cell immediately upon laser irradiation. This can
be seen by comparing the images at different objective focal planes in Figure 4.9(m)-(p).

4.2.3.2 Optical Forces during Laser Injection

The laser power dependence of optical injection can be further explained by studying the
optical force and temperature increases at the gold nanoparticle. As discussed in Chapter
2, when a gold nanoparticle enters the laser beam, it is subjected to an optical force that
points in the direction of laser propagation. Meanwhile, the particle’s absorption of light
leads to a temperature increase on its surface. Together, the optical force and the heating
effect contribute to the successful optical injection.
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Figure 4.9 | Laser power dependence of optical injection. Only single gold nanoparticles on
individual cell membranes were irradiated with one specific laser power. The images in the
vertical column show the injection conducted at a laser power of 1, 5, 10 and 25 mW, while the
images in horizontal rows indicate the process of injection and the visions at different focal planes.
(Scale bar: 10 um, insets: 2 um)

To reveal the nature of the injection mechanism, numerical calculations (see Appendix A
and B) were performed to estimate the amount of heat and force that is induced by the
laser beam during the printing and injection experiments. The force maps of the
calculated total optical forces that were exerted on the gold nanoparticles for different
laser powers are shown in Figure 4.10(a)-(c). Experimentally, it was found that a laser
power of at least 5 mW was necessary to inject particles successfully and reproducibly
into the cell, which corresponds to a total force in the pN range. In the case of high laser
power (i.e., using 10 mW) the total optical force was 15~20 pN, which is still too weak?*>®
to push a particle through the membrane without other assisting effects.
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Figure 4.10 | Maps of optical forces on gold nanoparticle during laser injection. The optical
forces that were exerted on 80 nm gold nanoparticles upon exposure with a Gaussian laser beam
(A=532 nm) at the power of (a) 1 mW, (b) 5 mW and (c) 10 mW were calculated using Mathematica
9.0. The color indicates the magnitude of the total force. The arrows illustrate the direction of the
force that guides the particle along the optical axis and towards the cell membrane.

4.2.3.3 Temperature Simulation during Laser Injection

In general, high laser power leads to strong optical forces, but it also results in stronger
heating. During printing, the heating of the particle was not significant since the beam is
focused on the surface of the underlying substrate, and the nanoparticle is within the
defocused region of the laser beam. For the injection, however, the laser is directly
focused on the particles where the light intensity is maximal, which leads to a strong and
instantaneous increase in the nanoparticle’s temperature. We simulated the steady state
temperature increase at the surface of the gold nanoparticle that was irradiated with a
resonant cw laser beam. The result indicates that the temperature is linearly related to
the value of laser powers (Figure 4.11a). Irradiation with a laser power density of 237
kW/cm? (which corresponds to the total power of 1 mW) resulted in 112 °C at the surface
of the gold particle. At a moderate laser power density of 1185 kW/cm? (total power 5
mW), the surface temperature of the gold nanoparticle reached 480 °C. Increasing the
laser power further, the temperature of the gold nanoparticle can reach approximately a
thousand degree Celsius or above.
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Figure 4.11 | Simulation of gold nanoparticle temperature. (a) Calculated AuNP temperature as
a function of laser power. Nanobubble formation was experimentally observed for a particle
temperature above 320°C. (b) Temperature distributions of AuNP irradiated with 532 nm cw laser
beam.

4.2.3.4 Bubble Formation

Although the temperature at the center, where the gold nanoparticle sits, is high, it
decays dramatically and significantly with increasing distance to the gold nanoparticle.
This is demonstrated in the temperature distribution curves in Figure 4.11(b). The heat is
confined in a nanoscopic volume, and the surrounding temperature decreases sharply
below 100 °C within a few hundred nanometers. However, with a laser power of 5 mW
or higher, heating can lead to nanobubble formation (see Figure 4.9), namely if the water
temperature increases above the spinodal decomposition temperature of 320 °C*’. The
bubbles are shown as white flashing lights in dark field microscopy, and the size is
estimated at a few hundred nanometers or larger at the higher laser power. This finding
is critical to the explanation and understanding of the optical injection mechanism since
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4.2 Laser Injection of Gold Nanoparticles into Living Cells

the optothermally excited bubbles play an important role in the injection process. At low

laser power (1 mW) where the injection did not happen, the bubbles were also not

observed, while nanobubbles
were always seen for laser powers
of 5, 10, and 25 mW, where the
surface temperature of the gold
particles was well above 320 °C.
This is true and was proved by the
control experiment where
individual gold  nanoparticles
sitting on a cell membrane and a
glass substrate were irradiated by
the injection laser beams at the
powers that were used for the
injection experiment (Figure 4.12).
We assume that the expansion and
collapse of these bubbles are
accompanied by a shock wave that
caused the rupture of the cell
membrane, which is also reported
in the literature®®®. At this point,
the scattering forces that are
exerted on the nanoparticle lead
to its injection into the cell
through a membrane ‘hole’. This
can explain the reason that
multiple gold nanoparticles were
injected at the same time using a
high laser power, though only a
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Figure 4.12 | Observation of bubble formation. 80 nm
gold nanoparticles were attached to a glass substrate
(left panel) or a cell membrane (right panel). The
formation of nanobubbles was observed on both, the
glass substrate and the cell surface, upon irradiation
with a green laser beam for laser powers ranging from
5to 25 mw.

single particle was irradiated. The bubble formed and expanded to a larger size with high

laser energy at the targeted gold nanoparticle, and therefore, the membrane underneath

the surrounding particles was ruptured, causing the penetration of multiple particles

simultaneously.
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Chapter 4 Delivering Gold Nanoparticles to Living Cells with a Laser Beam

From the discussion above, nanobubbles were always formed in this study, and the
injection was highly reproducible for a laser power of 5 mW (which corresponds to a laser
power density of 1185 kW/cm?), where the surface temperature of the gold nanoparticle
is well above the water spinodal decomposition temperature (Figure 4.11a). For
comparison, no bubble formation or nanoparticle injection was observed for a laser
power of 1 mW (laser power density ~237 kW/cm?) where the temperature of the gold
nanoparticle is near water-boiling temperature. Therefore, it will be interesting to study
the situation of injection between 1 and 5 mW, in order to find the possible minimum
injection requirement. Since the laser power is linearly proportional to the temperature
of a gold nanoparticle, it is easy to control the gold surface temperature by tuning the
laser irradiation power.

Here, we tested the injection experiment at laser powers of 2 mW, 3 mW, and 4 mW
where the temperature of the gold nanoparticle was around 224, 336 and 420 °C (Figure
4.13a). The results demonstrate that for the laser power of 2 mW, where the temperature
of the particle lies between spinodal decomposition temperature and water boiling
temperature, the particle was overheated and diffused slightly on the membrane, but no
bubble was observed and no injection occurred (Figure 4.13 b-c). This matches the
reported effect that only the thermal expansion happens at a single AuNP and
surrounding thin liquid layer, which is accompanied by the generation of the linear
acoustic wave if the temperature of gold is < 150~350 °C.»*° When the laser power
increased to 3 mW, where the temperature of gold is around the spinodal decomposition
temperature, bubble formation was observed but no injection occurred (Figure 4.13 d-e).
As the gold nanoparticle surface temperature increased well above the spinodal
decomposition temperature, the bubble formation, and particle injection into cell
happened at the same time (Figure 4.13 f-g). This set of results suggested that bubble
formation is a necessary condition, but is not sufficient for successful laser injection of a
gold nanoparticle into the cell. There are two possible explanations for this: 1) the bubble
that is generated at a temperature around spinodal decomposition temperatures is
relatively small and the mechanical disruption of the membrane is too weak to create a
‘hole’. This is shown in Figure 4.13(d); the scattering intensity of the bubble is weaker
than that of the bubble in Figure 4.13(f), 2) the membrane might already be ruptured by
the formation of bubbles. However, a sufficient magnitude of optical force might still be
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4.2 Laser Injection of Gold Nanoparticles into Living Cells

needed to push the particle inside. This might be another condition for optical injection.
As a conclusion, the possible minimum injection laser power needed here is between 3
and 4 mW.
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Figure 4.13 | Finding the minimum laser injection condition. (a) Calculated gold nanoparticle
temperature at laser powers of 2, 3, and 4 mW. The corresponding dark field images of injection
and bubble formation situations at laser powers of (b-c) 2 mW, (d-e) 3 mW, and (f-g) 4 mW.

