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Kurzfassung

Die Plasmonresonanz von Goldnanopartikeln verleiht ihnen eine Reihe bedeutender Eigen-

schaften. So sind sie einerseits, bedingt durch den hohen Absorptionsquerschnitt, effiziente

optothermische Energiewandler und andererseits trotz ihrer geringen Größe über den

hohen Streuquerschnitt gut in Dunkelfeldmikroskopen zu erkennen. Diese Eigenschaften

werden in dieser Arbeit zum einen ausgenutzt, um die Goldnanopartikel als optothermische

Nanowerkzeuge für die Untersuchung und Manipulation von Phospholipidmembranen zu

verwenden. Zum anderen werden Goldpartikel mittels der optischen Kräfte, die ein Laser

auf sie ausübt, mit nanometrischer Präzision auf Substrate gedruckt.

Phospholipide sind der größte Bestandteil von biologischen Zellmembranen, welche die

Zellen von ihrer Umgebung abgrenzen und in denen viele wichtige Prozesse stattfinden.

Vesikel, bestehend aus einer Phospholipidmembran, dienten in den letzten Jahrzehnten

vermehrt als Zellmodelle. Um an Vesikeln Untersuchungen durchführen zu können, mussten

die Goldnanopartikel erst an die Membranen gebunden werden. Durch einen Liganden-

tausch mit Lipidmolekülen auf der Goldoberfläche konnten wir eine stabile Bindung zu den

Vesikeln durch einfaches Mischen einer Vesikel- mit einer Goldlösung erzeugen. Als weitere

Möglichkeit für eine Bindung ließen wir Goldnanopartikel direkt auf der Vesikelmembran

wachsen. Durch Variieren der Goldionenkonzentration und durch Einbringen von geladenen

Lipiden konnten Partikelgröße, -form und -dichte gezielt beeinflusst werden. Aus den optis-

chen Eigenschaften dieser Goldvesikel konnten wir ein Modell für das Wachstum erstellen.

Die mit dieser Methode hergestellten Vesikel eignen sich nicht nur als Untersuchungsobjekte

für Membranstudien, sondern sie bieten sich auch für den Transport von Medikamenten in

das Zellinnere an.

In weiteren Experimenten wurden Goldnanopartikel an Phospholipidvesikel gebunden und

mit einer zur Absorption resonanten Wellenlänge optothermisch geheizt. Bei Leistungs-

dichten oberhalb von 300 kW/cm2 wurden Vesikel gezielt durch das Aufheizen der Gold-

nanopartikel zerstört. Bei niedrigeren Leistungsdichten war es mit einzelnen, an Vesikel in

der Gelphase gebundenen Goldnanopartikeln möglich, einen reversiblen Phasenübergang

der Vesikelmembran in die flüssige Phase zu induzieren. Dieser konnte durch eine

erhöhte Diffusion der Goldnanopartikel in der Membran nachgewiesen und charakterisiert

werden. Die Diffusion konnte außerdem zur Untersuchung von Membrandynamiken im

Nanometerbereich genutzt werden. Dies wurde am Beispiel einer Messung der Aus-

breitungsgeschwindigkeit der flüssigen Phase durch die Gelphase gezeigt. Mit solch

kontrollierten Phasenübergängen und geeigneten Veränderungen der Eigenschaften des

Laserstrahls konnten die Goldnanopartikel mit einer im Nanometerbereich liegenden Präzi-

sion an vorbestimmte Orte auf der Vesikelmembran geführt werden. Im Weiteren wurde

eine Möglichkeit zur optischen Injektion von Goldnanopartikeln in Phospholipidvesikel

untersucht, welche einen weiteren möglichen Ansatz zum gezielten Medikamententransport

darstellt.

Darüber hinaus wurde eine neuartige Methode entwickelt, um einzelne Goldnanopartikel

mit einer Präzision von einigen Nanometern auf einer Substratoberfläche zu platzieren.

Diese Methode bedient sich der durch einen Laser ausgeübten optischen Kräfte um die

Nanopartikel aus der Lösung einzufangen, sie zur gewünschten Position zu führen und

die elektrostatische Abstoßung zu überwinden, sodass die Goldnanopartikel durch Van-der-

Waals Kräfte fest mit der Substratoberfläche verbunden werden. Die Wal einer optimalen

Leistungsdichte und die Wellenlänge des Lasers ergibt sich aus einem Kompromiss zwischen

Druckpräzision und Druckgeschwindigkeit. Diese Methode ist sehr präzise, schnell und

vielseitig und dürfte bei der Herstellung von Nanostrukturen auf Oberflächen in Zukunft

eine größere Rolle spielen.





1 Introduction

Gold nanoparticles have been used by man for over 2000 years. The first known

usage stems from ancient Indian medicine, where gold nanoparticles, around 60 nm

in diameter were a part of a medicinal substance used to treat various diseases1.

The Romans used gold nanoparticles hundreds of years later to create ornamental

stained polychromatic glass2. It took however over 1500 years to realize gold

nanoparticles were the actual source of these desired effects, when Michael Faraday

observed that colloidal gold solutions have properties differing from bulk gold3.

The interest in gold nanoparticles arises from their unique physical properties, which

enable their use for many diverse applications. Of fundamental importance is the

production of gold nanoparticles with finely controlled sizes and shapes. Much

research has gone into this area in the last 40 years, resulting in reliable, high-

yielding techniques for the synthesis of diverse gold nanoparticles. Examples include

nanospheres, ranging between 5 nm and 250 nm in size4,5, nanorods with well

defined aspect ratios6, nanoshells7 and nanostars8. This achievement is extremely

important, as many optical and electronic properties are size- and shape-dependent9.

One of the most important characteristics of noble metallic nanoparticles is their

plasmon resonance frequency, which typically lies in the visible range. The

underlying collective oscillation of electrons, the cause of many of the initially

observed effects, manifests itself in absorption and scattering cross sections that can

exceed the geometrical cross section of the nanoparticles manifold. The enhanced

scattering cross section has been exploited, e.g. for enhancing light-trapping in

solar cells10,11 as well as for single molecule tracking of biological components in

cellular membranes12,13. The plasmon resonance depends on the dielectric properties

of the surrounding medium and this fact has been used to create highly sensitive

detectors for organic and biomolecules14,15. Optically excited gold nanoparticles
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Chapter 1. Introduction

are surrounded by strong electric fields, enabling them to be used for Raman

spectroscopy measurements on single molecules16, for enhancing fluorescence of

molecules17 and, when arranged in the correct geometry, even for shaping a

molecule’s emission spectrum18. The absorption cross section has also been found to

play an important role in a number of quite diverse uses. Because gold nanoparticles

show negligible fluorescence19 almost all of the absorbed light is converted into

heat. This process is very fast, occurring on the scale of nanoseconds and

results in high temperature increases20,21. These have been used in cancer therapy

treatment, where absorbing gold nanoparticles photothermally destroy cancer cells

through generating high temperatures or initiating microbubble formation22–24.

More moderate temperature increases have been used for microsecond DNA-

analysis25 and for enhancing gene delivery efficacy26. Gold nanoparticles have the

additional and highly attractive feature of surfaces than can easily be modified.

This enables them to be coated with appropriate molecules to enhance binding

to various structures27 or to bring specific functional groups onto the surfaces of

nanoparticles28.

One area of research that has evolved only recently is the assembly of plasmonic

nanostructures out of single nanoparticles29. While conventional lithographical

techniques are slowly reaching the limit of what feature dimensions they can

produce, the need has arisen to manufacture devices with smaller feature dimensions

of only a few tens of nanometers. Techniques have been newly developed for single

nanoparticle patterning, which, however, often involve multiple steps of chemical

patterning of substrates and rarely result in a precision comparable to the size of

single nanoparticles.

Gold nanoparticles have been used to study many properties of cellular membranes

in recent years, e.g. lipid diffusion and raft formation30. Often, however, the

complexity of cells makes an effective analysis of certain parameters difficult, if

not impossible. For this reason giant unilamellar vesicles (GUVs) have been often

used. These have dimensions comparable to cells and their membrane composition

can be easily controlled and modified depending on the desired study31,32. Current

techniques are able to produce these artificial cells in large quantities, consisting

2



predominantly of phospholipids, with highly controlled sizes and membrane con-

tents33. Many properties of phospholipid membranes are temperature dependent,

e.g. bending rigidity, lipid diffusion and phase organization. Up-to-date research

has characterized these properties by macroscopically heating solutions containing

GUVs and measuring the reaction of ensembles down to single GUVs. However,

heating of smaller, nanosized membrane regions has so far not been accomplished,

although this would be required for studying and manipulating thermally activated

molecular processes, involving, for example temperature reactive proteins34 or

lateral sorting and signaling35.

In this thesis I will present research I have conducted on gold nanoparticles,

exploiting their optical properties, the optical forces acting on them and the thermal

energy produced by them upon laser illumination. There were two aims in doing

these experiments. The main aim was to use gold nanoparticles for the investigation

and manipulation of phospholipid membranes and processes occurring therein.

During this work, we characterized the optical forces exerted by a laser beam on

a gold nanoparticle and developed the second aim of exploiting this effect in order

to create patterned nanostructures made of single gold nanoparticles.

In Chapter 2 the theoretical concepts necessary for understanding the experiments

and their results are presented. The chapter begins with a description of the

most fundamental component of the experiments, gold nanoparticles. Their optical

and thermal properties are discussed and optical excitation is described in detail.

Following this part is a brief discussion of optical forces exerted by a laser beam on

particles residing inside the beam. The following section illustrates the Derjaguin-

Landau-Verwey-Overbeek theory, a basic theory for understanding the stability

of colloidal solutions. These two sections are essential for understanding the

experiments on patterned nanostructures (Chapter 4). The last part of the chapter

deals with biological membranes, their main components and characteristics; this is

the basis for understanding the experiments dealing with phospholipid membranes

(Chapter 5).
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Chapter 1. Introduction

Chapter 3 is structured in two parts, beginning with an overview of the setups used

in the experiments and their modes of operation, the most important setup being

the dark field microscope. The second part deals with the preparation of samples

for the experiments. Here, I describe the chamber we designed for the growth

of giant unilamellar vesicles and the modifications of the growth procedures we

developed. Furthermore, we were the first to develop a surface modification of gold

nanoparticles designed to enable their binding to phospholipid membranes.

In Chapter 4 I first describe the initial experiments observing the printing phe-

nomenon and establish a model explaining the processes. This part was actually

conducted after the set of experiments described in Chapter 5, in which the

optical forces exerted on a gold nanoparticle by a laser were encountered. These

observations led to the idea of trying to establish a new way to pattern substrates

with single nanoparticles. These studies are presented first, because they involve

a detailed study of the optical forces in a Gaussian laser beam, which also play

a major role in the experiments conducted on gold nanoparticles on phospholipid

membranes in Chapter 5. Thus in Chapter 4 I first investigate the precision of the

printing method and factors determining it. Then I discuss in detail the versatility

of the method and describe other, more complex patterning processes, which this

method enables. Some of these ideas have already been investigated experimentally,

while others are still in the design stage.

The second experimental chapter (Chapter 5) then focuses on gold nanoparticles

on phospholipid membranes. The idea is to use the gold nanoparticles not only as

tools for detection and sensing, but to exploit their optothermal properties to enable

manipulation of the membrane and of processes occurring therein. The first part of

this chapter deals with the binding processes of gold nanoparticles to phospholipid

membranes. As part of these studies, a new method of growing gold nanoparticles

directly onto giant unilamellar vesicles was developed. After that I describe how

optically heated gold nanoparticles can induce reversible gel-fluid phase transitions

in membranes. This method can also be used to investigate membrane dynamics

and to direct the gold nanoparticles to specific locations on the membrane. Having

demonstrated this we investigate the optical injection of gold nanoparticles into the

vesicles, a principle study relevant for targeted drug-delivery.

4



2 Fundamentals

In this chapter the fundamental theoretical background necessary to understand this

thesis is presented. First the optical and thermal properties of gold nanoparticles are

discussed. The interaction between these nanoparticles and light is described on the

basis of the dielectric function, ε(ω). Here it is shown how the metallic nanoparticles’

properties can be exploited to make particles visible down to a size of 20 nm and how

they can be used to efficiently convert light into heat. This section is followed by two

short sections on the optical forces acting on particles exposed to light and on a theory

of colloidal dispersions. These two sections are vital for the chapter on laser printing

of metallic nanoparticles (chapter 4). The last section describes the structure and main

characteristics of biological membranes in detail, focusing on phospholipids as the

prime component. An important structure into which phospholipids can assemble are

vesicles. These mainly spherical structures have been recognized not only as objects

for study, but also as ideal systems for transport and drug-delivery32,36. Because they

do not contain many components commonly found in cellular membranes, studies of

certain membrane characteristics and processes are much simpler and more efficient

when conducted on phospholipid vesicles instead of entire cells. Vesicles and many

of their characteristics are explained in detail in this chapter. These structures are

the basis for the work on the interaction of gold nanoparticles and phospholipid

membranes (chapter 5).

5



Chapter 2. Fundamentals

2.1 Optical and Thermal Properties of Gold

Nanoparticles

The Romans were known for their many inventions and were in fact among the

first to use metallic nanoparticles, although unknowingly37. The Lycurgus Cup,

depicting the Greek king Lycurgus being dragged to the underworld, is one of the

first examples of how gold nanoparticles, typically 5 − 60 nm in size, can be used

to colour glass in an extraordinary way (Figure 2.1). In ordinary daylight the cup

has a predominantly green color; however it appears red when illuminated from

the inside. This amazing effect results from the characteristic properties of metallic

nanoparticles and the way they interact with light.

(a) (b)
Figure 2.1 | The Lycurgus

Cup is an excellent example of

the optical properties of gold.

(a) When illuminated from the

outside, the gold nanoparticles

inside the glass cup scatter the

light, making the cup appear

green. (b) However, when

a light is placed inside the

cup, the absorption of the

gold nanoparticles changes the

cup’s apparent color to red.

2.1.1 Optical Properties

The noble metals copper (Cu), silver (Ag) and gold (Au) are all elements belonging to

the 11th group of the periodic table. The electron configurations of these elements

are exceptions to the Madelung rule, which describes the filling order of the atomic

subshells. All of these elements have completely filled d-subshells (respectively 3d,

4d and 5d); their core electrons are in the so called inert gas configuration. Their

metallic properties result from the lone valence electron in the half-filled s-subshells

(4s, 5s and 6s respectively). The band structure of gold displays five comparatively

flat d-bands, lying 1− 3 eV below the Fermi energy, EF , in which the ten d-electrons

are located (Figure 2.2). The lone s-electron forms an sp-hybridised band, which is

6



2.1. Optical and Thermal Properties of Gold Nanoparticles

filled up to EF . Electrons in this band can move quasi-free due to the near parabolic

form of the band. This band structure defines the characteristic properties of these

metals, such as their thermal and electrical conductivity.

EF

E
n

e
rg

y

d-bands

sp-band

� L� �W

Energy

EF

X� W �L

E  ≈ 2.4eVG

Energy(a) (b)

EF

E  ≈ 1.8eVG

Figure 2.2 | The band structure of gold. (a) The sp-band has a nearly parabolic form leading

to quasi-free electrons. (b) Interband transitions in gold occur near the X- and L- points in

the first Brillouin zone. (Taken from38,39)

2.1.1.1 Dielectric Properties of Gold

The electrons in this band can be seen as free electrons because of the near-parabolic

sp-band of gold. An accurate description is given by theDrude-Sommerfield theory40.