Single particle spectroscopy was also used to prove the bubble formation by monitoring
the intensity changes of the scattering light during the laser injection. For this
measurement, the optical injection of a single gold nanoparticle was performed, and the
scattering spectra of this particle were recorded throughout the entire process. Each
single spectrum was taken for the exposure time of 100 ms (i.e., the running speed of 10
spectra/sec.). The time-resolved intensity spectrum is shown in Figure 4.14(a). As a notch
filter (532 nm) was placed on the laser beam path before it entered the spectrometer to
prevent damage of the CCD camera, there is a low intensity gap between 518 and 535 nm
in the spectrum. The on and off state of the laser beam could also be monitored within
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Figure 4.14 | Time-resolved scattering spectroscopy of the bubble around gold nanoparticle
under cw laser illumination. (a) A gold nanoparticle on the cell membrane was laser injected into
the cell. The injection process was monitored by recording the scattering spectra of the gold
nanoparticle. The strong scattering was detected at the time of particle injection, as well as the
period during laser heating of the particle, which indicates the bubble formation upon
illumination. (b) The gold nanoparticle inside of the cell was illuminated by the laser beam to
induce bubble generation. The strong scattering from the bubble was always found once the laser
was on, and it disappeared immediately when the laser went off.

this gap. When the laser was switched off, only the gold nanoparticle on the cell
membrane showed the strong scattering light between 549 to 609 nm. At around 2.5
seconds, the laser was switched on (5 mW) and focused on the particle. The injection
could be seen immediately. Meanwhile, a dramatic light scattering intensity increase was
detected on the spectrum, which indicates the formation of bubbles. This strong
scattering lasted for approximately half of a second until it began to decrease. Afterward,
the particle went out of the focal plane on the cell membrane. This situation was shown
as low scattering intensity (as low as the background without particles) periods in the
spectra until a clear in-focus image of a particle was found at the lower focal plane. As the
particle was in focus again, the bubble was created by the intensive heating, which
provided a dramatic increase in light scattering intensity in the spectrum. Once the laser
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4.2 Laser Injection of Gold Nanoparticles into Living Cells

was switched off again at around 9.6 seconds, the scattering intensity dropped
immediately, which means the bubble also collapsed. In the following measurement, the
same gold nanoparticle that was injected inside of the cell was irradiated using the
focused laser beam with slightly higher laser power (above the bubble generation
threshold). As shown in Figure 4.14(b), a sudden increase in scattering intensity always
occurred when the laser was on, and the scattering intensity dropped immediately when
the laser was off. These results, from the spectroscopy view, provide evidence of bubble
generation during the laser injection.

The previous discussion illustrates that bubble formation plays a significant role during
laser injection. However, one might note that the surface temperature of the individual
gold nanoparticles that were irradiated by the injection laser beam, even at the minimum
injection condition, is above three hundred degrees, which is likely hazardous to the cells.
In this study, it is important to note that the formation of nanobubbles is not only
instrumental to the perforation of the membrane, it also aids cell survival. When heating
under cw illumination, the heat profile around the gold nanoparticle decays into the
surroundings as a function of 1/r. 3 The steam temperature of the nanobubble, however,
stays moderate in comparison and the vapor shell provides a shield against further heat
transfer into the medium (Figure 4.15a). To study the steam temperature in detail, we
followed the model by Fang et al..}% to estimate the steam temperature as a function of
the nanobubble size (Figure 4.15b). The system is assumed to reach a steady state once
the bubble is formed around the gold nanoparticle. The relationship between the
nanobubble size and the steam temperature can be estimated using the Clausius-
Clapeyron Relation (CCR):

H

A 1
C-e k8Ts = p, + zyR— (4.1)
B

where T (K) is the temperature of the saturated steam; Rz is the bubble size; po = 1 atm,
the atmospheric pressure; y is the surface tension coefficient, which is a function of the
steam temperature y(T;) = —0.2222 T; + 142.2 mN/m; C = 95 GPa, a constant; kg =
1.3806488 x 10723 J - K~1, the Boltzmann constant; and H = 7.082 x 1072%J, the
enthalpy of water evaporation per water molecule!®, As shown in Figure 4.15(b), a large
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bubble has a lower steam temperature than a small bubble, but the total temperature of
the steam does not reach temperatures that are higher than 200 °C.
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Figure 4.15 | Estimation of the steam temperature inside a nanobubble. (a) The steam shell
surrounding the particles works as an insulating barrier that shields the cell from the hyperthermal
damage. (b) Calculated steam temperature as a function of the nanobubble size. Figure inset:
Examples of nanobubbles formed after exposure of single gold nanoparticle with a focused green
laser beam. The bubble size was found to increase with higher laser powers.

In summary, the bubble formation that was caused by plasmonic heating and the optical
forces that were exerted on the gold nanoparticle are the two main factors that
contribute to the laser injection of a gold nanoparticle into the cell. A schematic
illustration of the suggested nanoparticle injection mechanism is shown in Figure 4.16. A
gold nanoparticle is printed on the cell membrane by a cw laser beam. Then, the particle
is heated at the focal point of the same laser beam, which induces an extreme
temperature increase on the gold nanoparticle within approximately 1 ps 9% 1%, Once the
thermal energy that was delivered to the surrounding medium exceeds the liquid
vaporization threshold, an explosive vaporization of a thin layer of fluid that is in contact
with the particle occurs. As the initial high vapor pressure overcomes the surface tension
of the liquid, a vapor bubble is created that expands rapidly to its maximum size on the
nanosecond timescale. It is assumed here that the bubbles do not collapse until the laser

76



4.3 Cell Viability

is off as the cw laser illumination can create a steady state after the first bubble is formed.
The expansion and collapse of the bubble are accompanied by the production of an
acoustic and shock wave that travels outward and interacts with the cell, thereby
disrupting the cellular membrane. At this point, the scattering forces that are exerted on
the gold nanoparticle push it into the cell through the disrupted ‘hole’ in the membrane.
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Figure 4.16 | Schematic representation of the laser injection mechanism. Exposure to a gold
particle with a focused laser beam leads to a rapid temperature increase and nanobubble
formation around the particle. The expansion and collapse of the bubble lead to membrane
rupture and the formation of a transient hole. The nanoparticle is then immediately pushed into
the cell by the optical force.

4.3 Cell Viability

A successful cellular delivery strategy should show high efficiency and account for the cell
viabilities, especially for the purpose of therapy or intracellular sensing in the future. Here
we investigated the effect of nanoparticle printing and injection on cell survival, and the
experimental method is described in Section 3.2.8. In this work, the cell viability was
confirmed by “the enzymatic conversion of non-fluorescent cell-permeant calcein AM to
the intensely green fluorescent calcein by ubiquitous intracellular esterase inside of living
cells. Dead cells, on the other hand, are identified by the bright, red fluorescence of
Ethidium Homodimer-1 (EthD-1), which can enter cells only if the plasma membrane is
damaged and becomes fluorescent upon binding to nucleic acids”*!. As shown in Figure
4.17(a) and (c), after the printing step, a cell viability of ~64% was observed when using a
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laser power of 5 mW. The viability significantly dropped for higher laser intensities and
was only 30% for a laser power of 25 mW. For the injection step (Figure 4.17b, d), the
application of a 25 mW led to a cell death rate of over 50%, while 10 mW and 5 mW
resulted in relatively high viability rates of 73%. Since no printing and injection occurred
at 1 mW, all of the tested cells survived at this stage.

Although the surface temperature of the gold nanoparticle that was being injected was
beyond the normal biological tolerance, most of the cells were protected from being killed.
This can be explained by the ‘no-heating’ phenomenon which has been reported by other
researchers?®. First, the expanding bubble will scatter part of the incident laser beam,
reducing its power density, such that the actual thermal energy accumulated by the
nanoparticle is lower than the calculated value. Second, the vapor inside of the bubble
creates an insulating effect, preventing most of the heat from transferring from the
heated nanoparticle into the environment outside of the bubble. Third, the formation of
the bubbles may utilize almost the entire energy released by the AuNP, thus preventing
any significant heating of the microenvironment outside bubbles!®. Therefore, the
irradiated gold nanoparticle caused only local damage to the cell membrane, rather than
thermal degradation of the whole cell.

The results of the cell viability tests also suggest, in accordance with previous reports by
other groups?®?, that the hole that was generated in the cell membrane was quickly closed
within a few minutes, and that the cell-impermeant EthD-1 dye could therefore not enter
the cell shortly after laser injection. The evidence of this conclusion is shown in Figure
4.17; no cells showed a green and red fluorescence light simultaneously.

However, the relatively high cell viability that is shown here is the result of injecting only
one gold nanoparticle into a cell. Tests performed that injected more than two particles
into the same cell led to a dramatic decrease in the overall cell viability. This is the
limitation of this laser injection technique. Only one gold nanoparticle can be injected into
a cell in order to ensure high cell viability.
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Figure 4.17 | Fluorescence images of stained living and dead cells and cell viability tests. Cell
viability was measured after laser printing (a) and injection (b) of gold nanoparticles with different
laser powers. Living cells appear green while dead cells appear red in epifluorescence (Scale bar
40 um). The survival rate of cells after printing (c) and injection (d) were measured independently
for both processes. In all cases, the percentages of living cells decreased for higher laser powers.

79



Chapter 4 Delivering Gold Nanoparticles to Living Cells with a Laser Beam

4.4  Summary and Outlook

In this chapter, several experiments are presented to show a novel optical cellular delivery
strategy. First, an all-optical approach to delivering 80 nm gold nanoparticles to the cell
surface is demonstrated. In this method, a laser was utilized to print gold nanoparticles
onto the cell membrane. This method, compared with many other current cellular
delivery approaches being done on bulk cell samples, can be conducted at the single
particle and single cell levels. A single gold nanoparticle could be positioned at targeted
sites on cell membranes with high precision. One of the main problems is that one must
balance between the concentrations of gold nanoparticles in the external solution and
the laser power used for printing. If the concentrations were too low, a long waiting time
for a printing event occurred, while too high of a laser power would cause thermal
damage to the target cell. Therefore, the printing efficiency and cell viability must be
taken into account for the purpose of different applications.

Second, we demonstrated that the printed gold nanoparticles on the cell membrane
could be injected into the cell using the same laser beam. This method relies on a
combination of optical forces and plasmonic heating of single gold nanoparticles with a
focused laser beam. The injection process was visualized using dark field illumination, and
the injected gold nanoparticle was confirmed by Rayleigh scattering spectroscopy. The
surface temperature of the gold nanoparticle and optical forces during injection were also
simulated. Importantly, the formation of nanobubbles during injection was instrumental
for overcoming the membrane barrier and pushing the particles into the cells, as well as
aiding cell survival because of the insulating effect. We showed that the cell survival rate
could reach greater than 70% when printing and injecting at a modest laser power.

Overall, the results in this chapter illustrate how nanoscopic objects can be actively
delivered one-by-one into a single living cell using light, which offers promising prospects
for the development of novel molecule delivery strategies and paves the way for future
biomedical applications in nanotheranostics, drug delivery, and intracellular biosensing in

more precise manners.
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Chapter 5

Gold Nanoparticles Enable Probing
fN Forces in Living Cells

With nanotechnology rapidly developing, precise measurement and analysis at the
nanoscale level are increasingly required. Gold nanoparticles, because of their unique
optical and thermal properties when interacting with light, have been widely used as
detectors for sensing nanoscale processes in biological systems'®% 164, Mechanical forces,
as important determinants of cellular forms and functions, are integral to regulating the
growth and behavior of living cells®® 6% %5, Applying an external force to the cells, and
detecting the force and cellular responses to the force, enable a better understanding of
cellular mechanics. However, achieving single molecule force spectroscopy is challenging
in living cells, particularly under physiological conditions where small deflections of
nanoscale objects are overwhelmed by thermal fluctuations. This chapter explains a new
concept for locally applying and detecting forces in living cells. First, the basic
experimental principle is introduced: how to generate the forces locally outside the cell
and how to detect and analyze the force-induced vibrations using the intracellular gold
nanoparticles. Then, the principle’s capability and reliability are tested through a series of
experiments. Afterwards, an analytical way to derive the forces that are applied to the
particles is described. The study presented here provides a novel and precise approach to
applying and detecting an fN force in living cells at the scale of a single nanoparticle. These
findings are expected to enable access to the internal mechanics of living cells in a more
elegant and precise way and to pave the way for future studies in cell biology and
biophysics.
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5.1 Basic Principle

The experiment in this study consists of two parts: a living cell containing the detector
gold nanoparticles and a force source in the vicinity of the cell. The detector particles
were either optically injected into a cell or endocytosed by the cells before the
measurements, while the force source was mimicked by a gold nanoparticle on the glass
substrate near the cell. The particle was plasmonically heated by a modulated focused
laser beam during the experiment.

As illustrated in Figure 5.1(a), the measurement was performed on an upright dark field
microscope with a water-immersion objective (100x/NA=0.9) to focus the laser beam (532
nm). An optical chopper with a duty cycle of 50% was placed in the laser beam path to
modulate the laser beam in the frequency range of 5-20 Hz. To introduce the signal source
at a particular position, a single gold nanoparticle in the solution was printed by an
unmodulated cw laser beam on a glass substrate in close vicinity to a cell that contained
detector gold nanoparticles. The detector particles can be introduced into the cell by
optical injection or through endocytosis pathway. The size of the particle (80 nm) that
was used here is larger than the mesh pore size (50 nm) of the cytoskeletons!®. Thus, the
motions of the detector gold nanoparticles were confined by the complex intracellular
structures in the cytoplasm. In this case, the magnetic or optical tweezer was not required
to trap the gold nanoparticles. In the second step (Figure 5.1b), the source particle was
irradiated by a chopped focused laser beam, resulting in the instantaneous formation and
collapse of bubbles. The periodic expansion and collapse of the bubbles induced the liquid
flow, oscillating in time around the heated nanoparticle, and then resulted in the

165 sending out a series of

generation of the pressure wave in the surrounding medium
force pulsesinto the liquid. These force pulses apply to the cell and cause non-equilibrium
fluctuations of the particle’s environment, leading to the vibration of the detector
particles inside of the cell. Diffusion analysis and power spectral analysis of the particle
traces inside of the cell reveal characteristics about the heterogeneous environment for

each detector’s location and magnitude of the applied force pulses.
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Figure 5.1 | Schematic illustration of the basic principle. (a) A laser is focused on the sample by
a water-immersion objective (100 x). A chopper placed on the beam path is used for modulating
the laser beam. (b) The periodic heating of the source particle led to the formation of a cavity
bubble and then sent out a series of force pulses into the liquid environment. These force pulses
induced the vibration of the detector particle inside the cell. Diffusion analysis and power spectral
analysis of particle motion reveals the physical characteristics of the nanodetector environment
and the quantity of the applied force.

5.2 Sensing Force-Induced Vibrations inside a Living Cell

To prove the capability of the above-described principle, a series of experiments were
performed to probe the force-induced vibrations of detector particles in living cells. In the
first part of this section, the laser injection technique that is presented in Chapter 4 was
applied to deliver a gold nanoparticle into a cell as an intracellular sensor. Then, Fourier
analysis was used to probe the signal of the force-induced vibration with this implanted
particle. In addition, the detector particles can be introduced into the cells through the
endocytosis pathway. In this case, the influences of source laser powers and the source-
detector distances on the detected vibrations over an entire cell were investigated. In the
last part of this section, the principle’s reliability is confirmed by testing the accuracy and
precision of these measurements.
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5.2.1 Optically Injecting the AuNP for Intracellular Sensing

Laser injecting the sensor into the cell

To achieve targeted intracellular sensing, the gold nanoparticle sensor was optically
injected into a specific position of a living cell using the method that is described in
Chapter 4. CHO cells were used as the cell models for measurements. As illustrated in
Figure 5.2, the gold nanoparticles (80 nm) were added to the cell culture medium and
then printed by a 532 nm laser beam at a specific position on the cell membrane. Using
the same approach, a single source gold nanoparticle was also laser printed on the glass
substrate in the cell’s vicinity. After washing away the free diffusing particles in the
solution, one of the particles (No. 1) that was printed on the cell membrane was optically
injected into the cell by focusing the same laser beam on it. The laser power that was
used for injection was set at 5 mW at the laser focal plane, ensuring that the particle was
injected through the membrane. As shown in the dark field images in Figure 5.2, the gold
nanoparticle No.1, compared with particle No.2 and No.3, went out of focus after laser
injection and came into focus again when imaging at a lower focal plane. The injection
was also approved using the Kl/I, etching method that is described in Section 3.2.5.