This model depicts the electrons as a gas of independent,quasi-free point-shaped

particles that are accelerated by an external electric field and slowed down after a

mean free time, τ = Γ−1, through collisions with metal ions (for gold41: τ = 30 fs

at 273K). Scattering processes are the reason that the electrons are called quasi-

free and not free. The Drude-Sommerfield model determines the response function

or dielectric function, ε (ω), of a macroscopic metal by calculating the behavior of a

single conduction electron and multiplying this behavior by the number of electrons

present. This is only valid when assuming the independence of the single electrons,

as stated above. The equation of motion for an electron of mass, me, and charge, e,

in an external electric field �E = �E0e
−iωt is given by:

me
∂2�r

∂t2
+meΓ

∂�r

∂t
= e �E0e

−iωt (2.1)

with the damping constant, Γ. This differential equation is valid for a model system

without eigenfrequencies for ω > 0 and only takes into account the effect on

7



Chapter 2. Fundamentals

the conduction band electrons. In order to incorporate bound electrons, a linear

restoring force, determining the eigenfrequency of the oscillating electrons, would

have to be added to the equation. Solving equation 2.1 leads to the dipole moment

of a single electron, �p = e�r0, and the polarization, �P = n�p, with the number of

electrons per unit volume, n . The dielectric function, ε(ω) = ε1(ω) + iε2(ω), is

related to the polarization via the definition ε = 1 + P/(ε0E) and to the complex

refractive index via n+ ik =
√
ε. This leads to the dielectric function of a system of

n free electrons per unit volume:

ε(ω) = 1− ω2
p

ω2 + iΓω
= 1− ω2

p

ω2 + Γ2
+ i

ω2
pΓ

ω(ω2 + Γ2)
(2.2)

which is only determined by the plasma frequency, ωp =
√
ne2/ε0m∗, and the

relaxation constant, Γ. This can be determined from the electron mean free path,

l by Γ = vF/l, where vF is the Fermi velocity. If the damping is much smaller than

the frequency, the real and imaginary parts of the dielectric function can be written

as:

ε1(ω) ≈ 1− ω2
p

ω2
, ε2(ω) ≈ 1− ω2

p

ω3
Γ. (2.3)

This equation shows that for ε1(ω) = 0 the frequency, ω, equals the plasma

frequency, ωp. The dielectric function, ε(ω), is commonly expressed in terms of the

electric susceptibility, χ. Then equation 2.2 becomes:

ε(ω) = 1 + χDS(ω) (2.4)

where χDS is the free-electron Drude-Sommerfield susceptibility. Electrons in a real

metallic lattice are only quasi-free due to the lattice periodicity. The coupling of the

free electrons to the ion core is taken into consideration by replacing the electron

mass,me, with an effective electron mass,m∗, effectively altering ωp.

Not only the conduction band electrons but also electrons from deeper levels

contribute to the dielectric function. Direct excitations of electrons from the 5d-band

to vacant states above EF in the 6sp-band can take place near the X- and L- points

8
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Figure 2.3 | Extinction spectrum of a colloidal

suspension of 40nm gold nanoparticles. The

plasmon resonance is centered at 528 nm. The

contribution of intraband excitations is clearly seen

for wavelengths below 520 nm.

in the first Brillouin zone (Fig-

ure 2.2a). These optical excitations

exist both in gold nanoparticles as

well as in bulk gold and begin at

the inter-band gap E = 1.7 eV39,42

(Figure 2.2b). However, the os-

cillator strength of this transition

near the X-point is so low that in

measurements of the optical den-

sity of gold colloidal solutions this

transition can not be seen. Instead,

the transition near the L-Point with

E = 2.38 eV becomes visible as a

constantly increasing background,

independent of nanoparticle size

(Figure 2.3). This effect leads to an

additional term in the susceptibility and equation 2.2 becomes:

ε(ω) = 1 + χDS + χIB (2.5)

with the interband susceptibility, χIB = χIB, 1 + iχIB, 2. The imaginary part describes

the direct energy dissipation and is thus only large for frequencies at which

interband transitions occur. The real part however is also important for smaller

frequencies40.

The dielectric functions of nanoparticles with a diameter that is larger than

approximately 10 nm are size-independent and become like those of bulk-gold.

Smaller nanoparticles are considerably smaller than the electron mean free path,

l = vF τ = 42 nm. In these, the electrons cannot cover this distance without

scattering at the nanoparticle surface. This reduced mean free path has been

confirmed experimentally43,44 and causes the homogeneous linewidth of the plasmon

resonance to greatly increase for these nanoparticles. As stated before, bound

electrons (e.g. the d-band electrons) have not been accounted for yet as the Drude-
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Chapter 2. Fundamentals

Sommerfield model only considers free-electrons45. Modeling these electrons is

extremely difficult46. Normally, instead of using corrected values for the dielectric

function, experimental ones are used. The main source for these values comes from

the work of Johnson and Christie, who measured the optical properties of bulk gold

in 197247. In all calculations conducted within this thesis these values were used.

This is valid, because all of the nanoparticles used were larger than 10 nm.

Due to the energy dissipation of electromagnetic waves impinging on a metal

surface, these only have a limited penetration depth which can be calculated from

the optical functions. Assuming a plane wave incident in the z-direction and

expressing the wave vector, �k, as
∣∣∣�k∣∣∣ = (ω/c)(n + ik), the electric field within the

metal can be expressed as:

�E(�r, t) = �E0(�r, t)e
iω(zn/c−t)e−z/d (2.6)

with the attenuation of the field determined by the skin depth, d = c
ωk

= λ
2πk

, and the

optical function, n + ik =
√
ε1 + iε2. The skin depth is wavelength dependent and

assumes values for gold between 31 nm at 620 nm incident wavelength and 37 nm at

413 nm.

2.1.1.2 Electrodynamic Calculations of Spherical Particles (Mie Theory)

In order to calculate the response of a metal nanoparticle to an external electro-

magnetic field, one must solve Maxwell’s equations. Fortunately, an analytical

solution already exists. Danish physicist Ludvik Lorenz first published this in 1890,

however only in Danish. Later, Gustav Mie "rediscovered" it in 1908, wherefore it

is generally known as Mie-Theory. The theory is valid for all nanoparticle sizes and

optical wavelengths in contrast to Rayleigh’s scattering theory, which is limited to

nanoparticles much smaller than the wavelength of the incident radiation. In fact,

Rayleigh scattering is a first-order approximation of Mie-Theory.

In his solution of the Maxwell equations, Mie describes the interaction between

a plane wave and uncharged homogeneous particles. This allows the precise

calculation of the electromagnetic fields within and surrounding the particle. The

10



2.1. Optical and Thermal Properties of Gold Nanoparticles

spherically symmetrical geometry suggests a multipole expansion of the fields. The

resulting surface harmonics enable the calculation of the extinction, scattering and

absorption cross-sections of the particles:

σext =
2π

|k|2
∞∑
n=1

(2n+ 1)Re[an + bn] (2.7)

σsca =
2π

|k|2
∞∑
n=1

(2n+ 1)[|an|2 + |bn|2] (2.8)

σabs = σext − σsca (2.9)

with the Mie-coefficients from the multipole expansion, an and bn, the multipole

order, n, (n = 1 corresponds to the dipole mode) and the wave vector of the incident

electromagnetic wave, �k. "Re" signifies that only the real part of the bracket is taken.

The Mie-coefficients are:

an =
mψn (mx)ψ

′
n(x)− ψn(x)ψ

′
n(mx)

mψn(mx)η
′
n(x)− ηn(x)ψ

′
n(mx)

(2.10)

bn =
ψn(mx)ψ

′
n(x)−mψn(x)ψ

′
n(mx)

ψn(mx)η
′
n(x)−mηn(x)ψ

′
n(mx)

(2.11)

with the Riccarti-Bessel functions, ψn and ηn , the ratio of the complex refractive

indices of the particle and the surrounding medium,m = npart/nmedium =
√
εr, and

the ratio of the particle radius, r, to the wavelength of the scattered light, λ, being

x = 2πr/λ. In this work, calculations of the cross sections of gold nanoparticles

were carried out with the program MQMie48. With this program it is also possible

to account for core-shell particles or uncharged surface ligand molecules.

2.1.1.3 Electrostatic and Quasi-Static Modeling

Mie theory is excellent for calculating scattering and absorption by spheres because

it is an exact theory. However, calculating the exact results for geometries more

complex than spheres can be extremely time consuming and is not always necessary.

Furthermore, Mie theory is not always the best choice when one wants to acquire

some intuitive feeling for how a sphere of a given size and optical properties absorbs

11
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and scatters light. This is facilitated by applying electrostatics. Here the electric-

magnetic field imposing on the metal nanoparticles is both spatially and temporally

constant. Considering the boundary-conditions that the tangential components of

the electric and magnetic fields must be continuous at the particle surface49, one

obtains the electric field inside the nanoparticle:

Ei = E0
3εm

ε+ 2εm
(2.12)

with the dielectric constant of the surrounding medium, εm. The internal field

directly supplies the static polarizability of the sphere, α = p/εmE0:

α = 4πε0R
3 ε− εm
ε+ 2εm

(2.13)

This electrostatic approach can be extended even further to the quasi-static regime

in which the electromagnetic field is still spatially constant but now has a time

dependence ( �E → �E(t)). To account for this, ε and εm in equations 2.12 and

2.13 must be replaced by their frequency dependent functions, ε(ω) and εm(ω);

excitations induced by the magnetic field are neglected. Resonances then occur for

both the internal electric field and the polarizability, when the denominator becomes

minimal:

[ε1(ω) + 2εm]
2 + [ε2(ω)]

2 → minimal (2.14)

Thus a negative ε1 is necessary, or in the special case of a small ε2 << 1, or a small

frequency dependency ∂ε2/∂ω, the resonance condition becomes:

ε1 = −2εm (2.15)

This then leads to the position of the resonance using the approximative equation

2.3 for free-electron metals and εm = 1:

ω1 =
ωp√
3

(2.16)

What has been done here in basic terms is to use a simple oscillator model to

calculate the Drude eigenfrequency for free electron nanoparticles. In this model

12



2.1. Optical and Thermal Properties of Gold Nanoparticles

the free electrons from the sp-band are displaced by an incoming electric field,

Ein, (Figure 2.4). The Coulomb interaction between the displaced electrons and the

---- -
- -

++
+

+
++

+

Au

Ein

Escamedium

---

Figure 2.4 | Formation of a surface plasmon

in a gold nanoparticle. An electro-

magnetic wave penetrates the nanoparticle

completely and induces the conduction band

electrons to oscillate. This induced Hertz-

dipole produces radiation.

positive charges left behind by the

stationary atomic cores serves as a

restoring force with the surface polar-

ization supplying the majority of this

force. The electrons oscillate collectively

and the oscillation is allocated with a

bosonic quasiparticle, the surface plas-

mon. Its frequency, ω1, was derived

in equation 2.16. This theory can

easily be extended to metal spheroids

or ellipsoids, in which case the eigen-

frequency, ω1, depends on the spatial

orientation, resulting in a seperate eigen-

frequency for each independent spatial

direction.

The resonance wavelengths or frequencies of plasma resonances of metal nanopar-

ticles can be easily analyzed in the quasi-static regime. As stated previously, this

is only valid for very small nanoparticles (2r � λ). In this case, phase retardation

and effects of higher multipoles are neglected and the Mie formula is drastically

simplified. Using k = ω/c as the lowest order term, equation 2.7 becomes40,50:

σext(ω) = 9
ω

c
ε3/2m Vnp

ε2
(ε1(ω) + 2εm)2 + (ε2(ω))2

(2.17)

with the nanoparticle volume, Vnp = 4/3πr3, the dielectric function of the medium

,εm, and the complex dielectric function of the nanoparticle, εnp(ω) = ε1(ω)+iε2(ω).

This extinction cross section describes only dipolar absorption. The scattering

cross section (equation 2.8), proportional to R6 and higher multipolar contributions

(σext,quadrupol ∝ R5, σsca,quadrupol ∝ R10) are highly suppressed at 2r << λ. The

resonance condition ε1(ω) = −2εm is well met by alkali metals, but not by free

electron metals such as gold. Here, where ω >> Γ, the shape and position of the

13
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resonance can be estimated by inserting equation 2.3 into equation 2.17. This results

in an extinction coefficient of:

σext(ω) = σ0
1

(ω − ω1)2 + (Γ/2)2
(2.18)

The shape of the extinction is thus Lorentzian in the vicinity of the resonance, whose

position can be calculated directly from the plasma frequency:

ω1 =
ωp√

1 + 2εm
(2.19)

2.1.1.4 Damping Mechanisms of the Surface Plasmon

The damping in the system is due to scattering of the electrons at other electrons,

phonons, lattice defects, the particle surface, etc. such that the damping constant,

Γ, results from the average of the collision frequencies of the electrons. For

independent collision processes, i, the Matheisen rule applies and Γ is the result

of the summation of all collisional frequencies:

Γ = τ−1 =
∑
i

τ−1
i = τ−1

e−e + τ−1
e−phonon + τ−1

impurities + ... (2.20)

Experimentally, Γ is determined by measuring the macroscopically available electri-

cal conductivity, ρel, and inserting this into Γ = ρelne
2/m∗.

As stated before, the collective oscillation of the sp-electrons can be described as

a bosonic quasiparticle, the plasmon. An excited plasmon can decay through a

multitude of channels. These are divided into two main groups, radiative and non-

radiative decay processes (Figure 2.5). The radiative decay occurs via emission of

photons, which can be seen in the far-field as scattered light. This is described in

the classical picture of a Hertz dipole via the periodical acceleration of electrons

away from their equilibrium positions. This leads to the emission of energy via

radiation by the nanoparticle. According to the Abraham-Lorentz equations of

motion, which are extensions of the Drude-Sommerfield theory, the radiative decay

14
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2.1. Optical and Thermal Properties of Gold Nanoparticles

Rrad ∝ V ∝ r3 (2.21)

Thus, the probability that the plasmon decays radiatively is directly proportional to

the nanoparticle volume, i.e. to the cube of the nanoparticle radius. The plasmon

resonance becomes very clear in the scattering spectrum of gold nanoparticles. Even

40 nm nanoparticles can be seen easily in a dark field microscope52,53.

--- --
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radiative decay non-radiative decay

Landau-

damping

elastic

scattering

photons

electron-hole

pairs

dephasing

scattering

fluorescence

+

Figure 2.5 | Surface plasmons can decay either via radiative (left) or non-radiative processes

(right). The fluorescence emission of gold is negligible, however19.

The non-radiative decay of the surface plasmon leads to the nanoparticle absorbing

the incident light, which is converted efficiently into heat. This process is essential

for the work done here and will be described in more detail in section 2.1.2. The most

important damping mechanism for the optothermal properties of gold nanoparticles

is Landau damping. Here the plasmon decays non-radiatively by creating electron-

hole pairs. One must distinguish between excitation of electron-hole pairs inside the

sp-band (intraband excitation) and the excitation of electrons from the energetically

deeper d-band into the sp-band (interband excitation). A further decay channel is

the elastic scattering of the oscillating electrons. These can scatter from each other,

from phonons, lattice defects, impurities or from the particle surface and thus come

out of synchrony with each other. This leads to a dephasing of the electrons.
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Chapter 2. Fundamentals

2.1.1.5 Factors Determining Position and Shape of the Plasmon Resonance

Figure 2.6 shows calculated extinction, scattering and absorption cross sections for

an 80 nm gold nanoparticle in water (εm = 1.332 = 1.77). For gold nanoparticles

of this size, both scattering and absorption contribute considerably to the extinction

cross section. Also, the spectral positions of the two resonance maxima are shifted

slightly, with absorption having its maximum at 543 nm and scattering at 559 nm.
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Figure 2.6 | Mie Theory results. Calculated

extinction (black), scattering (green) and ab-

sorption (red) cross sections for an 80 nm gold

nanoparticle in water

The spectral position of the plasmon

resonance is determined by several

factors. An internal shielding of

the Coulomb attraction between the

atomic cores and the conduction

band electrons by the polarized d-

electrons in the valence band can

occur, leading to a red-shift of the

resonance54. Another important factor

is the surrounding medium. The

Coulomb-field of the plasmon dipole

lies partially outside the nanoparticle

in the surrounding medium. This

can lead to a decrease in the field

and a reduction of the restoring force,

depending on the polarizability of the

surrounding medium. The higher the refractive index of the surrounding medium

and thus the dielectric constant, the stronger the external shielding and the resulting

shift of the plasmon resonance to longer wavelengths40. The shift of the plasmon

resonance is so dramatic that this is often used as a biomolecular nanosensor14,55.

For larger nanoparticles another effect also shifts the plasmon resonance to longer

wavelengths. If the field of the incoming electromagnetic wave varies, then the

electrons cannot be deflected simultaneously. The phase shift of the driving wave

inside the nanoparticle plays an increasing role because the field is no longer

homogeneous throughout the nanoparticle. Thus the electrons on the front and back
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2.1. Optical and Thermal Properties of Gold Nanoparticles

of the nanoparticles oscillate with different phases. This retardation effect leads both

to a red-shift as well as to a widening of the plasmon resonance, which both increase

with increasing nanoparticle size. Consequently, the wavelength of the extinction

maximum shifts from 521 nm for 20 nm gold nanoparticles to 571 nm for 100 nm gold

nanoparticles (Figure 2.7a and Figure 2.7b).
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Figure 2.7 | Size dependence of the plasmon resonance. (a) Extinction cross sections

for nanoparticles between 20 nm and 100 nm in diameter. The considerable red-shift

is mainly due to the retardation effect. (b) Ratio of scattering and absorption cross

sections for nanoparticles between 20 nm and 100 nm in diameter. Whereas for 20 nm
nanoparticles absorption completely dominates, scattering becomes more important with

larger nanoparticle size.