(@) AuNPsinsuspension (b) Printing onsubstrate  (C) Printing on membrane (d) Laser injection into the cell

/
/
/

Upper imaging plane

Lower imaging plane

Figure 5.2 | Laser injecting the sensor gold nanoparticle into the living cell. (a) The gold
nanoparticles were mixed with the cell culture medium. (b) A single gold nanoparticle was
optically printed on the glass substrate as the signal source. (c) The gold nanoparticles (No. 1 to
No. 3) were also optically printed on the cell membrane. (d) Nanoparticle No. 1 was injected into
the cell by focusing the laser beam on it.
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Intracellular sensing with optically injected AuNP

To generate the force pulses outside the cell, the printed source gold nanoparticle was
irradiated by the same laser beam with the chopper switched on at the frequency of 13.3
Hz (randomly chosen frequency). As the injected particle was not on the same focal plane
as the source particle, which was on the glass substrate, the modulated heating laser
beam was defocused on the source particle so the imaging plane could be aligned with
the injected particle. Therefore, the laser power that reached the gold nanoparticle is
unknown. Here, the total laser power was set at 14 mW to ensure bubble generation
around the heated gold nanoparticle. The periodic heating was recorded using a video
camera at 50 fps for 15 seconds. The movements of the gold nanoparticles inside the cell
were tracked with the particle-tracking software ‘Video spot tracker’ (freeware provided
CISMM: Computer Integrated Systems for Microscopy and Manipulation), yielding the
positions (x, y displacement) of each nanoparticle of 750 video frames. The time-

displacement r = \/x? + y? is the sum of the displacement of x and y directions. To read
out the detectors’ vibration induced by the force pulses, discrete fast Fourier
transformation (FFT) was applied to transform the time-dependent displacement X(t;)

(in either x or y direction) of each gold nanoparticle into the frequency domain T(X(tj) ):

N-1
Fx(t)) = X(fi) = Z X(t)e 2kt (k=0,..N—1) (5.1)
=0

where i represents the x or y direction and N is the amount of discrete sample values
(i.e., the total amount of frames in the video). In the frequency spectra, the Fourier

amplitudes A ()?(fk)) were calculated as:

A(X(f0) = \/A(X(fk,x))z + A (fiy ), (5.2)
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2 \/Re()?(fk,i))z + Im(X(fe.)? (5.3)
N

AKX (fii)) =

where Re(X(fi,;)) and Im(X(fi,;)) are the real and imaginary parts of the FFT X(f;;)-

To eliminate the heating laser’s direct influence on intracellular nanoparticles, the control
experiments were performed to record the same nanoparticles’ motions by focusing the
laser on a bare substrate area outside the cell.

The result is shown in Figure 5.3, the time-displacement spectra were Fourier
transformed into a frequency domain using equation (5.1). To increase the signal-to-noise
ratio, the Fourier amplitudes were expressed as the sum of both amplitudes in the x and
y directions using equations (5.2) and (5.3). When the periodic heating laser focused on
the external gold nanoparticle, a clear single peak at the chopper’s frequency (13.3 Hz)
appeared (Figure 5.3a), while in control experiments, the recorded trajectories of the
nanoparticles were transformed into flat frequency spectra (Figure 5.3b). This result
indicates that a gold nanoparticle inside of the cell was able to serve as a nano-detector
to pick up the perturbations. The perturbations are generated by the periodic heating of
a gold nanoparticle that is located several micrometers away from the cell body.

The experiment that is presented here is meaningful as it combines laser injection and
intracellular vibration sensing techniques. The former provides a controllable way of
precisely implanting a sensor particle inside a living cell, while the latter allows for the
single-particle intracellular sensing of the vibrations. However, the intracellular
environment varies at different subcellular locations. Therefore, it is necessary to probe
multiple positions in a single cell simultaneously to acquire more comprehensive
information of the characteristics of the intracellular environment. However, the laser
injection technique that is presented here is limited by low cell viability when injecting
multiple particlesinto one cell. Thus, a more efficient and less harmful approach is needed
to introduce multiple gold nanoparticles into a cell in the following studies.
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Figure 5.3 | Sensing the vibrations using the optically-injected gold nanoparticle. The dark field
image shows the relative positions of the injected detector (white arrows) and the external source
particle (white circle). The dashed circle indicates the position of the laser’s focus in the control
experiment. The time-displacement spectrum of the particle inside of the cell is Fourier
transformed into a frequency spectrum. (a) The modulated laser beam is focused on the source
gold nanoparticle. The frequency spectrum of the injected detector particle (No. 1) shows a single
peak at the frequency of the chopper (13.3 Hz). (b) The control experiment with a laser focused
on the bare glass substrate. The detector shows a flat frequency spectrum.

5.2.2 Sensing the Vibrations with Endocytosed AuNPs

As discussed above, laser injecting multiple gold nanoparticles into one cell is limited by
decreasing cell viability. Moreover, the injected particle’s local environment is not yet
clear and the injection process may damage the local intracellular structures where the
particle locates. To achieve less harmful multi-position probing in a single cell with intact
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structure, the detector gold nanoparticles  [ieaciisr " Eraceluier|

can be endocytosed by the cells and
randomly distributed through the cell
body. This is the simplest way of sending
extracellular particles into the cells, and it
is efficient regarding the multiple-point
detection or batch processing of the cells.
To do this, positively-charged gold
nanoparticles (80 nm) were immersed in
the cell medium before measurement.

After 24 hours, the particles were Figure 5.4 | Optically printing a source particle

endocytosed by the cells (Figure 5.4). As  on the glass substrate and introducing the
introduced in Section 2.2.2, the particles  detector particles into the cell by endocytosis.
Inset: (1) As detectors, the gold nanoparticles
are directly incubated with the cell. (2) The
after penetrating the membranes. The  ondocytosis path way is the most likely pathway
culture dishes were transferred to the for the cellular uptake of the detectors. (3) The
gold nanoparticles that are taken up are
contained in the lipid vesicles and trapped in
the mesh structures of the cytoskeletons.

are likely wrapped inside the lipid vesicles

dark-field microscope for measurement.
The old medium was discarded, and the
cell sample was washed with PBS three
times to remove the free nanoparticles.
Eighty nanometers of fresh gold nanoparticles were then added to the sample. The
nanoparticles’ surfaces were negatively charged in this case; accordingly, spontaneous
binding to the cell membrane was largely reduced. A laser beam (532 nm) was focused
on a glass substrate near the cell to print a single gold nanoparticle as the signal source.
Afterward, the free gold nanoparticles in the solution were washed away again, and the
same laser beam was focused on the printed gold nanoparticle with the chopper switched
on at a frequency of 10 Hz. The measured laser power in the objective focal plane was 7
mW, which was enough to generate bubbles around the heated gold nanoparticle. Figure
5.5(a) shows the dark field image of the relative position of the source particle and the
intracellular detectors. The process of periodic heating was performed as described in
Section 5.2.1. As a result, the time-displacement spectra (Figure 5.5b) were Fourier
transformed into a frequency domain. As Figure 5.5(c) displays, the endocytosed gold
nanoparticles detected a single peak at the chopper frequency (10 Hz) when the laser
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focused on the source gold particle, while the control experiments showed the flat

frequency spectra.
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Figure 5.5 | Sensing the Vibrations with endocytosed gold nanoparticles. (a) The dark field
image shows the relative positions of the intracellular detectors (white arrows with numbers) and
the external source particle (white circle). The dashed circle indicates the laser focus position in
the control experiment. (b) The time-displacement spectra of each particle inside of the cell. (c)
The frequency spectra of each detector shows a single peak at the frequency of the source, while
the control experiments show the flat frequency spectra.

5.2.3 Mapping the Vibrations inside a Single Cell

The section above demonstrates the capability of
using the endocytosed gold nanoparticle as the
intracellular detector to sense the vibration that
was induced by a series of force pulses that were
optothermally generated outside of the cell. This
facilitates the following studies that map the
force-associated vibration signals in a cell. This
section explores the effects of laser powers on
detector particle vibration by mapping the signal
strength that is detected inside of a single cell. To
do this, the detector gold nanoparticles were

Figure 5.6 | The dark field image
showing the relative positions of the
detector particles and source particle.
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endocytosed by the cells as described above. A single source gold nanoparticle was
optically printed beside a cell containing the detector particles (Figure 5.6). The shortest
distance between the source particle and the cell membrane is about 5 um. A modulated
laser beam was focused on the source particle. The modulation frequency was set at 13.3
Hz. The process of applying force was recorded by a digital camera for 120 seconds.
Afterward, the Fourier analysis of the time-displacement of the detector particles
resulted in the frequency spectra of each particle.