As stated in section 2.1.1.3, the dipolar absorption increases ∝ R3, whereas the

dipolar scattering increases ∝ R6. Thus, for small nanoparticles the extinction

cross section is dominated by absorption (Figure 2.7b). For nanoparticles of 20 nm

diameter the absorption cross section is two orders of magnitude larger than the

scattering cross section. This ratio changes considerably for larger nanoparticles, so

that for gold nanoparticles with a diameter of 100 nm the scattering cross section

is already twice as large as the absorption cross section. Smaller nanoparticles are

more efficient at absorbing light and thus converting it into heat, as will be discussed

in section 2.1.2. On the other hand, larger nanoparticles scatter light more efficiently

and can thus be made visible more easily.
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Chapter 2. Fundamentals

2.1.2 Thermal Properties

2.1.2.1 Optical Heating of Gold Nanoparticles

As described in the last section, gold nanoparticles are highly efficient in converting

optical energy into thermal energy. This has two main reasons, both of which are

due to intrinsic properties of gold nanoparticles. Firstly and most importantly, gold

nanoparticles have a very strong coupling with visible light due to the plasmon

resonance. The absorption cross section of a gold nanoparticle is much larger
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Figure 2.8 | Absorption ηabs and scattering ηsca
efficiencies of gold nanoparticles depending

on nanoparticle size. While nanoparticles

< 60 nm are highly efficient at absorbing light,

larger nanoparticles scatter light much more

efficiently. 70 nm particles are the most efficient

optothermal energy converters.

than the geometric cross section,

especially for smaller nanoparticles.

This means that even though the

gold nanoparticle’s geometric cross

section is exposed to the light the

nanoparticle collects light from a

much larger area. The absorption

efficiency, ηabs = σabs/σgeo, is lin-

early proportional to the nanoparticle

size for nanoparticles up to 60 nm56

and reaches a maximum at 70 nm

(Figure 2.8). The second important

reason is that light that has already

been absorbed is not emitted as

photoluminescence or only negligibly

so19.

To understand the internal processes that happen extremely fast after excitation of a

gold nanoparticle, many experiments with fs-excitation have been carried out. These

were conducted first on thin gold films57,58, and later on gold nanoparticles59–61.

Figure 2.9 shows a scheme of the internal processes occurring upon fs-laser illu-

mination. An ultra-short laser pulse (shorter than the electron-phonon interaction

time) induces the conduction band electrons to oscillate, creating surface plasmons.

In under 20 fs the electrons dephase62. This is due to two processes: creation of
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2.1. Optical and Thermal Properties of Gold Nanoparticles

electron-hole pairs and by radiation damping, i.e. the decay of surface plasmons

into photons. The later process is important for nanoparticles with a radius above

10 nm. This process does not lead to a heating of the nanoparticle, since the entire

energy is emitted as photons. The first process is mainly due to electron-electron

scattering and for nanoparticles smaller than 10 nm in diameter also due to electron-

surface scattering52. Part of the electrons are thus excited above the Fermi-level.

These incoherently excited electrons are no longer in thermal equilibrium with the
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Figure 2.9 | Internal processes in gold nanoparticles upon fs-laser excitation. The particle

itself heats up within 10 ps, and after that transfers its thermal energy to its surroundings.

remaining cold electron sea. There is a clear deviation from the normal Fermi-

distribution. The excited electrons thermalize through two processes, by scattering

elastically among each other and at the same time by scattering with phonons.

The first process happens on a time scale of under 1 ps63,64, while the second one

occurs within 1 − 10 ps. Electron-electron scattering produces a hot-electron sea

19



Chapter 2. Fundamentals

with the electrons reaching thermal equilibrium. The electron-sea, which can now

be ascribed a temperature, can reach several thousands of degrees Celsius. Even

though part of the energy from the excited electrons is transfered to the ionic core

lattice through electron-photon scattering processes, the electron sea is still much

hotter than the cold ionic core lattice. This is because a hot electron-sea interacts

poorly with a cold ionic-lattice due to an average energy transfer of only 7meV

per electron-phonon scattering process65. The thermal disequilibrium is leveled out

within the next 10 ps57,58,61 through further electron-photon interactions. The result

is a homogeneously heated gold nanoparticle. Up until this time the interaction

between the gold nanoparticle and its surrounding is negligible. After reaching

thermal equilibrium with itself, however, the gold nanoparticle transfers the heat

to its surrounding and, depending on gold nanoparticle size, in under 1 ns the gold

nanoparticle returns once more to its ground state in thermal equilibrium with its

environment66. These internal processes are the same for both gold nanoparticles

and also bulk gold. Temperatures in gold nanoparticles can reach several hundred

degrees while the heating is confined to an area of the order of several hundred

nanometers outside the nanoparticle67.

2.1.2.2 Heat Transfer to Gold Nanoparticle Surroundings

As described in the last section, gold nanoparticles can be optically heated by

illumination near the plasmon resonance. To understand how the temperature

is transfered to the nanoparticle surrounding one must look at the heat transfer

equation21:

ρ(�r)c(�r)
∂T (�r, t)

∂t
= ∇κ(�r)∇T (�r, t) +Q(�r, t) (2.22)

Here, �r and t are the spatial coordinate and time respectively, T (�r, t) is the local

temperature and Q(�r, t) is the local heat intensity from the energy source pumping

energy into the system. Three material parameters also factor into the equation:

the material density, ρ(�r), the specific heat, c(�r), and the thermal conductivity, κ(�r),

of the material. The energy source is of course the light dissipation in the gold

nanoparticles and is given by:

Q(�r, t) =
〈
�j(�r, t) · �E(�r, t)

〉
t

(2.23)
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with the current density, �j(�r, t), and the electric field of the system, �E(�r, t). The

electric field is given by measuring the light intensity of the system and inserting

this and the dielectric constant of the matrix, ε0, into:

I(t) = I0 = c �E2
0

√
ε0

8π
(2.24)

In the case of a spherical nanoparticle of radius, Rnp, in a medium with a dielectric

constant, εm(ω), a time-dependent solution exists68. The steady-state solution, i.e.

for t→ ∞, leads to a simple temperature distribution outside the nanoparticle:

ΔT (�r) =
VnpQ

4πκm

1

�r
(2.25)

The maximum temperature, ΔTmax(I0), occurs on the surface of the nanoparticle

(r = Rnp) and can be calculated by inserting the equation for heat dissipation:

Q = −Re

[
iω
ε(�r)− 1

8π
�E2
0

∣∣∣∣ 3ε0
2ε0 + εm

∣∣∣∣
2
]

(2.26)

and equation 2.24 into equation 2.25:

ΔTmax(I0) =
R2

np

3κm
Re

[
iω

1− ε(�r)

8π

∣∣∣∣ 3ε0
2ε0 + εm

∣∣∣∣
2
]
8πI0
c
√
ε0

(2.27)

Only the real part of the brackets, Re, is taken. Figure 2.10 shows the temperature

distribution for optically heated gold nanoparticles of different sizes in water. All

are illuminated by the same laser power density. As shown in equation 2.27

the maximum temperature is at the surface of the nanoparticle and is nearly

proportional to R2
np; the temperature decreases rapidly with increasing distance

from the nanoparticle. The extent of heating is larger for larger nanoparticles.

For some applications not only the maximal temperature around the gold nanopar-

ticles is of interest, but also the time dependence of the temperature. An estimate21

is provided for the time necessary to reach ΔTmax/2:

t = τ0 = R2
np/α = R2

np

cwρw
κw

(2.28)

21



Chapter 2. Fundamentals

0

5

10

15

20

25

30

35

40

45

50 100 150 200 250

�
T

 (
°C

)

distance to nanoparticle surface (nm) 

40nm

60nm

80nm

Figure 2.10 | Steady-state temperature profiles

for optically heated gold nanoparticles in

water (laser power density P=40 kW/cm2).

The maximum temperature difference scales

approximately with R2
np and the spatial extent

of heating is also larger for larger nanoparticles.

with the thermal diffusivity, α, the

thermal conductivity, κw, the mass

density, ρw, and the specific heat

capacity, cw, of water. Taking the

values at 20 ◦C leads to a thermal

diffusivity of α = 1.4 x 10−7m2/s

and thus to τ0 ≈ 3 ns for 40 nm

gold nanoparticles and τ0 ≈ 11 ns

for 80 nm gold nanoparticles. This

formula gives a general estimate of

the time dependence of the heating

process. However, it can be useful

to model the dynamics of the entire

heating and subsequent cooling pro-

cesses. For this it is practicable to use

an approximation method, e.g. finite

element analysis, instead of trying to solve everything analytically. This is a

technique for finding approximate solutions of partial differential equations. The

technique relies on rendering the partial differential equations into an approximate

system of ordinary differential equations, which are subsequently numerically

integrated. In the present work the modeling was done with the software Comsol

Multiphysics. As an example, an optically heated 80 nm gold nanoparticle in water is

simulated. A mesh structure is established (Figure 2.11a), in which the temperature

transfer equations are solved analytically for each separate element and then the

boundary conditions are taken into account. The result is a temperature distribution

around the gold nanoparticle in all three dimensions (Figure 2.11b).

The temperature dynamics of the optical heating of gold nanoparticles can also

be modeled with Comsol Multiphysics. As described in section 2.1.2.1, the gold

nanoparticle reaches its maximal temperature within several nanoseconds. How-

ever, this depends on the thermal conductivity and the thermal capacity of the

surrounding medium. For a gold nanoparticle in water, the heat rapidly dissipates

through the water. It takes much longer for the gold nanoparticle to reach
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Figure 2.11 | Heat-transfer simulations. (a) Mesh structure of the finite elements for a gold

nanoparticle sitting on a phospholipid membrane. The heat transfer equation is solved in

each element separately and the boundary conditions are then accounted for. (b) Steady-

state temperature profile around an optically heated 80 nm gold nanoparticle in water (laser

power density P = 10 kW/cm2). The temperature increase in the surrounding medium is

confined to a nanosized region around the nanoparticle.

equilibrium and it cannot heat up to the same degree as a gold nanoparticle in air.

To show this effect the heating process of an 80 nm gold nanoparticle illuminated

by a laser is simulated both for air and water as surrounding media. In air, the

gold nanoparticle reaches 90% of its maximum temperature, Tmax = 159 ◦C, within

128 ns. With water surrounding the gold nanoparticle, the maximum temperature

at thermal equilibrium is Tmax = 26.2 ◦C of which 90% is reached after 403 ns. The

dynamics of the heating and cooling process can be seen in Figure 2.12.
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Figure 2.12 | Heating dynamics of a gold nanoparticle in water. (a) Temperature profile of

an optically heated 80 nm gold nanoparticle. The nanoparticle reaches 90% of its maximum

temperature after 403 ns. (b) The same gold nanoparticle is heated to maximum temperature

and then left to cool off. Again 90% of its final temperature is reached after 403 ns
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Chapter 2. Fundamentals

2.2 Optical Forces

As described in section 2.1.1.3, how light interacts with particles depends strongly

on the ratio between the particle size and the wavelength of light. This ratio is

divided into two size regimes. The first is the Rayleigh scattering regime, when the

particles are much smaller than the wavelength of light (characteristically d < 0.1λ).

Rayleigh scattering is most prominently seen in gases. It has a strong wavelength

dependence (Isca ∝ λ−4), which is the main reason for the blue colour of the sky

during the day and the red coloring at sunset and sunrise69. The second regime

is the Mie scattering regime, characterized by the particles being much larger than

the wavelength of light. The intensity of Mie scattering is nearly independent of

wavelength. Thus, scattering from water droplets in clouds is the reason for them

appearing white when the sun is in front of them, and black when the sun is behind

them70.

In both modes of scattering, light exerts a force upon the particles. This total force

depends on two separate forces, the gradient force and the scattering force. These

forces were first detected on micrometer sized particles by Ashkin et al.71 in 1970.

Many years later they expanded their work and created a particle trap made entirely

out of light72. These so called optical tweezers have since found wide application.

Steven Chu was awarded a Nobel Prize in Physics for his work in cooling and

trapping of neutral atoms73. Optical tweezers have also found wide use in the

field of biology, e.g for trapping bacteria or conducting experiments on molecular

motors74,75.

For Mie scattering these forces can be understood using ray optics (Figure 2.13). If

a laser beam impinges upon a particle, individual photons will be reflected as they

hit the particle. According to Newton’s third law, this change of momentum must

be compensated by a force of equal magnitude but opposite direction. Thus, the

reflection of light results in a force acting in the direction of light propagation and

is known as the scattering force. The second force, the gradient force, is due to the

difference in refractive indices between the particle and the surrounding medium.

Here, individual rays of light will be refracted as they enter the particle. The rays
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2.2. Optical Forces

exit the particle in a direction different than from that in which they entered. Again,

a change in momentum is involved and results in a force moving the particle towards

the center of the laser beam.

F1 F2

F2
F1

Fnet

1 2

light 

propagation

1 2

Fnet

(b)(a) Figure 2.13 | Ray optics diagram

of the gradient force acting on a

particle inside a laser beam. (a)

A particle not in the center of the

laser beam experiences a restoring

force due to the refraction of light,

drawing it to the center. (b) The

sum of the total forces in radial

direction acting on a particle in the

center of a laser beam is zero.

If the conditions for Rayleigh scattering are satisfied, then the particle can be treated

as a point dipole in an inhomogeneous electromagnetic field. The force acting on this

point dipole is known as the Lorentz force, �F = q
(
�E + d�r

dt
x �B
)
. For a dipole in a

laser field this becomes76:

�F =
1

2
α�∇

∣∣∣ �E∣∣∣2 (2.29)

with the electric field, �E, and the polarizability, α. The square of the magnitude of

the electric field is directly related to the local intensity via I = cε0n/2 | �E|2 for a

monochromatic propagating wave. Thus the force on the point dipole is proportional

to the intensity gradient along the laser beam such that the gradient force attracts

the particle to the position of highest intensity within the beam. The term scattering

force is actually misleading in the Rayleigh regime, because it also is comprised

of two separate forces, namely the actual scattering force and an absorption force

resulting from momentum conservation after absorption of light by the particle.

Both forces act in the direction of light propagation. Since many particles do not

absorb light at specific wavelengths, the two forces are thus often combined into

one single scattering force. In an optical tweezer the combination of all of these

forces acting on a particle will lead to it being trapped. Its trapping position is in

the beam center in the radial direction, but slightly behind the focal plane due to the

scattering force acting against the gradient force.
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Chapter 2. Fundamentals

2.3 Derjaguin-Landau-Verwey-Overbeek Theory

The Derjaguin-Landau-Verwey-Overbeek theory (DLVO-theory) is, despite its age,

still the basic theory that researchers use as a starting point for understanding the

stability and phase behaviour of colloidal dispersions. It uses a linear combination of

a screened repulsive Coulomb potential and the van der Waals potential77 and goes

back to the work done by Derjaguin and Landau in 194178 and Verwey and Overbeek

seven years later79. A charged nanoparticle in a liquid will bind ions of the opposite

charge to the surface. The total surface charge of the nanoparticle is balanced by

an equal but oppositely charged region of so called counterions (Figure 2.14). These

Figure 2.14 | Electric double layer

of a charged surface in a liquid.

The negatively charged surface at-

tracts oppositely charged ions, some

of which adsorb to the surface in the

Helmholtz layer. Further away from

the surface ions are only lightly bound

to the surface and move around in the

diffuse electric double layer. When the

nanoparticle moves the ions that are

more strongly bound will move with it.

The plane up until which this happens

is known as the slipping plane, and

the potential at this plane is the zeta

potential.
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are divided into two layers: those transiently bound to the surface in the Helmholtz

layer and those that form an atmosphere of ions in the diffuse electric double layer.

These later ions are in rapid thermal motion close to the nanoparticle surface. The

thickness of the electric double layer is known as the Debye screening length, κ−1,

and is given by

κ =

(∑
i

ρ∞,ie
2z2i /εε0kT

)1/2

(2.30)

with the number density of ion of type i in the bulk solution ρ∞,i, the valency of

the ion, z, and the relative static permittivity of the liquid, ε. The electric potential

energy falls off very sharply with increasing distance to the particle surface and is
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2.3. Derjaguin-Landau-Verwey-Overbeek Theory

reduced to 2% of the value at the surface wall at a distance of two Debye screening

lengths. When the nanoparticle moves through the solution, those ions that are

close enough to the nanoparticle in the diffuse layer will move with the particle.