To identify whether the peaks at the frequency of the chopper (13.3 Hz) in the frequency
spectra were signals or noises, the values of FFT amplitude A(F}l) for each individual
detector were extracted. Here, j € (11.3 Hz, 15.3 Hz) is the frequency and i represents
the x or y direction. The sum of the amplitude is represented as (F]) =
\/A(P}-,x)z + A(F;y)? . The noise level A(N) + o is obtained by averaging all of the
A(Fj,l-), except for the value at j = 13.3 Hz where o is the standard deviation. IfA(Fj,l-) -
30 < 0,(j = 13.3 Hz), the detected peak at the frequency of the chopper, is defined as
a noise and the value of the effective signal is defined as A(ES) ¥ 0; ifA(F}-,i) — 30 >

0, (j = 13.3 Hz), the detected peak at the frequency of source is defined as a signal.
Accordingly, we have the value of the effective signal A(ES) = A(F]l) — A(N),(j =
13.3 Hz). To map the strength of the signal detected on all of the particles in a single cell,
the mean noise level A(MN) is calculated by averaging all of the values of A(N) that were
obtained on every tracked particle. A(MN) is also defined as the threshold of the signal
and the noise. Any value of the peak at 13.3 Hz, which is larger than A(MN)), is defined as
a real signal. Therefore, the value of the real signal is expressed as A(RS) = A(ES) +
A(MN).

We extracted the two-dimensional positions of each particle and their values of the real
signals A(RS) at the chopper frequency (13.3 Hz), and plotted them as color maps (Figure
5.7). The circle’s size is proportional to the real signal strength of the detector vibrations.
The signal strengths’ values are represented using the color scale bar. These values were
normalized using the maximum values of the detected real signal. Figure 5.7(a) shows the
situation when the power of the modulating laser was set at 7.3 mW. The detector
particles showing the flat frequency spectra are marked as black spots on the color maps.
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Notably, not all of the detector particles were equally affected by the input pulse. Particles
that were sitting closer to the source showed a stronger response, while particles that
were located further away from the source displayed a smaller signal. This may be
because of the attenuation of the oscillation during the propagation inside of the cell.
Figure 5.7(b) shows the color map when the chopped laser power was elevated to 12.7
mW. The overall signal strength for all of the detector particles increased accordingly.
Most of the detectors are driven to vibrate, although their values still vary depending on
the distances between the detector particles and the source. This result also proves that
the pressure pulse does not shake or move the complete cell as the signal strength would
be equal for all of the particles in this case.
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Figure 5.7 | Maps of the signal strength of the detector particles inside a single cell. The centers
of each colored circle overlay the dark field images of the detector particles. The scale of the
colored circles is proportional to the signal strength that is detected at the frequency of the
chopper. The normalized values of the signal strength are indicated using the color scale bar. The
signal strength of 0.22 is the calculated threshold of the signal and noise. The detector particles
with this signal strength are regarded as ‘no signal detected’ and are marked in black. (a)
Modulating at the laser power of 12.7 mW; (b) Modulating at the laser power of 7.3 mW.
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5.2.4 Distance Dependency

The previous section shows that the vibration strength of the detectors presented a laser
power-dependent manner. Overall, detectors that are closer to the source have stronger
responses to the oscillation. However, the source-detector distance depends on the
detectors’ positions, as the source particle is fixed at one site, while the detector particles
are randomly distributed inside of the cell. To precisely control the source-detector
distance, this section describes the positioning of the source particle away from the cell
at different distances and the testing of how far the generated force pulses can travel
through the medium and drive the intracellular detectors’ vibration.

First, the detector particles (80 nm) were endocytosed as described above. Source
particles were then added to the medium. At a chosen position that was far enough from
the cell but still within the vision of the microscope image, a source gold nanoparticle was
optically printed on the substrate. Afterward, the free gold nanoparticles in the solution
were washed away. A modulated laser beam (chopping frequency = 13.3 Hz) was focused
on the source particle with a power of 7 mW at the focal plane. The video camera
recorded the periodical heating for 15 seconds. The fresh detector particles were added
again and optically printed on the next position that was closer to the cell. The same
measurement was repeated. As shown in Figure 5.8(a), S1, S2, S3, and S4 indicate
positions where the source particles were printed. The motion of three detector particles
(1, 2, and 3 as indicated in the dark field image) was analyzed as described in previous
sections. The effective signal values A(ES) at 13.3 Hz for each particle at each source-
detector distance were plotted in a bar chart in Figure 5.8 (b). The three detector particles
show a clear distance-dependent trend. At 41.6 - 44.7 um of source-detector distance,
the intracellular particles could not sense the vibration. As the distance decreased to 35.2
um, the detected vibration became clear. The results presented in this experiment show
that the signal strength is controllable by varying the source-detector distances. The
results also indicate important information that the force pulses can be generated from
10 um to at least 35 um away from a cell and a signal can still be observed, even if the
source nanoparticle is located more than 33 um away from the cell itself. As the
temperature at the center of the source particle can reach hundreds of degrees Celsius
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during laser heating but will dissipate within a few hundred nanometers, measuring
within this distance range also protects the cell from possible thermal damage, supporting
future applications of this approach in living cells.
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Figure 5.8 | The distance dependency measurement. (a) The dark field image showing the
relative positions of the source particles and the intracellular detectors. S1-S4 indicate the
positions where the source particles were optically printed. The arrows with 1, 2, and 3 indicate
three of the detector particles inside the cell. (b) The signal strength of each detector particle
measured at four source-detector distances. At position S1, no signals were detected inside of the
cell. Therefore, the signal strength is zero in the bar chart. The source-detector distances were
obtained from the first frame of the video. The error bars represent the three times standard
deviation of the noise level for each measurement. This value indicates the fluctuation range of

the noise level in each measurement and is the criteria for determining the signal and noise as
described in Section 5.2.3
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5.2.5 Accuracy and Precision of the Detectors

To ensure the explored intracellular sensing method is not specific to the chosen
frequency of the source, namely 13.3 Hz or 10 Hz as described in the above measurements,
we performed a set of intracellular sensing tests. In these experiments, the chopper
frequency for the heating laser was varied at 4.2, 7.3, 13.3, 17.7, and 23.3 Hz. The values
of these frequencies were randomly chosen under the requirements of the Nyquist-
Shannon sampling theorem?® (i.e., the heating laser modulation frequencies are kept
below the sampling rate/2 = 25 Hz). The motions of four gold nanoparticles inside of a cell
(Figure 5.9a) were recorded at each heating frequency. As a result, the Fourier analysis of
the four gold nanoparticles’ displacement revealed that the peak positions closely
followed the heating frequency outside of cell (Figure 5.9b).
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Figure 5.9 | The accuracy and precision measurements of the detectors towards the source. (a)
The relative positions of the intracellular detectors and external source particle. (b) The frequency
spectra of the detectors with heating laser focused on the source particle at frequencies of 4.2,
7.3,13.3,17.7, and 23.3 Hz.

To prove this measurement’s reliability, estimations of the detectors’ accuracy and
precision towards the source were performed, respectively. The accuracy was obtained
by calculating the relative error between the true values (i.e., the chopper frequency) and
the measured frequency’s mean values at four particles (Figure 5.10a). As a result, the
accuracy of this measurement was kept above 99.50 %. The precision was obtained by
calculating the frequencies’ standard deviation (SD), which were measured at four
particles. As presented in Figure 5.10(b), at each chopper frequency, the measurements
showed narrow distributions, which means each measurement has a high precision.
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Figure 5.10 | The accuracy and precision measurements of the detectors towards the source.
(a) The accuracy analysis of the detectors. The error bars indicate the absolute errors between
the true values and the measured mean values. The percentage values indicate the detectors’
accuracy at each frequency. (b) The detectors’ precision, which was measured at each frequency,
is written as mean + SD.

5.3 Force Spectroscopy inside Living Cells

The previous sections demonstrate that gold nanoparticles inside living cells can serve as
sensors to optically readout vibrations that are generated in the vicinity of the cell. These
vibrations result from force pulses applied to intracellular gold nanoparticles. In the next
step, an approach is investigated to derive the force values that are applied to the
detectors from the signal strength.