The boundary for this is known as the slipping plane and the potential between this

point and zero potential is known as the zeta potential, ζ . This potential serves

as a measure of stability of colloidal dispersions. The zeta potential indicates how

strongly particles of the same charge will repell each other. For a strong zeta

potential the repulsion is strong and the dispersion resists aggregation. On the

other hand, a low zeta potential means that attraction between the nanoparticles is

larger than repulsion and the dispersion will flocculate. Generally the dividing line

between unstable and stable suspensions is drawn at ±30mV, with nanoparticles

having values outside of this range considered stable80. If the nanoparticles have a

larger density than the dispersant, they will still sediment after a given time81. The

interaction free energy between two nanoparticles is given by:

W (d) =
(
64πkTrρ∞γ2/κ2

)
e−κd (2.31)

with the reduced surface potential, γ = tanh
(
eeψ0

4kT

)
, the potential on the surface,

ψ0, and the distance between the two nanoparticles, d. The Derjaguin approximation

gives the force between two spheres in terms of the energy per unit area of two flat

surfaces at the same separation. The force is given by F (d) = 2π
(

r1r2
r1+r2

)
W (d)

yielding the force resulting from the electric double layer for the cases of a sphere

near a flat surface (Fsph−sur) or of two spheres (Fsph−sph):

Fsph−sur(d) = 2πr1W (d) (2.32)

Fsph−sph(d) = πrW (d) (2.33)

The second important force acting upon particles (in liquids) in close proximity to

each other is the van derWaals force. This force actually encompasses several forces:

the force between two permanent dipoles (van der Waals-Keesom force), the force

between a permanent dipole and a corresponding induced dipole (van der Waals-

Debye force) and the force between two instantaneously induced dipoles (London

dispersion force). H.C.Hamaker was the first to realize that the formalism of van der

Waals forces could be extended from the interaction of two molecules with induced
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dipoles to macro-scale objects82. This is done by integrating over all the forces of all

the atoms in one body with all the atoms of the other body. With the interatomic

van der Waals pair potential, w(r) = −C/r6, one obtains thus a two-body potential
for any kind of geometry. The interaction energies for two spheres (a), a sphere and

a flat surface (b) and two flat surface (c) are given by:

Wsph−sph(d) =
−A
6d

r1r2
(r1 + r2)

(2.34a)

Wsph−sur(d) =
−Ar
6d

(2.34b)

Wsur−sur(d) =
−A
12πd2

(2.34c)

with the radii of the two spheres, r1 and r2, the distance between them, d, and

the Hamaker constant, A = π2Cρ1ρ2. This is based on the assumption of simple

pairwise additivity and ignores the influence of neighboring atoms on the interaction

between any pair of atoms. This assumption is avoided in the Lifschitz theory,

which ignores the atomic structure and instead derives the bodies, now treated as

continuous media, in terms of bulk properties, e.g. dielectric constants and refractive

indices. This theory does not change the validity of the expressions in equation 2.34,

but instead yields more accurate values for the Hamaker constant83. The derivation

of the formulas for the Hamaker constant will not be covered here, but is explained

in detail elsewhere84. There, based on the Lifshitz theory, the Hamaker constant for

the interaction of medium 1 and medium 2 across a third medium 3 is given by:

A ≈ 3

4
kT

(
ε1 − ε3
ε1 + ε3

)(
ε2 − ε3
ε2 + ε3

)

+
3h

4π

∫ ∞

ν1

(
ε1(iν)− ε3(iν)

ε1(iν) + ε3(iν)

)(
ε2(iν)− ε3(iν)

ε2(iν) + ε3(iν)

)
dν (2.35)

where ε1, ε2 and ε3 are the static dielectric constants of the three media, ε(iν) are the

values of ε at imaginary frequencies and νn = (2πkT/h)n. To obtain the Hamaker

constant for an arbitrary system, the dependence of the dielectric permittivities of

the media on the frequency must be known, so that equation 2.35 can be integrated.
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2.3. Derjaguin-Landau-Verwey-Overbeek Theory

of an atom. This leads to a form for the dielectric permittivities:

ε(iν) = 1 + (n2 − 1)/(1 + ν2/ν2e ) (2.36)

which can be substituted into equation 2.35 and leads to an approximate expression

for the non-retarded Hamaker constant for two macroscopic phases 1 and 2

interacting across medium 385:

A ≈ 3

4
kT

(
ε1 − ε3
ε1 + ε3

)(
ε2 − ε3
ε2 + ε3

)

+
3hνe

8
√
2

(n2
1 − n2

3)(n
2
2 − n2

3)

(n2
1 + n2

3)
1/2(n2

2 + n2
3)

1/2[(n2
1 + n2

3)
1/2 + (n2

2 + n2
3)

1/2]
(2.37)

where ni are the refractive indices of the respective medium, εi are their dielectric

permittivities and νe is the main electronic absorption frequency. This expression

for the Hamaker constant can be applied to any of the geometries in equation 2.34.

Interestingly, a result from equation 2.37 is that the van derWaals force between two

identical bodies in a medium is always attractive (Hamaker constant is positive),

but for different bodies the Hamaker constant can be either positive or negative

resulting in either an attractive or repulsive van derWaals force. Values for Hamaker

constants are often unknown. In this case approximate values can be obtained by

applying combining relations (or combining laws). With the Hamaker constant,A132,

which is valid for media 1 and 2 interacting across medium 3 one obtains a relation

for A132 with A131 and A232 via A132 ≈ ±√
A131A232 and from this one obtains

A12 ≈ √
A11A22, where A12 is the Hamaker constant for media 1 and 2 interacting

across a vacuum. Three other useful relations are86:

A131 ≈ A313 ≈ A11 + A33 − 2A13 (2.38)

≈
(√

A11 −
√
A33

)2
(2.39)

A132 ≈
(√

A11 −
√
A33

)(√
A22 −

√
A33

)
(2.40)
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These equations can be very useful when the Hamaker constants of individual

materials are known, but not those of the entire system. The theory can be further

extended to include adsorbed layers (Figure 2.15). For the van der Waals force

between two surfaces 1 and 1’ with adsorbed layers 2 and 2’ of thickness l and l′

across medium 3 of thickness d one obtains:

F (d) =
1

6π

[
A232′

d3
−

√
A121A32′3

(d+ l)3
−

√
A1′2′1′A323

(d+ l′)3
+

√
A1′2′1′A121

(d+ l + l′)3

]
(2.41)

For the two cases, when the surfaces are either very close or very far apart from each

other, this equation reduces to:

F (d) = A2′32/6πd
3 for d << (l + l′) (2.42)

F (d) = A1′31/6πd
3 for d >> (l + l′) (2.43)

Accordingly, the van der Waals interaction is dominated by the properties of the

bulk material at large separations and by the properties of the adsorbed layers at

distances less than the thickness of the layers84.

1' 2' 123

l' l
d

Figure 2.15 | Forces between surfaces with

adsorbed layers. The van der Waals

interaction is dominated by the properties

of the surface material (1 and 1’) at large

separations and by the properties of the

adsorbed layers (2 and 2’) at separations less

than the thickness of the layers84.
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2.4. Biological Membranes

2.4 Biological Membranes

All cells (both eukaryotic and prokaryotic) are surrounded by a plasma membrane,

which shields the cell from its environment. The membrane serves as a barrier to

the passage of all but lipophilic molecules, allowing small uncharged molecules such

as oxygen or ethanol to pass, but being impermeable to large molecules such as

glucose or amino acids and also to ions. Furthermore, the cellular or sub-cellular

membranes are the site of many important processes, such as cellular transport,

nutrient recognition and signaling (Figure 2.16). To study such processes one must

have knowledge of the general properties and compositions of membranes.
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Figure 2.16 | Important processes occurring in or at cellular and subcellular membranes.

(a) cellular respiration, (b) nutrient recognition and (c) ion transport/signaling.

2.4.1 Membrane Lipids

Phospholipids are the primary building block of all cell membranes. With their

amphiphilic structure, consisting of a phosphate-containing hydrophilic head group

attached to two hydrophobic fatty acid chains (Figure 2.17a), phospholipids sponta-

neously form bilayers in aqueous solutions. The headgroups of the lipids form the

outside of the bilayer, shielding the hydrophobic chains from the water surrounding

the lipids (Figure 2.17b). These bilayers are highly stable structures and represent

the basic structure of all biological membranes. Lipids themselves make up a

large part of most cell membranes. Depending on the type of membrane, they

typically constitute 50% of the mass of the membrane (e.g. plasma membranes).

Extreme membranes are the inner membrane of mitochondria with only 25% of the

mass from phospholipids and E.coli plasma membranes with 80% of the mass from
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(a) (b)

Figure 2.17 | Phospholipids are one of the primary building block of cell membranes.

(a) Chemical structure of a typical phospholipid molecule (1,2-dimyristoyl-sn-glycero-3-

phosphocholine or DMPC). The hydrophilic headgroup is attached to two fatty acid chains.

(b) Because of the amphiphilic structure of phospholipids, they spontaneously form bilayers

in aqueous solutions with the hydrophobic chains shielded from the water by the hydrophilic

headgroups.

phospholipids. Mammalian plasma membranes are made up of four major types of

phospholipids: phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine

and sphingomyelin. Each type again is comprised of many different phospholipids

with identical headgroups, but different chain lengths and even chain numbers.

The two other main components of the membrane lipids are the glycolipids and

cholesterol. Apart from their role of forming cell membranes, phospholipids also

function as signaling molecules both between and within cells87.

2.4.2 Lipid Bilayers

In the last section it was said that phospholipids spontaneously form bilayers

in aqueous solutions. This is only partly true, as some phospholipids form

other structures, such as spherical micells, cylindrical micells or inverse micells88.

However, the phospholipids involved in forming the plasma membrane all have a

critical packing parameter, which allows them to form bilayers. This parameter is a

measure of the dimensions of the phospholipid and is calculated by: Pcr = V/A · l,
with the volume of the phospholipid, V , the interfacial area, A, and the length of the

molecule, l. If the phospholipid molecules have a value of Pcr between 1/2 and 1,

they can form bilayers.
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These bilayers can be in several lamellar phases, which differ strongly in many

physical parameters. The four main phases are: the crystalline phase, Lc, the gel-

phases ,Lβ , Lβ′ and Lβ1, the ripple-phase, Pβ′ , and the liquid-crystalline phase, Lα. In

the crystalline phase the phospholipids are arranged in bilayers which are stacked

on top of each other. The phospholipid headgroups form a periodic hexagonal lattice

and have a long range order. The aliphatic chains are in the all-trans conformation

(Figure 2.18a). This phase forms spontaneously through self-organization when

a solution of phospholipids is dried. The electroformation method for creating

giant unilamellar phospholipid vesicles (section 3.2.1) uses this self-organization.
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C3

C2

CCCCCCCC55555

(b)

C1 C7
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C4

C3

C2
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Figure 2.18 | Conformations of phospholipid aliphatic chains. (a) At low temperatures

all carbon bonds in the aliphatic chains of phospholipids are in the trans configuration. (b)

For higher temperatures some of these bonds go over to the gauche-configuration as here

between the C4 and C5 atoms.

Upon addition of water, the water molecules accumulate near the polar part of

the phospholipid molecules and the headgroups become hydrated. The individual

phospholipid bilayers separate and undergo a phase-transition to the gel-phase. In

this phase the chains are also stiff and fully extended (all-trans). The difference

between the three gel phase configurations lies in the alignment of the chains.

These can be parallel to the bilayer normal (Lβ), tilted (Lβ′) or interdigitated (Lβ1)

(Figure 2.19). Which of these phase configurations the bilayer assumes depends

on the relation between the headgroup spacing and the cross-sectional area of

the chains, which characteristically has a value of approximately 0.21 nm2. If the

headgroup packing requirement is close to twice the value of the cross-sectional

chain area, the phospholipids arrange themselves in the untilted phase. For a larger

headgroup requirement the tilted phase is assumed to accommodate the mismatch.
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(c)(b)(a)

Figure 2.19 | Three possible configurations for gel-phase membranes. Which configuration

occurs depends on the lipid species and the ratio of the headgroup spacing to the cross-

sectional-area of the chains. (a) The non-tilted gel phase (Lβ) occurs for phospholipids with

small headgroups with a spacing requirement of up to 0.42 nm2. (b) For larger headgroup

spacing requirements, the membrane forms in a tilted-phase (Lβ′ ) (c) and for head group

spacing requirements larger than 0.84 nm2 an interdigitated gel phase (Lβ1) is formed.

The phospholipid molecules are tilted at an angle of around 30◦ in this configu-

ration89. For extreme mismatches, the interdigitated phase can be assumed with

an available packing area of 0.84 nm2 possible90. If the temperature of the system

is raised, then another phase transition can occur for certain phospholipids from

the gel phase to the ripple phase (Pβ′) (Figure 2.20a). Here, the lipid chains are

no longer solely in the all-trans configuration, instead part of the bonds change

to the gauche-configuration producing kinks in the aliphatic chains (Figure 2.18b).

(b)(a)

Figure 2.20 | Ripple-phase Pβ and fluid phase Lα.

(a) Upon heating over the pretransition temperature,

Tp, linear distortions of melted lipids form in the

membrane. (b) For further heating above the main

transition temperature, Tm, the entire membrane

melts and goes over into the fluid phase.

This configuration is energeti-

cally less favorable because the

kinks in the phospholipid tails

lead to larger chain separations,

reducing the van der Waals

interactions. It therefore only

occurs at higher temperatures.

The lipid chains are no longer

fully extended and the head-

groups also lose their order. This

leads to an increase of cross-

sectional area per lipid of around

24%. In this phase the bilayer is
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distorted by periodic ripples with periods between 10 and 30 nm91. The ripples are

caused by single lipids undergoing a phase transition to the fluid-phase. These

molecules form one-dimensional defects due to the triangular lattice and lead to

a local bending of the phospholipid bilayer. These defects can be seen as height

modulations in the membrane, but as stated before only occur in some phospholipids

under high hydration92. The temperature for this transition is known as the pre-

transition temperature, Tp. For even higher temperatures the bilayer undergoes

a final transition to the fluid phase, Lα, (Figure 2.20 b). In this phase all lipid

chains are melted and the headgroups are no longer arranged in a lattice. Water

can enter the headgroup region, increasing the cross-sectional area of the lipid

molecules by up to 24%93. Simultaneously, because the chains are no longer

fully extended, the bilayer thickness is reduced by up to 30%94. The temperature

at which this transition occurs is known as the main transition temperature

or melting temperature, Tm. This temperature is influenced by several factors.
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Figure 2.21 | For saturated phosphatidylcholines,

the main transition temperature Tm depends

almost linearly on the chain length. Increasing

the chain length increases the van der Waals

forces between the chains and thus raises Tm.

The headgroup also plays a large role in defining

Tm. For the same chain length but different

headgroups, phosphoethanolamine (PE) has the

largest Tm, followed by phosphoserine (PS) and

phosphocholine (PC), having the lowest.

Increasing chain length leads to

larger van der Waals interactions

and thus to higher melting temper-

atures. This increase is approxi-

mately linearly proportional to the

chain length (Figure 2.21). Chain

unsaturation, i.e. the presence of

double bonds in the chains, leads

to a large reduction of Tm. The

double bond decouples the parts

of the chain on either side of the

double bond, and thereby reduces

the length of the parallel, strongly

interacting chain segments. This

has the same effect as a chain

shortening. The headgroup also

plays a large role in determining

Tm, as can be seen in Figure 2.21.

For identical chain lengths phos-
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phoethanolamines have a higher Tm than phosphoserines, which in turn have a

higher Tm than phosphocholines. For mixtures of lipids with different transition

temperatures, the effective melting temperature lies between the single lipid

temperatures and depends on the lipid mixture ratio. However, for bilayers

comprised of lipids with different melting temperatures phase separation can occur.

Thus parts of the bilayer can already be fluid, while others are still in the gel-

phase. This phase separation plays a crucial role in certain biological phenomena.

Membrane components, e.g. proteins, can partition favorably into one of the phases

and so be locally concentrated or activated95.

Many physical parameters of a phospholipid bilayer change considerably upon

undergoing the transition from the gel phase to the fluid phase. As stated before,

water entering the headgroup region and the formation of gauche-bonds reduces

the lipid binding, increasing the bilayer surface area while reducing the bilayer

thickness. Another very important factor is the dramatic increase of lipid mobility.

Generally, there are two possibilities for lipids molecules to move within the

membrane, either to undergo a lateral exchange with a neighboring molecule ot to

flip-flop between the inner and outer leaflet of the bilayer. The flip-flop is a very

slow process96 with exchange rates of 2 × 10−3 − 0.11s−1. This is because the

hydrated head-group must cross the hydrophobic core of the bilayer, an energetically

unfavourable process. However, in a bilayer in the fluid-phase, a lipid molecule will

laterally exchange its place with a neighbor once every 100 ns on average. This leads

to lipid diffusion constants of roughly 1μm2/s. In the gel phase this value is two

to three orders of magnitude lower89. Bilayer fluidity is particularly crucial from

the biological point of view97. Very importantly, fluid bilayers are able to reseal

small holes quickly98,99. Also, bilayer fluidity enables protein mobility and synthesis

as well as many other processes100. Living organisms try to keep their membrane

bilayers in the fluid phase slightly above the main transition temperature. They

do this by synthesizing appropriate phospholipid molecules or by chemical chain

modifications90.

One of the shapes a phospholipid bilayer can assume is that of a vesicle. A vesicle

can be comprised of a single bilayer (unilamellar vesicle) or of several bilayers
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(multilamellar vesicle). These generally spherical structures are quite common in

living organisms and are used, e.g. for signaling between cells or for endocytosis

and exocytosis, the processes through which a cell brings molecules into or expels

them from the cell101. Vesicles were first artificially created by shaking a lipid-

water mixture102. However, once their enormous scientific potential had been

recognized, many different methods for creating vesicles were established33. Vesicles

are effectively model cells, but reduced to only a lipid membrane. Without many

of the other structures normally present inside living cells, the study of membrane

processes becomes much easier with artificial cells. The reduction of the number

of variables present in the system permits the study of specific characteristics of

the membrane, e.g. mechanical properties103, transport phenomena104,105, or osmotic

effects106. Depending on the study, vesicles of all sorts of size ranges can be

produced, from below 100 nm in diameter (SUV - small unilamellar vesicle) to well

over 1μm (GUV - giant unilamellar vesicle, which are of the same size order as

biological cells). Intermediate vesicles (diameter 0.1 − 1μm) are known as LUVs

or large unilamellar vesicles. SUVs tend to fuse together, forming LUVs, in order

to reduce high surface tension107. LUVs and GUVs are in contrast very stable.

(a) (b)

5μm

Figure 2.22 | Phospholipid vesicle in the fluid phase.

(a) In the fluid phase a phospholipid vesicle often

forms a sphere, because this is the energetically

favorable shape as depicted in this diagram. (b) The

membrane scatters light efficiently around 400 nm
wavelength and can thus be easily seen in a dark field

microscope.

GUVs produced for the experi-

ments of this thesis were stable

over several weeks, showing no

signs of deformation or size vari-

ations over time. Even though

vesicles are commonly spherical,

they can have all sorts of faceted

shapes. Vesicles in the fluid

phase are generally spherical

(Figure 2.22) because this is the

energetically most stable shape

and fluid membranes have a high

elasticity. On the other hand, gel

phase vesicles (Figure 2.23) have

much more rigid membranes and

thus often have faceted shapes.
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The shape differences result from differing membrane elasticities of the various

phases108. A possible reason for the creation of faceted shapes is non-uniform

cooling of fluid-phase vesicles below the main transition temperature. Some parts of

the membrane have already entered the gel phase while the rest of the fluid phase

membrane reshapes to minimize the energy in the system, thereby deforming the

vesicle.

(a) (b)

10μm

Figure 2.23 | Phospholipid vesicle in the gel phase. (a) Diagram of a gel phase vesicle (the

membrane is magnified to show its structure). In this phase the membrane is much more

rigid and often assumes a faceted shape. (b) Dark field image of a gel phase vesicle. The

membrane appears thicker than 5 nm, because of the diffraction limit of the scattered light.
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This chapter lists all of the methods and materials used to prepare the samples for

the measurements and to perform the actual experiments. The experiments of this

dissertation can be categorized into two groups. The first group focuses on the

interaction of nanoparticles with light. This was exploited to print complex structures

with metallic nanoparticles on glass coverslips (chapter 4), both of which had to be

modified depending on the experiment (sections 3.2.2 and 3.2.3). The second group of

experiments deals with the interaction between gold nanoparticles and phospholipid

membranes (chapter 5). Giant unilamellar vesicles were grown (section 3.2.1). As in

the first part of the experiments, the gold nanoparticles and glass coverslips had to

be modified according to the experimental settings. Section 3.1 contains the methods

and setups used to monitor the surface modification of gold nanoparticles and also the

dark field microscope, the basis for the majority of the experiments conducted here.
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3.1 Experimental Setups

3.1.1 Dark Field Microscope

The most important setup for this thesis work is a dark field microscope (Axiotech

100, Carl Zeiss MicroImaging GmbH), a diagram of which can be seen in Figure 3.1.

The basis of this setup is an upright microscope, with illumination from below the

sample. Illumination can be switched, depending on the measurements, between a

100W halogen lamp and a 50W mercury lamp. The light passes through a filter

wheel for selecting specific excitation wavelengths to be passed on to the dark field

condensor. In the condensor the light is blocked in the middle of the beam and

focused onto the sample at a wide angle. Provided the numerical aperture (NA) of the

condensor is higher than that of the microscope objective, the excitation light will

bypass the objective and not enter it, hence the name dark field. Light, however, that

is scattered by particles in the solution or emitted by fluorescent or phosphorescent

molecules is emitted isotropically. This light can be collected by the objective and

be seen because of the missing background light. Thus gold nanoparticles down to

a size of 20 nm in diameter, invisible in other microscope setups, can be easily seen

in a dark field microscope. In this setup an oil immersion dark field condensor is

used with an NA of 1.2 − 1.4. An oil drop with a refractive index matched to the

glass coverslips (n = 1.518) is brought onto the condensor, and the glass coverslip

(thickness: 0.19 − 0.23mm) is brought into contact with the oil drop. The glass

coverslip itself is fixed to a self-made three dimensional piezo scanning stage with a

resolution of 15 nm. The scanning stage is controlled by a gamepad. The sample is

placed onto the glass coverslip and can be viewed with a objective. The objectives

used in this thesis were two water immersion objectives (100x - NA 1.0 and 63x - NA

0.95) and two air objectives (10x - NA 0.2 and 100x - NA 0.75), all purchased from

Carl Zeiss MicroImaging GmbH. The light that is collected by the objective passes

through a 50/50 beam splitter which is used to couple lasers into the microscope.

These are used for manipulation of the samples, as will be explained in chapters 5

and 4. The lasers used here were 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 4W, a cw argon-ion laser (Model 2020, Spectra Physics

Lasers GmbH) with emission lines between 457 nm and 514 nm and a Ti:Sa laser
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Figure 3.1 | Diagram of the dark field microscope used in the measurements.

(Tsunami, Spectra Physics Lasers GmbH), which is also pumped by a Millennia V

laser. The Tsunami is tunable between about 700 nm and 900 nm and can be operated

either in cw or in mode-locked mode. In the mode-locked mode, the Tsunami emits

a pulsed beam with pulses around 100 fs long and 15 nm wide. Between the laser

output and the 50/50 beam splitter are several options to modify the beam. Among

others, are a half-wave plate to rotate the angle of the linearly-polarized laser beams,

a quarter-wave plate to convert these beams to a circular polarization, and a vortex-

phase plate (RPC Photonics, Inc.) to create a radially polarized beam. A telescope

system can be used to expand the laser beams and also to shift the laser focus in z-

dimension with respect to the surface of the glass coverslip. A notch-filter behind the
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50/50 beam-splitter prevents any laser light from being passed on to the detection.

Alternatively, band-pass filters or razor-edge filters can be used depending on the

type of measurement conducted. The light passing the filter can be detected by

three different methods. The ocular of the microscope enables the user to look

at the sample directly and position it with respect to the laser. A digital camera

(Canon EOS 550D) can be used to take optical images of the sample. A spectrometer

(Acton SpectraPro 300i) coupled to a liquid nitrogen-cooled CCD-system (Princeton

Instruments Spec-10) is available to obtain spectral information of the detected light.

The spectrometer is equipped with three diffraction gratings (300, 600 and 1200

lines/mm), enabling both high-resolution measurements (1200 l/mm grating) and

also measurements with a high spectral range (300 l/mm grating).

3.1.2 UV-VIS-NIR Spectrophotometer

There are two major classes of spectrophotometers that measures light intensity as

a function of the light source wavelength, single beam and double beam. Whereas

a single beam spectrophotometer measures the relative intensity of the beam before

and after a test sample is inserted, the double beam spectrophotometer employs two

light paths to simultaneously measure the test and reference samples. With a sample

inserted into the light path, the excitation light will be absorbed and scattered by the

sample. The remaining light reaching the detector thus gives information about the

extinction spectrum of the sample. This can be used to detect certain substances or

measure concentrations. A single-beam spectrophotometer (model Cary 50, Varian,

Inc.) was used to measure extinction spectra for this thesis. It uses a Xenon flash

lamp as a white light source and a Czerny-Turner monochromator to select the

wavelength. A beam splitter splits the incoming light into two parts, with one part,

I0, going to a reference photodiode and the other part, I , first passing through the

test sample. The ratio of these two intensities is the transmittance, T , and is related

to the mean extinction cross section per nanoparticle, σext, the molar concentration

of the nanoparticles, cmol, the Avogadro constant, NA, and the path length of the

light through the sample, l, via the Beer-Lambert law:

T (λ) =
I

I0
= e−NAσextcmoll (3.1)
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This is used, for example, to determine the concentration of gold nanospheres

of a given size in a colloidal suspensionas the extinction cross-section of gold

nanospheres at 520 nm is known and as the transmittance at this wavelength can

be measured.

Often, instead of the transmittance, the absorbance, A, of a sample is used, also

known as the optical density, OD. This is directly related to the transmittance via:

A = −log10T (3.2)

3.1.3 Fluorescence Spectrophotometer

Instead of measuring the difference between the emitted light and the light reaching

the detector, a fluorescence photometer measures light created in a fluorescent

sample. To assure no excitation light reaches the detector, the fluorescence, which

is emitted isotropically, is collected in an angle of 90◦ with respect to the angle

of excitation. A Cary Eclipse fluorescence spectrophotometer (Varian Inc.) was

used to measure the fluorescence of several luminescent dyes. It is important to

measure strongly diluted samples (absorbance < 0.05) in order to avoid reabsorption.

This occurs when fluorescence photons emitted by a molecule within the sample are

absorbed by another molecule, which can then also emit a photon. Because of the

Stokes-shift of fluorescent molecules, the process of reabsorption leads to a red-shift

of the fluorescence spectrum.

3.1.4 Zeta-Sizer

As described in section 2.3, the magnitude of the zeta potential gives an indication of

the stability of a colloidal system. The most widely used theory for calculating the

zeta potential from experimental data was developed by Smoluchowski in 1903109.

The theory is valid for arbitrary nanoparticle shapes and concentrations. However,

there are limitations, as the theory is valid only for thin double layers, when the

radius of the nanoparticle is much larger than the Debye length: a >> κ−1. The
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μel =
εrε0ζ

η
(3.3)

with the dielectric constant of the dispersing medium, εr, and its dynamic viscosity,

η. Thus by measuring the electrophoretic mobility of the nanoparticles in solution,

one obtains their zeta potential. As suitable method is dynamic light scattering.

Light hitting small particles (in the Rayleigh regime) is scattered in all directions.

If this light is monochromatic and coherent (e.g. from a laser) then the scattering

intensity displays time-dependent fluctuations due to the Brownian motion of

the nanoparticles. Light scattered from two nanoparticles can interfere either

constructively or destructively, and because the nanoparticles have a relative

velocity to each other, this interference also fluctuates in time according to their

motion. Thus the intensity fluctuation contains information about the time scale of

the nanoparticles movement. The dynamic information of the particles is obtained

by autocorrelating the scattering intensity for increasing time intervals. At short

time intervals the correlation is high, because the particles do not have much time

to move between measurements, and thus the state after a short time interval, τ ,

is almost the same as the initial state. As the time interval becomes longer, the

correlation decays exponentially down to zero. This exponential decay is related to

the diffusion coefficient, D, of the nanoparticles and is fitted numerically to obtain

values of D. A charged particle with an effective charge equal to Q = 4πε0εrζRH

exposed to an electric field, �E, will experience the Coulomb force:

�F = Q�E = 4πε0εrζRH
�E (3.4)

and be accelerated. The nanoparticle experiences a frictional force, which acts

against the acceleration and is given by Stokes’ law: �Fd = −6πηRH�v with the

hydrodynamic radius of the object, RH , and its velocity, �v. This force increases

linearly with velocity and leads to a maximum velocity of the nanoparticles. When

nanoparticles are accelerated with a sinusoidal electrical field, this results in a time-

dependent velocity, v(t) = sin (ωet)μel

∥∥∥ �E0

∥∥∥. The laser light is split into a sample

beam and a reference beam. The beam that is scattered by the nanoparticle displays
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Δφ(t) =

∫ t

0

v(t′)qdt′ = μelE0q
cos (ωet)

ωe

(3.5)

where q = kf − ki is the momentum transfer vector from light scattering. The refer-

ence beam is frequency modulated by ω0, and this beam is combined with the signal

beam to interfere with one another and produce a signal: S(t) = Ae−i(ω0t+Δφ(t)).

Multiplication of this signal with the reference signal Sref (t) = e−iω0t leads

straight to the Doppler shift Δφ(t), which through equation 3.5 leads to the

electrophoretic mobility μel, and finally through equation 3.3 the zeta-potential, ζ ,

of the nanoparticles is obtained.

3.2 Sample Preparation

3.2.1 Growing Giant Unilamellar Vesicles

The size of giant unilamellar vesicles (GUVs) is of the same order as cells, enabling

them to be directly observed in light microscopes. There are many methods

described in literature for growing GUVs of sizes between 5 and 200μm. Of

these, the main methods are: gentle hydration110, solvent evaporation111 and

electroformation112,113. In the gentle hydration method, lipid films are dried on a

substrate and then exposed to an aqueous solution for up to 36 hours. This leads

to vesicles of approximately 15μm diameter. The solvent evaporation method has

the clear advantage of being able to form vesicles within a matter of minutes with

diameters up to 50μm. A clear disadvantage of both of these methods is the

quality of the vesicles. They display a very high heterogeneity with respect to

their size, shape, membrane thickness and internal structure33. The electroformation

method, on the other hand, produces GUVs rather quickly (approx 3.5 hours) and

homogeneously with a high degree of control on size. This was the reason for

choosing to use the electroformation method for producing GUVs.

Originally, in 1986 Angelova et al. found that in the presence of a direct current (DC)

field the gentle hydration method was improved significantly in terms of speed and
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quality of GUVs produced. This method was improved even further in 1992 by using

instead alternating current (AC) fields of small amplitudes (< 10V) and frequencies

(≤ 10Hz). This method was used here and adapted slightly. We designed and built a

chamber (Figure 3.2) similar to the one used by Bagatolli et al. al.31. The chamber is

constructed out of polytetrafluoroethylene (PTFE) with nine separate compartments

each 15mm in diameter. Two platinum wires 0.5mm in diameter are drawn through

each of the three rows of three compartments and connected to an AC power supply.

The wires are separated by a gap of 3mm between each other and are positioned

2mm above the floor of the compartment.

AC
~

platinum wires

coated with 

phospholipid

PTFE holder

aqueous solution(a) (c)(b)

Figure 3.2 | Electroformation chamber for growing GUVs. (a) Diagram of a single

compartment for growing GUVs. (b) Picture of the chamber and its lid, which seals off

the compartments and prevents evaporation of the solution. (c) Picture of the entire growth

setup with the chamber on top of the hot plate, which is on top of the signal generator

supplying the AC field.

To produce the GUVs, the desired phospholipids are dissolved in chloroform for a

concentration of 0.5μg/μl. This solution is brought onto the platinum wires one

drop at a time using a Hamilton syringe with a volume of 10μl. The chloroform

evaporates and the phospholipids form hundreds to thousands of bilayers on top of

each other on the wires through self-aggregation. The thickness of this layer can

be controlled by varying both the concentration of phospholipids in the solution

and the total volume of applied solution. The gap between the platinum wires and

the bottom of the compartments is very important.If the two parts were in direct

contact, the phospholipid solution would spread along the PTFE chamber and not

along the wires. After the chloroform is fully evaporated the chamber is filled with
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an aqueous solution in which the GUVs are to be grown. Generally a solution of

sucrose at 300mM concentration was used. In the electroformation method, the

phospholipid used must be in the fluid phase, otherwise the GUVs do not form.

Therefore, depending on the phospholipid, the chamber must additionally be heated

above the phospholipid melting temperature. This was done by sandwiching the

chamber between two hot plates. It proved better for GUV growth during the

experiments to heat up both the aqueous solution and the chamber to the desired

temperature before filling the compartments and connecting the platinum wires to

the AC power supply. Growth was usually conducted at a temperature of 75 ◦C. For

the AC field, a modification of the Angelova protocol by Pott et. al114 proved to be

the most effective and was used here (table 3.1).