Diffusion analysis

As the detector particles are surrounded by the complex intracellular environment, it is
important to characterize their diffusion properties during the force application. The
analysis was performed on the cell as described in Figure 5.10 and the laser power for
heating was 12.7 mW. In this measurement, the two dimensional trajectories of twenty-
seven single gold nanoparticles during the experiment of force application were tracked
for two minutes. Detector particles in three subcellular areas were selected as examples
for further analysis (Figure 5.11a). The resulting trajectories are described by the mean
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square displacement (MSD) < Ar2(7) > of a particle within a given time delay (t), where
Ar(7) = r(t + ) — r(t). Figure 5.11(b) shows the log-log plot of < Ar?(t) > ~7 for the
twenty-seven particles inside one cell for 120 seconds. By averaging the < Ar?(7) >
values of the single traces at each time delay, the average MSD for this period was
obtained. The cytoplasm is not a simple viscous liquid but a viscoelastic environment!34,
Thus, according to the introduction in Section 2.3, a particle’s diffusion in an
inhomogeneous complex liquid is characterized by the time-dependent power law!?7- 134;

< Ar?(7) > = Ct* (5.4),

where Cis a constant that is related to the diffusion of the particle, and « is the parameter
that determines the types of particle diffusion. Taking the logarithm of equation (5.4)
yields:

log < Ar?(7) > = alog(t) + log C (5.5),

where the power term and constant term correspond to the slop and intercept of a
straight lines in a log-log graph. Figure 5.11(c) shows the log-log fit of the MSD-t plot
according to the time-dependent power law in shorter time delays (t < 0.2 s). The reason
to plot within 0.2 s is that the molecular motor-induced random fluctuation might happen
in longer timescales, in which the MSD increased approximately linearly with time!3>. The
upper limit of the short timescale 0.2 s also corresponds to the lower limit of the
frequency range 5 Hz that was used in this measurement. The average MSD of twenty-
seven particles and the MSD of the three example particles were investigated. The
obtained a values, which are all between 0 and 1, illustrate that the motion of the
intracellular particles show subdiffusion'34, indeed.
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Figure 5.11 | Analysis of particles diffusion inside of the cell. (a) Dark field image shows the gold
nanoparticles inside of a cell during an experiment. The 2D trace of three example gold
nanoparticles in different subcellular areas is shown. The side length of the colored boxes is 1 um.
(b) Mean square displacement (MSD) analysis of all 27 particles tracked during this experiment.
The dashed black line is the average MSD of all 27 particles. (c) A fit in the low time delay regime
(t < 0.25) reveals subdiffusive behavior. The corresponding trends indicating the power law by
the exponent « are given in the plot.

Converting Fourier peaks to forces *

In the second step, | will discuss the possibility of deriving the forces that are applied to
the detector from the force-associated signal strength. A particle’s motion inside the cell
can be described by the generalized Langevin equation?6’. 168

mx = F,_¢ () + Fr(t) (5.6),

where m denotes the mass of a gold nanoparticle; x is the displacement of a particle;
and F,,_.;(t) represents the viscoelastic forces acting on the particle. Fr(t) represents
the random forces that act on the particle; it includes the contribution from both direct
forces between the particles and the stochastic Brownian forces'®®. To start with a simple
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model in this study, we made an assumption that only the viscous part of the cytoplasm
was taken into account in our model. In this case, equation (5.6) can be specified as the
classical Langevin equation®® 170;

m¥ = —yx +§(t) + F(t) (5.7),

where y is the viscous friction coefficient; &(t) is the thermal random force, and F,(t) is
the external force applied to the detectors, which is assumed to be proportional to the
laser power and is a repeated step function

N-1

P:s‘(t) =K h(t — ktosc):
kZ(:J (5.8)

h(t) =H()—H(t - tosc/z)

where H(t) is the Heaviside step function and t,s. = 1/f, is the chopper period with f;
being the chopper frequency. According to the derivation that is presented in Appendix
C, the solution for equation (5.6) in Fourier space is given by:

EDHRD 59)
i2nyf — (2m)?f?m

x(f) =

Equation (5.9) can be further solved using the definition of the power spectral density (for
details see Appendix C), which finally leads to

€H»H  E |sin(ftng) (5.10)
tmsr(znyf)z 2y2tmsr(2ﬂf)4 COS(%ftosc)

(Sx(H)) =

where (S,(f)) is an expression for the signal strength that is detected in the power
spectrum and t,,q, is the total measurement period. Equation (5.10) builds a connection
between the power spectral density and force; it enables the conversion from the
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detected vibration signals to the force that is applied to the detector particles. While the
first term in equation (5.10) refers to the characteristic spectrum of Brownian noise, the
second term results from the external periodic force with frequency f,. The measured
spectra (i.e. refer to an example spectrum below) show that at the chopper frequency f,,
the measured peak is significantly higher than the noise level. Thus, to estimate an order
of magnitude of the forces measured in this approach, the contribution of the first term
in equation (5.10) is neglected. With this, the force acting on a gold nanoparticle can be

approximated as

T
. Cos(fftosc) 511
Es‘(fo) ~ (Zﬂfo)zl’ ZSx(fO)tmsr ’ }1_{2) m ( ' )

Provided only the viscous drag is considered in the cytoplasm, y = 6man can be used3%
171 where a is the radius of the spherical particle and 1 is the local viscosity around the
particle. Figure 5.12 shows the power spectra of the three example particles that were
located in different subcellular areas. Their peak values S, (f;) at the chopper frequency
fo = 13.3 Hz were found. To estimate the force ranges that were applied to the
intracellular particles, the local viscosity in the agueous phase of the cytoplasm ranging
from 1 to 140 centipoise (cP)7> 173 is used. Thus, the forces acting on the detectors during
the measurement period t,,q, = 120 s can be calculated using equation (5.11). The
estimated force ranges are shown in Figure 5.12 and their values are within fN ranges in

low viscous environment.
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Figure 5.12 | Conversion of Fourier peaks to force. Power spectral density (PSD) plots for the
three example particles located in different subcellular areas. The liquid-phase intracellular
viscosity is estimated between 1 and 140 cPY’> 173, The resulting force ranges are given.
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This result illustrates how low-frequency vibration spectra in the Fourier space can be
analytically converted into a force. The method presented here presents a new way of
applying a gentle mechanical force to a living cell, and a simple analytical model for
probing this force inside the cell with the sensitivity of fN ranges.

However, the introduced model only considers the effect of the fluid-phase cytoplasmic
viscosity. This limitation neglects the influence of the cytoskeleton elasticity on the
particles’ motion. Indeed, if the size of the nanoparticles (80 nm) is larger than the mesh
pore size of the cytoskeleton (typically 50 nm) %/, the particles’ motion inside the
cytoplasm is confined. In this case, the viscoelastic rheological behavior, in which the
energy of particle diffusion is partially stored and dissipated within the complex
cytoplasmic environment!’4, must be considered. Further, the model that is presented
here neglects the noise term in equation (5.10), as the aim of the present model is to give
an estimation of the force range, rather than an exact force value.

Despite this, a more thoughtful model is needed in the future to derivate a more exact
force value. The generalized Langevin equation provides a justified model to describe the
motion of small particle that is dispersed in viscoelastic media'®” 198, As already shown in
equation (5.6), the viscoelastic forces F,_.;(t) include viscous damping of the liquid
phase, and incorporates a generalized time-dependent memory function n(t) that takes
elasticity into account as it determines how past movements contribute to the present
dissipative force'®® 17>, As illustrated by the current result, building a connection between
the force and the vibration signal is achievable by using the simple model; thus, it is
reasonable and necessary to take a step further in the future by using a more precise
model to derive the forces. Therefore, solving the generalized Langevin equation by
considering both viscosity and elasticity is an option for building a more precise model to
convert the vibration signals to forces in the near future, thereby acquiring a more precise
measurement of the force spectroscopy inside the living cells.
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5.4 Summary and Outlook

This chapter presents a new concept for applying and investigating forces in biological
samples elegantly and non-invasively. We designed an experiment where small
nanoparticles, which are either optically injected into a cell or endocytosed by the cell,
serve as detectors by probing local perturbations within the cytoplasm. The perturbations
are generated by periodically heating gold particles that are located several micrometers
away from the cell body. Irradiating the particles with a chopped laser beam leads to
cavity bubbles instantaneously forming and collapsing. The resulting force pulses cause
non-equilibrium fluctuations to the detector particles’ movement inside the cell. Diffusion
analysis and power spectral analysis of the particle traces reveals not only characteristics
about the heterogeneous environment for each detector location, but also the magnitude
of the applied force pulse. The results suggested the possibility of precise and sensitive
intracellular force sensing using gold nanoparticles either at desired positions or
throughout the cell.