(a)

(f)(e)(d)

(c)(b)

platinum wireplatinum wire

phospholipid layers

aqueous solution

vesicles

Figure 3.3 | Electroformation method for growing vesicles. (a) Dried phospholipids on the

platinum wire, (b) bilayers become hydrated upon addition of water, (c) swelling begins with

the presence of the AC field, (d) first small vesicles form and (e) later merge to form larger

vesicles. (f) The GUVs are detached by lowering the frequency of the AC field.

The exact dynamics and forces of the formation process are still not fully under-

stood33 except for the general concept (Figure 3.3). The dried lipids form stacks

of bilayer on top of the platinum wire (a). Upon addition of the aqueous solution

the single bilayers become hydrated with water entering the gaps between the

separate layers (b). The bilayers begin to swell as soon as the AC field is applied

and more water enters in between the layers (c). Small vesicles begin to form,

enclosing a portion of the aqueous solution (d). The vesicles become larger and
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salinity phase field strength (V/m) frequency (Hz) time (min)

low (< 10mM)

preswelling 50→ 700 10 60-90

swelling 700 10 0-60

detaching 700 10→ 4 30-90

high (> 10mM)

preswelling 50→ 1300 500 30

swelling 1300 500 90

deatching 1300 500 → 50 30-60

Table 3.1 | Protocol for growing GUVs with the electroformation method for both low and

high salinity, adapted from Pot el al.114.

merge to form even larger vesicles (e). At the end of the process, the large vesicles

are attached to the other bilayers on the platinum wire. To detach them, an AC field

with a low frequency of only 4Hz is applied to the wires (f). The full procedure

takes approximately 3.5 hours, with three main phases during which the AC field is

applied. In the first phase, the preswelling phase, the AC field strength is increased

stepwise to the desired value at constant frequency. In themain phase, during which

the GUVs grow to their full size, both field strength and frequency are kept constant.

In the detaching phase, the frequency is reduced stepwise, which aids in removing

the GUVs from the platinum wires. The values for frequency and field strength

depend on the salinity of the desired solution. Here, low salinity (< 10mM) and

high salinity (> 10mM) are distinguished. To control these values during growth we

used a function generator (33120A, Hewlett Packard). After the growth process,

the chamber is removed from the hot plate and allowed to cool down to room

temperature. The solution is then extracted and stored in plastic containers because

GUVs adsorb readily on glass surfaces. GUVs grown in sucrose solutions are stored

at 4 ◦C to prevent the growth of bacteria in the solution.
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For some experiments it can be quite practical to label the GUV membrane with a

dye. The easiest way consists in adding a dye that is also soluble in chloroform to

the phospholipid solution and growing these GUVs, as described above. Figure 3.4

shows several examples of GUVs grown during this thesis.

(a) (c)(b)

5 μm 5 μm 5 μm

Figure 3.4 | Phospholipid vesicles grown via electroformation. (a) Vesicles viewed with

dark field illumination, (b) stained with a Rhodamine dye and (c) stained with Laurdan dye.

3.2.2 Modifying the Surface of Gold Nanoparticles

The gold nanospheres used in this thesis were purchased from BBInternational.

Exactly how they are produced and which molecules are present on the surface is

not known. However, since the nanoparticles are mainly capped with citrate115, it

can be assumed that the procedure goes back to the method developed by Turkevich

et al.116. In this method a boiling aqueous solution of gold salt (HAuCl4) is combined

with a reducing agent, in this case with citric acid. The acid not only reduces the

gold ions but also serves as a stabilizing agent. The citrate ions bind lightly to the

nanoparticle surface, giving it a negative surface charge and thereby preventing

agglomeration of the nanoparticles (section 2.3). Because of the weak electrostatic

binding between the citrate molecules and the gold nanoparticle surface, the citrate

can easily be displaced by molecules that bind more tightly. In this thesis the

citrate molecules were replaced with cetyl trimethylammonium bromide (CTAB).

This molecule has a long aliphatic chain and a positively charged nitrogen atom

at its head (Figure 3.5a). Normally, CTAB is used as a capping agent for the

production of non-spherical gold nanoparticles117, when it forms a bilayer around

the gold nanoparticle118 (Figure 3.5b). This bilayer must be highly interdigitated
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because measurements of the thickness of the bilayers revealed values between 3

and 3.5 nm119, whereas a fully extended CTAB molecule already has a length of 3 nm.

To replace the citrate ions with CTAB the as-received gold nanoparticles were diluted

with deionized (Milli-Q) water and mixed with a 10mM solution of CTAB in a ratio

of 5:10:1. This solution was shaken vigorously for one minute to enable the CTAB

to cover all of the gold nanoparticles. Successful replacement was monitored by

extinction spectrum and zeta potential measurements (Figure 3.5c). Due to the shift

in surface charge, the extinction spectrum of gold nanoparticles shifts considerably

to longer wavelengths and the zeta potential changes sign while maintaining more

or less the same magnitude. This method is effective for gold nanoparticles with
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Figure 3.5 | CTAB on gold nanoparticles. (a) Chemical structure of a CTAB molecule. (b)

Diagram of CTAB covering a gold nanoparticle. The CTAB forms an interdigitated bilayer

approximately 3 nm thick. (c) The extinction spectra of 80 nm gold and silver nanoparticles

show a pronounced redshift when coated with CTAB.

diameters larger than 40 nm. For smaller nanoparticles the ratio of the solution is

changed to 2:4:1 (commercial gold nanoparticles : Milli-Q water : 10mM CTAB). The

CTAB-stabilized gold nanoparticles are extremely stable and in contrast to citrate-

stabilized nanoparticles, do not need to be kept at 4 ◦C. The gold nanoparticles also

show a high stability when immersed in highly ionic solutions. The nanoparticles

do not even aggregate in solutions of 150mM NaCl and 75mM KCl, implying that

they should also be stable in common buffers with lower ionic strengths120, such as

phosphate buffered saline (PBS).
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3.2.3 Preparation of Glass Coverslips

The glass coverslips used in this thesis are 24x24mm large and 0.19-0.23mm thick

and were purchased from Karl Hecht GmbH. In comparison with many other

coverslips, they do not have a separating agent covering them. This agent can

prevent the coverslips sticking together, but it also scatters light very strongly, which

is very obstructive in dark field microscopy. To clean the coverslips they were first

sonicated in isopropyl alcohol for 15min and subsequently in Milli-Q water again

for 15min. Finally the coverslips were blown dry by a nitrogen gun and stored in

wafer holders.

For some of the measurements it was necessary to coat the coverslips with one or

several layers of a polyelectrolyte. We used the following established method121:

The cleaned substrates are immersed for 30min in a solution of polydiallyldimethyl-

ammonium chloride (PDADMAC, molecular weight, MW ≈ 400, 000 − 500, 000) at

2mg/ml in a 0.5M solution of sodium chloride (NaCl). The coverslip is then rinsed

in Milli-Q water and dried again by a nitrogen gun. Because the polyelectrolyte

has a positive charge, it binds to the surface of the glass, forming a layer 1 − 2 nm

thick. The coverslip can then be immersed, again for 30min, in a solution of sodium

polystyrene sulfonate (PSS, MW = 70 000) also at 2mg/ml in a 0.5M solution of

NaCl. The coverslip is then cleaned as described before. PSS is a negatively charged

polyelectrolyte and thus forms a layer, 1 − 2 nm thick on top of the PDADMAC

layer. These steps can be repeated many times, with alternating PDADMAC and

PSS layers.

51





4 Laser Printing of Gold

Nanoparticles

Electronic device structures have become rapidly smaller during the last few decades

but are slowly reaching a critical limit. Thus, in the last several years extensive

research has been directed towards developing and implementing new approaches for

fabricating increasingly smaller features with high-yields and minimal defects, while

maintaining cost-effectiveness122. The approach of aligning single nanoparticles into

large-scale arbitrary patterns has recently come into focus29. Colloidal nanoparticles,

which can already be produced by high through-put robotized methods123,124, have

certain unique properties due to their small sizes and materials. These properties can

be custom tailored, holding great promise for future applications. Before nanoscale

devices, capitalizing on the nanoparticle properties, can be fabricated, a way must

be found to transfer these nanoparticles onto substrates without complications, where

they can be integrated with other nanoparticles, waveguides or electrodes with a

precision of only a few nanometers. Attempts to tackle this have resulted recently

in several lithographical methods, typically involving multiple steps for chemical

patterning of the substrate surfaces122,125,126 but rarely providing the capability of

single nanoparticle accuracy29,127,128. The approach presented in this chapter is based

on a completely different physical technique, promising to overcome the challenges

and problems of other methods. This new technique employs optical forces exerted

on a nanoparticle by a laser. These are used to print individual nanoparticles onto

substrates with a precision of a few tens of nanometers only. The method can be

applied to virtually any type of nanoparticle, using optical forces to manipulate the

nanoparticles and van der Waals forces to bind them.
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4.1 Method: Principles and Calculations

As mentioned in section 2.2, the optical forces acting on dielectric colloidal particles

in a tightly-focused laser beam have attracted enormous attention since Ashkin

and coworkers’ pioneering work129, due to their relevance for optical trapping or

tweezing. Optical forces on metallic NPs have been investigated for trapping, both at

wavelengths far from130,131 and, more recently, near the plasmon resonances where

one has the advantage of an enhanced interaction with light132–134. For the work

described in this section, we do not use the optical forces to trap nanoparticles but

rather to guide them to a specific location and print them on a substrate.
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Figure 4.1 | Laser printing of single gold nanoparticles. (a) Scheme of the printing process.

Gold nanoparticles are printed on the surface, using optical forces generated by a laser. (b)

Dark field image of a row of printed gold nanoparticles. The green color shows that the

particles are actually single spherical nanoparticles. Colloidal nanoparticles can be seen

diffusing in the background.

To demonstrate the method, we use spherical gold nanoparticles with a diameter

of 80 nm. These are stabilized by a CTAB-bilayer, as described in section 3.2.2. A

200μl drop is brought onto a glass coverslip and the latter is placed into the dark-

field microscope. Since the gold nanoparticles have a positive surface charge and

a cleaned glass coverslip in water has a negative surface charge, the nanoparticles

adhere readily to the glass surface. To ensure that this does not happen, the glass

coverslips are coated with a layer of PDADMAC, as explained in section 3.2.3. Due

to this modification the gold nanoparticles do not bind spontaneously to the surface

of the glass for the duration of the experiments (at least 5 hours). A laser beam
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(Millennia V, Spectra Physics) with a wavelength of 532 nm is focused onto the

glass surface with a spot size of approximately 380 nm (FWHM). We chose this

laser wavelength, because we wanted to exploit the strong forces acting on the

nanoparticle in a laser beam with a wavelength near the plasmon resonance. The

gold nanoparticles diffuse through the solution. If they come close enough to the

laser beam, they are propelled towards the glass surface. For low laser powers, they

do not bind to the surface and continue diffusing through the solution. Increasing

the laser power above a certain threshold, a nanoparticle accelerated by the laser

can bind to the surface of the glass coverslip at the position the laser is focused

on. Leaving the laser spot in the same place as the printed particle does not lead

to any further printing events. Only one single gold nanoparticle is printed at the

focal point of the laser. If the laser is moved to a new position, another nanoparticle

will adhere to the glass surface after a period of time, again at the focal point of the

laser. This printing can be repeated indefinitely (Figure 4.1). Because the process is

monitored in real time, single nanoparticles can be printed at specific locations to

form any desired pattern (Figure 4.2). The laser is turned off while the position is

being changed and switched on to print a nanoparticle at the new position.

10μm10μm

(a)

(b) (c)

10μm 10μm

Figure 4.2 | Deliberate patterns of single gold nanoparticles printed on a glass coverslip.

(a) Dark field images of a patterning sequence. The gold nanoparticles are printed one at a

time, switching the laser off after a printing event and subsequently relocating the laser to

the position for the next nanoparticle. (b, c) Large scale image of a printed pattern showing

gold nanoparticles diffusing through the solution.
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The DLVO deals with the stability of colloidal solutions and helps to explain the

immobilization on the substrate described above (section 2.3). In the classical DLVO

theory there is a certain balance between the attractive Lifschitz-van der Waals

forces and the repulsive electrostatic forces. The resulting interaction energies

between a sphere with radius r and a semi-infinite plate at a distance z are given

by135:

ELvdW (z) = −A
6

[
r

z
+

r

z + 2r
+ ln

(
z

z + 2r

)]
(4.1)

EElec(z) = πεr(ζ2np + ζ2su)

[
2ζnpζsu
ζ2np + ζ2su

ln

(
1 + e−κz

1− e−κz

)
+ ln

{
1− e−2κz

}]
(4.2)

with the zeta potentials of the sphere, ζnp, and of the surface, ζsu, the Hamaker

constant, A, the medium permittivity, ε, and the thickness of the electric double

layer, κ−1. Differentiating with respect to distance z leads to the forces acting on

the nanoparticle:

FLvdW (z) =
2Ar3

3z2(z + 2r)2
(4.3)

FElec(z) = πεrκ
(
ζ2np + ζ2su − 2ζnpζsue

κz
)
(cot(zκ)− 1) (4.4)

The calculation of the forces requires knowledge of the zeta potentials of both

the gold nanoparticles and the silica surface, the thickness of the double-layer

and the Hamaker constant of the system. The zeta potential of the gold was

measured experimentally and has a value of approximately 40meV. The value of

the silica zeta potential is taken from literature, where a value is given around

35meV for the prevalent conditions in our experiments136. Determining values for

the Hamaker constant is more tricky. Because we have a system with coating layers,

theoretically one would have to also take into account the Hamaker constants of

these layers. However, as explained in section 2.3, the Hamaker constants of the

coatings only become important at very small distances. The contribution to the

effective Hamaker constant is in fact so small that even up to 1 nm the Hamaker

constant is still dominated by the contribution of the gold-silica interaction. At this

point short range steric forces offset the van der Waals forces, which means the

effect of the CTAB coating can be disregarded without much error137. Values for the

Hamaker constant, Agws, for the gold-water-silica system are calculated using the

values for the pure materials interacting across a vacuum138: Agg = 40 × 10−20J,
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Aww = 4.0× 10−20J, Ass = 6.6× 10−20J and inserting these into formula 2.40. This

leads to an effective Hamaker constant of Agws = 2.46 × 10−20J. The thickness of

the double-layer (Debye length) is given by:

κ−1 =

(
2000F 2

ε0εrRT
I

)−1/2

(4.5)

with the Faraday constant F and the ionic strength of the solution I = 1/2
∑

(ciz
2
i ),

which is strongly dependent on the ions present in the colloidal solution. For

room temperature (T = 25 ◦C) this equation simplifies to: κ = 3.288
√
I . The

actual composition of the commercially available gold colloid solution is unknown,

and consequently also the ionic strength I of this solution. We estimate a 1mM

concentration of ions in the solution. We use this value to calculate the forces

present in the system (Figure 4.3a).
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Figure 4.3 | Forces between a gold nanoparticle and a glass surface according to DLVO-

theory. (a) Electrostatic, van der Waals and total forces between an 80 nm large gold

nanoparticle and a glass surface. If the nanoparticle comes close enough to the surface, the

van der Waals forces become strong enough to bind the nanoparticle. (b) Effect of increasing

ionic strength of the solution on the total force. For a large enough ionic concentration a

second minimum develops further away from the surface. For even higher concentrations

the nanoparticles bind directly to the surface.

For this case the electrostatic repulsion is the dominant force down to a distance

of a few nanometers. This prevents the nanoparticles from binding to the glass

surface, as was seen in the measurements. However, these calculations are very

sensitive to small changes in the parameters. Small increases in the ionic strength

57



Chapter 4. Laser Printing of Gold Nanoparticles

can alter the force profile significantly (Figure 4.3b). The lowest concentration,

1mM, is the same as used for the calculations for Figure 4.3a. At 5mM there is

already a pronounced second minimum from 30 nm outwards and for a value of only

20mM, the electrostatic repulsion can no longer screen the van der Waals forces

and the nanoparticles bind spontaneously to the glass surface. This was confirmed

experimentally. By adding NaCl to the gold nanoparticle solution (concentration

15mM), the nanoparticles bind to the surface readily, in stark contrast to the

previous situation, when the nanoparticles would not bind at all. Thus, it is possible

to qualitatively explain what is happening, but it is very difficult to actually present

concrete values for the forces.