This new approach that is provided is more sensitive than standard tools of the trade and
avoids several shortcomings of conventional methods, such as atomic force microscopy
and optical tweezers. This is because it does not require mechanical contact or direct laser
illumination of the analyzed sample, which could lead to photodamage or localized
heating. The analysis can be done at one targeted position or at multiple positions
simultaneously. However, the limitation of this approach still exists that the mathematical
model for deriving the values of the forces does not consider the influence of the
cytoskeleton’s elasticity on the particles’ motion. A more complex model that takes into
account the cytoplasmic viscoelasticity is needed to achieve a more precise measurement
of the force values in vivo.

Overall, this approach renders it possible to perform localized force mapping of living cells

in the fN resolution, which offers a broad applicability for investigating the heterogeneous
nature of intracellular processes.
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Chapter 6

Conclusion and Outlook

This thesis presents the research that was conducted on AuNP-cell interactions under the
manipulation of the laser beam. The main motivation was to use the plasmonic properties
of the gold nanoparticles to explore their new biomedical and cell biological applications.
First, we successfully used light to deliver the gold nanoparticles to the membrane of the
mammalian cells and then injected the gold nanoparticles one-by-one through the
membrane using a focused resonance laser beam. Afterward, we developed a way to use
gold nanoparticles to locally apply and detect fN forces in living cells. The gold particles
serving as sensors can either be optically injected for precise on-site detection or be
endocytosed by the cell for multiple-location signals mapping.

In the first part of the experiments in this thesis, the gold nanoparticles with diameters of
80 nm could be printed on the cell membranes, only by shining a laser beam on the cell.
The printing was fully controllable, and delivering one particle at one time to the targeted
position on the single cell was possible by balancing the laser power and the
concentrations of the gold nanoparticles in the solution. This is useful for the labeling of
the cell membrane, particularly at the single particle and single cell levels. One can
consider using this technique to study or control the membrane functions, for example,
to investigate how a single nanoparticle interacts with membrane proteins, or how the
particle affects the functions of these proteins. In the second step of this experiment, the
gold nanoparticles on the cell membrane were injected into the cell using a focused
resonance laser beam. The key feature of this method is the combination of bubble
formation around the gold nanoparticle upon local plasmonic heating to open a ‘door’ on
the membrane and the optical forces to ‘push’ the particle. To my knowledge, this is the
first time that these two effects have been combined for this purpose. As delivering drugs,
genes, and other substances into cells is a critical technique for medicine, cell biology, and
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biotechnology, one can consider, in the future, using this technique to inject small
molecules into cells using nanoparticles, including gold spheres as well as more complex
structures, as a ‘ferry.’ In this case, the wavelength of the injection laser can also be tuned
close to the plasmonic resonance frequency of the ‘ferry’ structure, for example, in the
near-infrared region, which will be more compatible in biological samples. In addition, if
this laser printing and injection technique could be scaled to situations outside of a
microscope, it has the potential to become a standard tool in the biochemical
modification of cells.

In the second part of the experiments in this thesis, the gold nanoparticles played dual
roles: as an extracellular signal source to optothermally generate a series of force pulses
that are applied to the cell, and as the intracellular biosensors to pick up the vibrations
that are induced by the force pulses at the scale of a single molecule. By analyzing the
motions of the intracellular detector particles with power spectra, the fN forces that were
applied to the intracellular particles can be estimated, which is the key to studying the
dynamic cellular mechanics. Although the force spectroscopy of biomolecules has been
achieved using AFM, magnetic tweezers, and optical tweezers, the concept that is
introduced in this thesis provides a new approach to applying a local force to the living
cell in an elegant way and probing this force in a simple, efficient, and safe manner. This
measurement suggests the future possibility to resolve an fN force at a targeted position
inside of a living cell using a single nanoparticle or map the magnitudes and directions of
the external forces propagating throughout the entire cell body.

In summary, many of the important optical and thermophysical properties of gold
nanoparticles have been discussed and applied to conduct the research in this thesis. It is
suggested that a laser that is delivering nano-objects into a living cell and single particle
force spectroscopy in vivo are within reach, though challenges still exist and more studies
are still required. However, it is becoming increasingly possible to control and read
biological information at the cellular and molecular levels by simply switching on the laser.
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Appendix: Calculations

(A) Temperature Distribution around Gold Nanoparticles

Estimation of laser beam size

To simulate the temperature distribution around gold nanoparticles under cw laser
irradiation, the laser beam size must be estimated. The laser beam that was used in this
work follows the Gaussian distribution, and its transverse electric field and intensity
distributions are well approximated by the Gaussian function, which in 2-dimensional
coordinates, can be written as:

x%+y?

fly)=Ae 207 (A1)
where A is the intensity and ¢ is a constant that is connected to the beam size.

The beam diameter or beam width is the diameter along any specified line that is
perpendicular to the beam axis and intersects it. The definition of beam diameter used
here is full width at half maximum (FWHM), which indicates the width of the Gaussian
curve that is measured between those points on the y-axis, which are half of the
maximum amplitude. This value is related to the o value in the Gaussian function
according to:

FWHM = 2V2In2 0 (A2)

To measure the FWHM experimentally in this work, a reflection image of the laser beam
that was focused on the glass substrate was captured by the digital camera under the
dark field microscope (Figure Ala). Then, the image was analyzed with the software
Gwyddion 2.31 (free to use). The intensity distribution of the laser beam at its focal point
(Figure Alb) was generated from the dark field image of the beam spot. The distribution
curve in the two-dimensional coordinate was obtained by plotting the curve through the
largest cross-section of the beam spot (Figure Alc, black line: profile curve). By fitting the
distribution curve into the Gaussian function (Figure Alc, red line: fit curve) using
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equation (A 1), the o value was obtained. Therefore, FWHM can be calculated by

equation (A 2).

High

( b) (C) . — profile curve

©

(a)

fit curve

Ausuayu|

Low

Figure A1 | Measurement of the laser beam diameter. (a) Dark field image of the reflection of
the beam spot at its focal point. (b) The intensity distribution of the beam spot at the focal point.
The solid black line indicates the largest cross-section of the spot. (c) The plotted 2D intensity
curve (black line) and fitted curve as a Gaussian function (red line). As a result, o is calculated as
256 nm; therefore, FWHM = 604 nm in this case

Simulation of temperature distribution

The finite element method (FEM), or finite element analysis (FEA), is a computational
technique used to obtain approximate solutions of boundary value problems in
engineering. The whole problem domain is divided into an equivalent system of many
smaller bodies or units (finite elements) that are interconnected at points which are
common to two or more elements (nodes or nodal points) and boundary lines or surfaces.
The individual equation for defined boundary conditions between each element is solved.
Therefore, many simple element equations over many small subdomains are connected
to approximate a more complex equation over a larger domain. In this work, the steady-
state heat distribution around a gold nanoparticle upon irradiation with a CW laser beam
was numerically calculated using finite-element analysis by COMSOL Multiphysics
software 4.3a. In the heat transfer module, the surrounding medium and AuNPs were
modeled as spheres with radium Rmedium(10 pm)>>Raunp(80 Nnm). The outer boundary of
the medium sphere is thermally insulated. The heat transfer equation was simplified into:
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p(r)C,(1r) @ — Vk(r)VT(r,t) = Q (A3),

where p(7)=19320 kg/m? is the mass density of gold, C,,(#*) = 0.128 J/(kg-K) is the heat
capacity of gold at a constant pressure, k(7)=317 W/(m-K) is the thermal conductivity of
gold, and 7 and t are the spatial coordinates and time, respectively. Q is the laser power
density per gold volume (W/m?3):

P

Q B VAuNP (A 4)

where Vj,np (Mm3) the volume of a gold nanoparticle, and P is the laser power that is
exerted on each gold nanoparticle, which is connected to the beam diameter value and
obtained by integrating the 2D Gaussian function:

L
P=j_2£fif(x,y)dxdy (A5)
2 2

where f(x,y) is the 2D Gaussian function (equation(A 1), [ is the length of an imaginary
square which has the same value of area as C,;,, the absorption cross-section of a gold
nanoparticle. For a gold nanoparticle with a diameter of 80 nm, the absorption cross-
section can be determined by the Mie theory simulation (C,,s = 0.01825nm?).
Therefore:

l = /Caps (A 6)

. L1 . . . . .
The reason for using [— > E] as an integration range instead of the radius of absorption

. . fc c . . .
cross-section of a gold nanoparticle [— aTbs, =255 1 s that a larger area is involved in

T

the calculation for the latter case, which will result in the overestimation of the calculated
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laser power at the gold nanoparticle. A schematic diagram of this explanation is shown in

Figure A2.

radius of
absorption

cross-section| ™

integration radius

110

) Cans

><1r

[ ] same area with Cavs

Figure A2 | Integration area of calculating
the laser power at a single gold
nanoparticle. The blue circle coved area
indicates the absorption cross-section of the
gold nanoparticle. However,  when
integrating the 2D Gaussian function, the
radius of the absorption cross-section should
not be used as the integration range since
this will result in a larger calculated area
(dark square). Instead, an imaginary square
(red square) that has the same area with the
absorption cross-section is created and the
length of this square should be the correct
integration range.
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(B) Optical Forces

The calculation of the optical forces that are exerted on a gold nanoparticle (80 nm) by a
focused laser beam (A = 532 nm) is based on the theory that is described in Section 2.1.3.
The force equations were solved with the software ‘Mathematica 9.0’ by Wolfram
Research.

For a focused Gaussian laser beam in cylindrical coordinates as shown in Figure B1, the
mathematical expression for the electric field follows the equation:

2 wy -1 —i[kz+ki—¢(z)]
E(r,z) = E, |- ( )e w(z)?e 2R(2) (B 1)
Tw(z

where k = 2nn /A is the wave vector, Eg = m/wo is the maximum amplitude of
the electric field in focus with g = 41 X 1077 N/A? as the vacuum permeability, ¢, as
the speed of light in a vacuum, P as the applied laser power, and where w, = 1/mNA the
waist size (NA is the numerical aperture of the objective lens). w(z) is the width (radius)
of the beam along the z-axis direction:

w(z) = woy/ 1+ (2/2g)? (B 2)

where z; = mw§ /A, the Rayleigh distance, which is the length along the propagation
direction of a beam from the focal point to the place where the area of the cross-section

is doubled'’®. R(z) is the radius of curvature as a function of distance along the beam and

Y (2) is called the Gouy phase at the z-axis, and is given by’’

R(z) = z[1 + (2r/2)] (B3)

Y(z) = arctan(z/zg) (B 4)
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(B) Optical Forces

Figure B1 | The focused Gaussian laser beam in cylindrical coordinates.

Combining equation (B 1) and the total force expression in equation (2.18), ‘Frotar =
%sosma’V(E*E) +%sosma”lm{zi=x,y'z E;-“VE} ’, we obtain the expression for the

gradient force and scattering force in the radial r- and z-directions:

. 2¢, , WS e BS
Fyraa(r,2) = —— ageLy w2t e (85)
4 2 2r?
& ZwW, 1 2r -
FZ ,q(r,z) = ——ag E? < — >e w(z) (B 6)
grad T Re™0 Zg W(Z)4_ W(Z)6
, £ , TW§  kr 2t B7
Fsear(r,2) = ;almEO WR(Z) e W@ (B7)
2 2(,2 2 2 212

€o Wo r4(z* — z§) Wo “Wz)Z
FZ ,2) = —amEl——=|k(1— + w(2) B8
scat(r Z) T AmLo W(Z)z [ < 2(22 + Zg)2> Zowgl e ( )
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(C) Fourier-Based Solution of the Langevin Equation

In Chapter 4, the cell is exposed to a series of force pulses generated locally in the vicinity
of the cell body. These forces were then picked up by the intracellular gold nanoparticles
and induce the vibration of these particles. To probe the values of these time-dependent
driving forces, firstly, the displacement of the intracellular particles x(t) is analyzed by
the Langevin equation under the assumption that only viscous drag force and thermal
force are considered

mi = —yx+ Fthermal(t) + F; . (C1)

Here m denotes the mass of gold nanoparticle, y the viscous friction coefficient, £(t) the
thermal random force and F; the system force, i.e. the force applied on the detectors.

Equation (C 1) cannot be solved in a standard way due to the presence of the stochastic
force Finermai(t) . However, the solution can be found through the average power
spectral density

EUXON

th T

(Sx(f)) = (C2)

Where (... ) denotes the expectation value, S, (f) the signal strength detected in Fourier
space and t,,q- the total measurement time. * represents the complex conjugate. In
order to build a connection between equation (C 2) and the Langevin equation, equation
(C1)is Fourier transformed

mi(f) = _yi(f)-l'ﬁthermal(f)-l'ﬁs; (C3)

and use following expression

x(f) = i2nf2(f), (Ca)
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X(f) = —2m)*f2a(f), (C5)

leads to the expression

Pthermal(f) + F:s‘(f)

*(f) = i2myf — (2m)?f?m’ (C6)
Now, inserting equation (C 6) into (C 3) provides
_ 1 ) (ﬁthermal(f)2> + (ﬁ;(f)z) + (Fthermal(f» ! (F's(f))
R . @rfym? + (uy )2 ' <7

Since the gold nanoparticles are in the low Reynolds number liquid (i.e., the velocity is
thermally relaxed at each instant of time), the inertial term mx can be neglected'’®. Thus,
equation (C 7) simplifies to

(ﬁthermal(f)2> + (ﬁ;(f)2> + (Fthermal(f» ' (F's(f))

bnsr (Znyf)z €8

(Sx(F)) =

Now, the Fourier transformed systematic force I:"s(f) must be found. In the study
presented in Chapter 4, this force is assumed to be proportional to the laser power and is
a repeated step function which can be written as

N-1
P:?(t) = Es h(t - ktosc): (C 9)
where
h(t) = H(t) — H(t — t"“) (C 10)

2
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with tosc = 270/ fenopper being the chopper period length and H(t) the Heaviside step

function. N is the number of oscillations (total pulse number). The Fourier transform of
F,(t) reads:

o N-1
RO = [ ) b= ktgse ™ de
~® k=0

=F- f‘” [A() + h(t — tyse) + - + h(t — (N — 1)t,g.)] e~ 27t dt

(C11)
Using the identity!”®
f h(t — a)e ?™ftdt = e~i2mfa f h(t)e~ 2™ rtdt (C12)
on each term of equation (C 11) gives:
() =F- U h(t)e ™t de + e‘iz’fftoscf h(t)e 2™ tdt
+ e + e—i27tf(N—1)toscf h(t)e—lzn'ftdtl
N-1 -
— F; . <Z (e—iZTL'ftosc)k>f h(t)e—l'ZTL'ftdt
k=0 —0o (C 13)
Using the geometric series expression'”®
N-1
1—7rVN
rk = (C14)
1—7r
k=0
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With N = ttml and plug equation (C 10) into equation (C 13) gives:

osc

R 1— e—iZT[ftmsr

L) =R e f_ [H(t) —H (t _T>] e~i2nftde

. t
1— e_lznftmsr ¥

2 )
- —i2nft
- Eg 1-— e_iznftosc 0 e i dt
— pi2Tftmsr [
=F. - 1 € _ . l . (e_izn'ftosc — 1)
$ 1 — e i2nftosc 2mf (C15)
In the following, F(f)? is calculated as:
F(f)? = K(f) - B(f)
2 — pi2Tftmsr — pl2Wftmsy
= FS . 1 € — . 1 € _ . (e_izn'ftosc — 1)(ei27tftosc — 1)
(2n)%f2 1 — e 27ftosc 1 — ei2Tftosc
E* 1 —cos2nftysr
= . (1 - t
(2m)2f2 (1 — cosantosc> (1 = cosmftosc)
FE?  (sinmiftpg . m
= 2 2.( i Tsin _ftosc)
2mef Sinft,sc 2
2
_ P:s‘z . Sinnftmsr
- 2£2 T
8m f coS 7ftosc (C 16)

Inserting equation (C 15) and equation (C 16), and using (Fnermai (t)) = 0,20 the final
expression of (C 8) reads:

(ENH?) N F? SINTTf tsy

(S = tmsr Y [)? 272 tynsy (21f)* | COS%ftosc

(C17)
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