In the experiments where the nanoparticles were printed onto the surface of the

glass, the nanoparticles must be pushed by enough force to overcome the repulsive

forces of the electrostatic double layers. It is therefore necessary to look at the actual

forces applied to the nanoparticle by the laser beam. The basis for the calculations

is the non-relativistic Lorentz force, which leads to the time-averaged gradient and

scattering forces:

〈
�Fg

〉
=
ε0
2
Re

(
x̂jα

′
E∗

k

∂Ek

∂xj

)
=
ε0
4
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∂

∂xj
(E∗
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′
Ek)

]
(4.6a)
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(
∂Ek

∂xj
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(4.6b)

with the real and imaginary parts of the polarizability, α
′
and α

′′
, the Cartesian-

coordinate unit vectors, x̂j , and the components of the electric field amplitude,

Ek. Re and Im are the real and imaginary part of the expression in the following

bracket. The spatial distribution of the electric field in our setup is given by a

paraxial Gaussian beam focused by a lens. However, this approximation is only valid

for small focusing and breaks down for numerical aperture (NA) values that are too

large. Thus, an error is expected for the values of the electric field depending on the

NA of the system139. In the Gaussian approximation, the electric field at a distance

z along the beam and a radial position r from the beam axis is given by:

�E(r) = �E0

√
2

π

ω0

ω(z)
exp(−r2/ω2(z))exp

(
i
kmr

2

2R(z)

)
exp (ikmz + iη(z)) (4.7)
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with the reduced functions:

ω2(z) = ω2
0

[
1 +

(
z

z0

)2
]

(4.8a)

R(z) = z

[
1 +

(z0
z

)2]
(4.8b)

η(z) = tan−1

(
z

z0

)
(4.8c)

Here z0 = πω2
0/λm and km = 2π/λm with the beam radius in the focal plane ω0, and

the medium wavelength of light λm. After a coordinate transformation the equation

for the electric field amplitude is inserted into equations 4.6a and 4.6b. This results

in the gradient and scattering forces in radial and axial direction140:
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These forces can be plotted to find their magnitude and direction and, thus, their

effect on the nanoparticles inside the laser beam. The axial force is always directed

along the beam path, with its intensity maximum slightly behind the focal plane

and in the center of the beam (Figure 4.4). For the settings chosen here, the laser

exerts a maximum force of approximately 15 pN on an 80 nm gold nanoparticle. The

spatial distribution of the radial force is slightly more complicated than the axial

force (Figure 4.5). Approaching from negative z-values, the radial force is directed

towards the center of the beam, reaching a maximum of 4 pN approximately 50 nm

in front of the focal plane and at a radial position of 90 nm. The radial force remains

directed towards the beam axis up until a position of approximately 150 nm behind

59



Chapter 4. Laser Printing of Gold Nanoparticles

eFz

-500

500

400

300

200

100

0

-100

-200

-300

-400

0 100 200 300 400 500-500 -400 -300 -200 -100

0

radial position r (nm)

a
xi

a
l p

o
si

ti
o

n
 z

 (
n

m
)

axial force 

F  (pN)z

focal plane

15

10

5

eFz

Figure 4.4 | Calculated axial force exerted on a gold nanoparticle by a laser beam. The

calculations used an 80 nm gold nanoparticle illuminated by a Gaussian-shaped laser beam

of wavelength 532 nm focused to a spot size of 380 nm (FWHM) with a laser power of 10mW

on the sample. The arrows indicate the direction of the axial force, which is always in the

same direction as the light propagation.

the focal plane, where the force reaches a value of 0. Further behind the focal plane

the radial force faces outwards away from the beam center. It reaches a maximum

of−0.4 pN at a position of approximately 280 nm behind the focal plane and a radial

position of 150 nm. The reason for this anomalous behavior is the beam focusing.

Because the rays from the collimated laser beam are focused inwards down to the

focal plane and outwards behind it, the scattering force is also directed towards the

beam axis in front of the focal plane and away from the beam center behind the focal

plane. The gradient force is always directed towards the beam center.
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Figure 4.5 | Calculated radial force imposed on a gold nanoparticle by a laser beam. The

calculations involved an 80 nm gold nanoparticle illuminated by a Gaussian-shaped laser

beam of wavelength 532 nm focused to a spot size of 380 nm (FWHM) with a laser power of

10mW on the sample. The arrows indicate the direction of the radial force, which is directed

towards the beam center in front of the focal plane and also up to 150 nm behind it. Further

away the radial force changes sign and is directed outwards, away from the beam center.

With this information one can explain how the laser forces act on the gold

nanoparticles. Once a gold nanoparticle comes close enough to the laser beam, it

is pushed downwards towards the substrate while at the same time it is drawn

towards the beam center. The volume within which this occurs is given by the

magnitude of the forces, which must overcome the thermally activated diffusion

of the nanoparticles in solution. Increasing the laser power leads to a larger volume,

from which the nanoparticles can be collected and printed onto the surface. At the

same time, however, because of the higher axial force, a nanoparticle will require less

time to reach the surface of the glass coverslip and, thus, the radial force has less
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time to guide the nanoparticle towards the beam center. As previously explained,

calculating exact values for the forces present in the system is quite difficult and

highly prone to errors. Consequently, it is not easy to exactly predict the laser

power necessary to overcome the electrostatic forces and print the nanoparticles on

the glass surface. We can, however, provide an educated estimate. Using the values

of the electrostatic, Lifschitz-van der Waals and optical forces as detailed above,

we estimate a required printing power of 10mW for our laser at a wavelength of

532 nm, focused to a spot size of 380 nm FWHM. Although we can expect significant

deviations from this value in the experiments, it serves nevertheless as a reasonable

guideline.

We conducted several experiments exploring the stability of the printed nanostruc-

tures. The glass coverslips with the printed gold nanoparticle structures showed

no signs of degradation, when rinsed with different solvents, e.g. water and

isopropyl alcohol. Even the use of a nitrogen gun and water to create a high-

pressure cleaner did not detach the printed nanoparticles from the surface. The

glass coverslip was taken out of the setup and brought to a different setup with an

incorporated atomic force microscope. Here, we measured the pattern and found

the printed nanoparticles remained in their printing positions. Another test was

done to let the remaining nanoparticle solution dry, so that the other nanoparticles

could precipitate onto the polyelectrolyte. This led to a widespread covering of the

surface with nanoparticles. Adding water after this and rinsing the sample, however,

removed all of the nanoparticles that were not printed and left those that were

printed still tightly bound to the glass coverslip. One such printed structure was

again inspected after 3 days, still showing no change. This printing method thus

proves to be very stable, a necessity for large-scale applications.

4.2 Accuracy and Influence of Printing Parameters

With the knowledge of how the printing process works and of the forces acting

upon the nanoparticle in solution, experiments can be conducted to find out exactly

how diverse factors affect the printing method. The most important parameter

is the laser power, as it can directly determine whether a nanoparticle is printed
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or not. To study the effect of the laser power, we used the same parameters as

before: 80 nm gold nanoparticles coated with CTAB on a glass coverslip coated

with PDADMAC and the same laser parameters (beam size 380 nm (FWHM) at a

wavelength of 532 nm). The minimum power at which printing was achieved was

Pmin = 175μW, this corresponds to a laser power density on the nanoparticle of

15.8 kW/cm2. To determine the value of the minimum power, the laser power was

gradually reduced until a printing event was no longer witnessed even after waiting

for 30min. Using the laser power density, we calculate the maximum force in

axial direction imposing on the nanoparticles to 51 fN. The experimentally obtained

printing power threshold is far below the expected value of 10mW. Exactly why

this power is so low is not clear, but experiments conducted later with non-resonant

lasers, provide more insight. The power was then increased to a value (P = 294μW),

at which a printing event occurred every five seconds and a row of nanoparticles was

printed, shifting the laser beam by a constant value between each event (Figure 4.6a).

An image of the nanoparticles was taken with a digital camera, and the positions of

s

3 μm

1 μm

(a)

(b)

Figure 4.6 | Accuracy of the printing process. (a) The nanoparticles are printed in a row

by moving the laser laterally by a constant value between each event. (b) The accuracy is

determined by locating the position of the nanoparticles with two-dimensional Gaussian fits

and measuring the deviation to the line along which the laser was moved.

the gold nanoparticle were determined by fitting a two-dimensional Gaussian to

each spot. The accuracy of the printing process was determined by calculating

the average displacement,s, of the nanoparticles perpendicular to the line along

which the nanoparticles were to be printed (Figure 4.6b). The variations in the inter-
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particle distance were larger and are explained by the fact that the piezo-stages were

not closed-loop stages. Thus, the distance moved between each step had a certain

amount of variation, masking the printing accuracy. For this reason, we could not

use the inter-particle distance as a measure of printing accuracy. Several rows were

printed for different laser powers to determine the effect of the laser power on the

printing accuracy.
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Figure 4.7 | Effect of the laser power on the accuracy of the printing process. (a) The

highest accuracy is achieved with the lowest laser power (P = 175μW). (d) The average

deviation s from the line along which the laser is displaced increases linearly with laser

power (d). For higher powers (P > 574μW) two additional effects appear: (circle, b) printing

of single particles in close proximity to each other and (circle, c) the printing of single, non-

spherical nanoparticles or small aggregates of nanoparticles (P > 738μW).

At the lowest power (Pmin = 175μW) the highest accuracy was achieved, with an

average deviation from the printing axis of only s = 38 nm. Increasing the power

decreased the precision. At the laser power value P = 294μW, which enabled a

printing event every 5 sec, we obtained an accuracy of 48 nm. The average deviation

of the nanoparticles more than doubled from 58 nm to 123 nm for an increase in

the laser power of less than 45% (511μW to 738μW) (Figure 4.7a-c). There are

three reasons for this effect. Firstly, as stated before, there is a power threshold

above which the optical forces are strong enough to overcome the barrier presented

by the electrostatic barrier and print a nanoparticle. Increasing the laser power

enlarges the area on the substrate around the beam center in which the optical

forces are strong enough to accomplish printing. Secondly, at higher laser powers

the nanoparticles absorb more energy and are consequently heated more. This leads

to a faster diffusion, which acts against the radial force guiding the nanoparticles
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towards the beam axis. Finally, as already stated, the stronger axial force propells the

nanoparticles more rapidly towards the substrate, reducing the time during which

the weaker radial forces can guide the nanoparticles towards the potential minimum

at the beam center. However, even though using the minimum laser power needed to

overcome the electrostatic barrier leads to a higher precision, it is accompanied by

a reduced capture volume for the nanoparticles and thus an increased time between

printing events. Thus speed is traded against precision such that a compromise has

to be found . We chose a laser power that resulted in an average devitation of only

58 nm while simultaneously reducing the time between printing events to no more

than 5 s.

The gold nanoparticles have a large absorption cross section, as explained before.

Thus, the nanoparticle temperature may also play a role in the printing process. To

study this, we calculated the temperatures of the illuminated gold nanoparticles.

For an initial temperature of 20 ◦C the gold nanoparticles were heated up to only

25 ◦C at the lowest laser power P = 175μW. At the laser power enabling a printing

event every five seconds (P = 294μW) the nanoparticles reached a temperature

of T = 28.4 ◦C and for the highest power used to measure the accuracy the

temperature reached was only T = 41 ◦C. These temperatures were quite low,

and neither change the viscosity of water considerably nor do they lead to much

convection in the solution. We can thus neglect the temperature influence in the

experiments.

At higher powers (P > 570μW) two other effects became noticeable. Firstly,

occasionally two or more nanoparticles were printed in close proximity to each other

(circle; Figure 4.7b). This did not happen for lower laser powers and most probably

occurs because the substrate area, in which the optical forces are strong enough to

enable printing, becomes large enough for the printing of several nanoparticles to

occur. For even higher powers (P > 735μW), occasionally non-spherical particles

were also printed (circle; Figure 4.7c). These particles, which could be distinguished

by their non-green color in dark field images, were probably elongated single

nanoparticles, dimers or small aggregates of spherical gold nanoparticles. At lower

laser powers no printing of such nanoparticles was observed. These effects could
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be useful when printing more complex structures, such as rows of plasmonically

coupling nanoparticles, but they must be avoided when creating patterns out of

single, spherical nanoparticles.

The next factor effecting the laser printing is the wavelength of the laser beam

itself. While in the first series of experiments the laser was more or less tuned to

the plasmon resonance of the gold nanoparticles, for the next set of experiments it

was detuned and the measurements were repeated. For this we used the Tsunami

laser, which, running in cw-mode, could be set to emit between around 700 nm

and 900 nm. Printing was achieved at all wavelengths between the boundary

values. The laser power necessary for printing increased for longer wavelengths.

However, the laser power is not a useful quantity for comparison, as for longer

wavelengths the absorption and scattering cross sections are greatly reduced for the

gold nanoparticles (Figure 4.8a). This means that for longer wavelengths the laser
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Figure 4.8 | Effect of using a non-resonant wavelength on the accuracy of the printing

process. (a) Cross sections of an 80 nm gold nanoparticle. Printing was achieved at

532 nm and between 700 nm and 890 nm. (b) The minimum force necessary to print the

nanoparticles off resonance is an order of magnitude lower than for the resonant laser, but

between 700 nm and 890 nm more or less constant.

power must be higher to induce the same force on the nanoparticles. Therefore, we

calculated the total optical force exerted on the nanoparticles in axial direction and

obtained values for the minimum optical force necessary to accomplish printing for

each wavelength (Figure 4.8b). The results show that between 700 nm and 890 nm

the force necessary to achieve is constant around 5 fN. The linear regression from
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the graph has a slope of 0.0012 ± 0.0044 fN/nm, so with a probability p > 0.05

is not different from 0, i.e. constant. The minimum value of the optical force at

which printing was achieved for non-resonant wavelengths was approximately only

one tenth of the value for the resonant wavelength (F = 51 fN). This discrepancy

can be explained when inspecting the laser forces acting on the gold nanoparticles

for both resonant and non-resonant wavelengths. For this we calculated the optical

force profile for a laser wavelength of 800 nm (Figure 4.9) and compared it with the

force profile at 532 nm (Figure 4.4 and Figure 4.5). The calculations were set, so

that in both cases the maximum force in axial direction was the same. The distinct

difference for the two wavelengths lies in the radial force, which is more than ten

times stronger for the 800 nm laser. This leads to a much stronger trapping of the

nanoparticles and thus a larger capture volume. To compare the capture volumes

at different wavelengths, we took the minimum laser power at which printing was

achieved for three different wavelengths and calculated the optical forces. We then

took an value of 3 fN, and compared the volumes in which the radial force is larger

than this value (Figure 4.10). Clearly the capture volume is much larger at 720 nm

than at 532 nm and slightly larger still at 890 nm. This means that the time between
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Figure 4.9 | Optical forces on an 80nm nanoparticle exerted by a laser at 800nm
wavelength. For this simulation, the laser power is chosen so that the maximum axial force

is the same as for the printing conditions at 532 nm wavelength. (a) The radial force in this

case is purely attractive and is also stronger than the axial force (b), which is repulsive in

front of the focal plane and attractive behind it.
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printing events is greatly reduced for the resonant laser. The minimum force with

which printing was achieved was constant between 720 nm and 890 nm but much

larger at 532 nm. It can be thus concluded that the minimum force necessary for

printing is the minimum force at which non-resonant printing was achieved (5 fN).
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Figure 4.10 | Wavelength-dependent capture vol-

ume. A radial force of 3 fN is taken to mark a

region for capturing the gold nanoparticles. One

can see clearly that the volume is very small for

the resonant laser and increases with increasing

wavelength. The small capture volume at resonant

wavelengths prevents lower printing powers due to

the large time between printing events.

At resonant wavelengths, the

capture volume becomes so small

for laser powers inducing less

than 51 fN axial force on the

nanoparticle that the time be-

tween printing events greatly

exceeds the observation times of

up to 30min. These results sug-

gest that using a non-resonant

wavelength for printing could

be even more effective than

resonant printing. However, we

observed that the accuracy at

non-resonant wavelengths was

worse than when using the laser

at 532 nm (Figure 4.11). The

lowest deviation s that could

be achieved was 143 nm (Fig-

ure 4.11a), more than three times the value for resonant printing. This was most

probably due to chromatic aberration from the microscope objective, which led to

an offset between the laser and the imaging focal planes. This made simultaneous

printing and imaging difficult and was most likely a large factor in the deviations.

Currently, work is being carried out to shift the laser focal point to bring it to overlap

with the imaging focal point and then repeat the measurements.

68



4.2. Accuracy and Influence of Printing Parameters

(a)

(c)

(b)

1 μm

1 μm

1 μm

Figure 4.11 | Non-resonant printing accuracy. Printing the nanoparticles with a

wavelength off resonance requires a higher laser power to exert the same force on the

nanoparticles. (a) Here, using a laser wavelength of 720 nm (P = 1.51mW), the precision

is greatly reduced. However this could be due to chromatic aberrations from the microscope

objective. (b) Increasing the laser power (P = 1.96mW) leads to a larger average deviation

from the printing access. (c) At very high laser powers (P > 3.2mW) non-spherical

nanoparticles are printed or single nanoparticle-dimers are created, with two nanoparticles

printed in succession at the same spot.

A brief examination of the temperatures that are induced in the gold nanoparticles

for non-resonant printing showed that the temperatures lay between 36 ◦C and

48 ◦C for wavelengths between 700 nm and 890 nm. The nanoparticle temperature

thus also has little influence on the printing process.

Three effects that do not occur for resonant printing are noticeable for the non-

resonant printing. Firstly, the number of non-spherical nanoparticles that are

printed is much higher than for resonant printing (Figure 4.11b). At the lowest laser

power possible for printing, no such events are seen for printing with the 532 nm

laser, while for the red laser about 5% of the nanoparticles are non-spherical. This

amount increases with increasing laser power and at 3.2mW power 95% of the

printed nanoparticles are non-spherical. This is probably due to the larger forces

exerted on the nanoparticle with a longitudinal plasmon resonance closer to the

infrared. Secondly, if the laser power is increased further beyond a certain point

then more than one single nanoparticle will be printed in one spot. After a spherical

nanoparticle is printed, a second one is printed at the same spot. In the dark field

microscope, one can see the green color of the first spherical nanoparticle. After
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Chapter 4. Laser Printing of Gold Nanoparticles

a short delay, a second nanoparticle can be pushed down, at which time the color

of the previous nanoparticle changes to a deep red (Figure 4.11c). This means the

nanoparticles must be close enough together for their plasmons to couple; and to

have a scattering so far red-shifted, they must be closer together than 5 nm141. This

effect could be used to create plasmonically coupled structures for devices. For laser

powers below the threshold for printing, sometimes a third effect appears, namely

optical trapping of gold nanoparticles. The nanoparticles are hereby pushed down

towards the surface of the coverslips and are trapped, but do not stick to the surface.

Once the laser is turned off, the nanoparticles diffuse away again. It is also possible

to move the laser slowly and drag the nanoparticle along the glass surface. During

the trapping events, the radial force acts towards the beam center and the glass

surface counteracts the force in axial direction, creating a three-dimensional trap.

At these laser powers, the axial force is not strong enough to overcome the barrier

for printing.

The last important parameter we investigated is the effect of the thickness of the

polyelectrolyte layer on the printing process. To vary the thickness controllably,

we coat the coverslips in alternating layers of a positively charged (PDADMAC)

and a negatively charged (PSS) polyelectrolyte (section 3.2.3). This leads to total

thicknesses of (2n + 1) nm with the number of PDADMAC layers, n (Figure 4.12a).

The laser power necessary to achieve printing increases with each additional
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Figure 4.12 | Effect of polymer thickness on printing accuracy. (a) The differently charged

polyelectrolyte layers are brought onto the glass coverslip to form a polyelectrolyte covering

of controllable thickness. (b) The power necessary to achieve printing increases for thicker

polyelectrolyte layers, while the printing accuracy worsens simultaneously.
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polymer layer covering the glass coverslip (Figure 4.12b). The extra layers present

an additional obstacle for the gold nanoparticles, shifting the the electrostatic

potential towards greater separation distances and thus increasing the force that

is necessary to overcome the printing barriers. As described in the power dependent

measurements, increasing the laser power leads to a reduced printing accuracy. This

is also the case for the extra polymer layers, which also require high laser powers.

One additional effect occurs with extra polymer layers. The trapping that was before

only seen for non-resonant laser wavelengths also becomes apparent for resonant

printing. In addition, the optical trap is stable over a larger power range for the non-

resonant wavelengths. This could be used in future to further increase the precision

of the printing process. By using a laser power at which trapping occurs, but not

printing, nanoparticles can be caught and directed with much higher precision to

a location on the substrate. The power is then increased to a value at which the

optical force can overcome the electrostatic barrier and the nanoparticle is printed.

4.3 Applications of Single Nanoparticle Laser Printing

The printing technique can be extended to print more complex structures. Two

different ideas were investigated for this thesis. The first method makes use of

the plasmon resonance of metallic nanoparticles. For metallic nanoparticles size,

shape and material have a pronounced effect on the position and magnitude of

the plasmon resonance. Knowing the cross sections of the nanoparticles, the force

exerted on the nanoparticles by an incident laser beam can be calculated. The inter-

particle forces according to the DLVO theory rely heavily on the Hamaker constants

of the materials. Metals have similar values84, ranging from 30 to 50 × 10−20 J .

Thus it is possible to estimate the force needed to print the nanoparticles as well

as the laser power at a given wavelength. The plasmon resonance of 80 nm gold

nanoparticles lies around 549 nm and of same-sized silver nanoparticles around

447 nm (Figure 4.13a). The extinction cross sections of the respective metals at

their resonances are much larger than those of the other metal. Thus, if one uses

a laser of wavelength 532 nm, near the gold plasmon resonance, and sets the power

so that the optical force is just strong enough to print the gold nanoparticles, one
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Figure 4.13 | Printing structures with nanoparticles of different metals. (a) Various metals

have different strengths and positions of their plasmon resonances, as shown here in the

case of 80 nm silver and gold nanoparticles. (b) This is used to print structures consisting

of different metallic nanoparticles. The nanoparticles can be printed selectively by using

multiple lasers, each emitting near the plasmon resonance of a nanoparticle. The laser power

of each laser is then chosen so that one nanoparticle type is printed but not the other.

can ensure that the silver nanoparticles are not printed. The same is done for

the silver nanoparticles with a laser, e.g. of 458 nm wavelength, ensuring that

with this laser only silver and not gold nanoparticles are printed. Consequently

one can print structures of nanoparticles, as described before, but now with the

additional capability of placing different metallic nanoparticles at a desired location

(Figure 4.13b). Of course this can also be done with other metals, choosing a laser at

a wavelength appropriate for each metal.

This approach, while offering new possibilities to create complex plasmonic struc-

tures, is still limited. For example, printing of nanoparticles of the same material but

of different sizes is very difficult, requiring lasers with wavelengths that are quite

close together, and for small nanoparticles it becomes altogether impossible. This

approach also fails if one wants to print nanoparticles without a plasmon resonance,

i.e. by only using the optical forces, which depend on the geometric cross section of

the desired nanoparticles. To be able to print such nanoparticles a different approach

is necessary. As previously explained, when shifting the laser wavelength towards

the near-infrared, we often observed nanoparticle trapping on the surface. At lower

laser powers, the nanoparticles were held just above the surface of the glass coverslip

by the optical forces exerted by the laser, which were not strong enough to print the
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nanoparticles. With the microscope setup used in this thesis, there are many options

for detecting the nanoparticles in the trap and analyzing their optical properties. The

easiest is by looking at the nanoparticles through the ocular or the digital camera.

But of course, the spectrometer can be used in more difficult cases and the excitation

and emission wavelengths can also be specifically selected by inserting filters and

switching between light sources. Thus the procedure to create complex structures is

as follows:

A solution is prepared by mixing all nanoparticles to be printed on the substrate

together. Next, the laser power is reduced so that nanoparticles are trapped but

not printed. When a nanoparticle is caught in the trap, one determines optically

whether the nanoparticle is the correct one to be printed. If it is, the laser power is

increased, enabling the laser forces to overcome the electrostatic barrier and print

the nanoparticle. If the trapped nanoparticle is not the correct one, the laser is

switched off, the nanoparticle diffuses away from the trap and the process can be

repeated (Figure 4.14).

NIR-laser

Figure 4.14 | Printing complex structures by trapping nanoparticles. A near-infrared laser

can trap nanoparticles by pushing them against the glass coverslip. These can be analyzed

optically and, if the trapped nanoparticle is the one to be printed, the laser power is increased

to print the nanoparticles. If they are not the correct nanoparticles, the laser is switched off,

the nanoparticle diffuses away and the process can be started anew.

With the methods discussed so far it is possible to create complex structures

with various nanoparticles, but without having control over the orientation of

the nanoparticles. For spherical nanoparticles this is of course not necessary.
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Chapter 4. Laser Printing of Gold Nanoparticles

Nevertheless, there are other types of nanoparticles, e.g. nanorods or bipyramids,

whose shape gives them special optical properties. Depending on the desired

function of the printed structures, it could be essential to have control over the

nanoparticles’ orientation. Our approach to accomplish this relies on the capability

of aligning plasmonic nanoparticles using polarization dependent optical forces142.

In their work, Tong et. al. showed that plasmonic nanoparticles will rotate and align

in a polarized laser beam. For example, silver nanorods and gold nanosphere dimers

will align with the long-axis dipole parallel to the plane of polarization of linearly

polarized light that is tuned to the wavelength of the long-axis resonance. This is

a result of the high long-axis dipole polarizability aligning to reduce the potential

energy of the nanoparticle inside the electric field of the laser.

nanorods

1 μm

aggregates
nanosphere

Figure 4.15 | Gold nanorods printed on a glass substrate. The nanorods can be

distinguished by their orange color, resulting from the combination of scattered light from

both the transverse as well as the longitudinal plasmon resonance. Unfortunately, the

solution was not very pure, containing larger aggregates and also nanospheres.

As a first experiment, we used gold nanorods with dimensions of 73x25 nm and

60x25 nm. The nanorods long-axis resonances lie at wavelengths of 700 and

650 nm respectively. They were covered, like the modified gold nanospheres,

with a CTAB double-layer, providing them with a positive surface-charge. The

glass coverslips were coated accordingly with a layer of PDADMAC to prevent

spontaneous aggregation of the nanoparticles on the glass surface. The same

printing setup was used as before, with the Tsunami laser set to the resonance of

the long-axis of the respective nanorods. In a first attempt, the nanoparticles were

printed onto the glass substrate to prove that they can be printed. As can be seen
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4.3. Applications of Single Nanoparticle Laser Printing

in Figure 4.15, the nanorods could be printed in the same way as the nanospheres

were in the last section. The solution containing the nanoparticles was not very

pure, with larger aggregates and spheres also present in the solution. The rods

can be distinguished quite clearly due to their orange hue, which results from the

combination of scattered light from both nanoparticle axes (Figure 4.16a).
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Figure 4.16 | Aligning gold nanorods on a substrate with linearly polarized laser light.

(a) The nanorods each have two plasmon resonances, which can be seen separately by

rotating a polarization filter in the detection path. (b) Polarization dependence of the

scattering intensity of the longitudinal plasmon (Isca). Here the intensities are plotted for

6 nanorods. Of these 4 were aligned in one direction (blue curves) and the other two were

aligned perpendicular to them by rotating the polarization direction of the laser beam (Elas).

The nanorods generally aligned on the substrate parallel to the polarization angle of the

laser used to print the nanoparticles. An efficiency of 60% correctly aligned nanorods was

achieved (out of 20 printed nanoparticles).

Next, we tried to align the nanoparticles along a certain direction. This was done

by setting the polarization of the laser to a fixed angle, which can be rotated

freely. By printing with a fixed polarization angle and then rotating this by 90◦,

the nanoparticles printed after the rotation should be aligned perpendicular to the

ones printed before the rotation. According to a previous publication142, the power

density required for aligning the rods is in the region of 20MW/cm2, which is

two orders of magnitude larger than the power densities used to print the gold

nanospheres. This is the main reason for the printing accuracy of the nanorods

being so poor, together with the chromatic aberration of the microscope objective.

Nevertheless, we attempted to align the nanorods on the glass coverslip. To monitor
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the position of the nanorods, a polarization filter is inserted into the detection path

and the scattering spectra of each rod are recorded, rotating the filter between 0◦

and 180◦. As can be seen in Figure 4.16b, we were able to align the rods parallel to

the polarization angle of the laser. This angle can be rotated freely and through it

the angle of the printed nanorods. The maximum efficiency we achieved was 60%

of the nanorods in a row aligned along the desired direction (20 nanoparticles in a

row). The approach can be improved significantly by adjusting the laser focal plane

to match the optical focal plane. Additionally, more experiments are necessary to

find out how the alignment on the glass coverslip depends on the laser power and

wavelength.

4.4 Discussion

In this chapter a new method was presented for creating patterned nanostructures

by placing individual nanoparticles onto substrates with a precision comparable

to the nanoparticles’ own dimensions. This method is novel which, instead of

just optically trapping nanoparticles by a laser127, uses the laser forces to collect

the nanoparticles from the solution, guide them towards the center of the beam,

while propelling them towards the glass surface and there attach them to the

substrate. We demonstrated this by printing 80 nm gold nanoparticles onto a glass

substrate using a laser with a wavelength (523 nm) near the plasmon resonance of

the nanoparticles. The substrates were covered with a polyelectrolyte which through

electrostatic repulsion prevents spontaneous binding of the gold nanoparticles. The

total optical force exerted on the nanoparticles is the sum of a gradient force and of

a combined scattering force, the latter resulting both from scattering and absorption

of photons. In the axial direction the scattering force dominated completely, pushing

the nanoparticles in the direction of the substrate. If the laser power was high

enough, the optical forces overcame the electrostatic repulsion, so that the gold

nanoparticles bound and were thus printed on the glass substrate. This binding,

resulting from attractive van der Waals forces between the gold nanoparticles and

silica, was very strong and the printed patterns survived many rinsing procedures

without damage. In comparison to many previously reported methods for single
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nanoparticle printing, which all rely on an electrostatic binding mechanism to

attach the nanoparticles, our binding was stronger and should also be more stable.

Moreover, no complicated preparation methods were necessary, as in many other

reported procedures which require a complex, multi-step patterning of the surface

with lithography masks or various inking and transfer steps. This not only speeds up

our process but makes it more versatile as the desired patterns can be programmed

into a computer, which can monitor and guide the printing through optical detection

of the printed nanoparticles.

The maximum precision we were able to achieve while printing rows of 80 nm gold

nanoparticles was 38 nm. This precision is much better than previously reported

methods enabling the printing of single nanoparticles, where the precision generally

lies above the size of the individual nanoparticles29,127,143. The power necessary to

achieve the precision with our method was only 175μW, which corresponds to a

laser power density of 15.8 kW/cm2 and a total axial force of 51 fN acting on the

nanoparticles. In radial direction, the scattering force and the gradient force act

together in front of the focal plane, guiding the nanoparticles towards the beam

center. Behind the focal plane the scattering force changes direction, such that

150 nm behind the focus the nanoparticles are scattered away from the beam center.

Thus, the position of the focal plane of the laser has a great effect on the precision of

the mechanism. At these power densities the area on the substrate surface in which

the optical forces were able to overcome the electrostatic barrier was so small that

only one nanoparticle was printed at a given location. The low laser power thus

automatically prevents the printing of nanoparticles at undesired positions.

The laser power is the most critical parameter in the process as it controls not only

the precision of the process but also its speed. Higher laser powers than those

mentioned above led to a reduced precision because of three separate effects: the

area in which the optical forces can overcome the electrostatic repulsion becomes

larger; the heating of the gold nanoparticles leads to an increased diffusion; and

the time during which the weak radial forces guide the nanoparticles towards the

center of the beam is reduced. At the same time the laser power determines the

volume in the solution in which the radial forces are strong enough to overcome the
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thermal diffusion of the nanoparticles, guiding the nanoparticles towards the glass

surface. Increasing the laser power also increases the capture volume, reducing

the time between printing events. Thus, one must find an optimal value which

enables both high enough precision and acceptable speed. Using a laser power of

P = 294μW we were able to print rows of gold nanoparticles to an accuracy of

48 nm per nanoparticle at a rate of one nanoparticle every five seconds (Figure 4.7).

The nanoparticles could also be printed using an non-resonant laser. For this we

used a tunable Ti:Sa laser, which emits wavelengths between 700 nm and 890 nm.

The power necessary to achieve printing was much higher than for the resonant

wavelength (between 1.5mW and 3mW), due to the very low absorption and

scattering cross sections of the nanoparticles at these wavelengths. However, the

total force acting on the gold nanoparticles is one order of magnitude lower for

the non-resonant printing, being only around 5 fN. This effect can be explained by

examining the ratio of the radial force to the axial force. A laser beam emitting at

a wavelength shifted far to the red from the plasmon resonance exerts strong radial

forces on the nanoparticles, guiding them to the center of the beam. This leads to a

larger capture volume, i.e. the volume in the solution out of which the nanoparticles

can be guided to and printed on the substrate (Figure 4.10). This consequently

reduces the time between printing events significantly. At resonant wavelengths

and low laser powers the capture volume is so small that the time between printing

events becomes very long. Thus, the reason the nanoparticles could not be printed

for lower forces than the observed 51 fN is that the capture volume was so small that

a printing event did not occur within the 30min observation time at the respective

setting of the laser power.

Taking these facts into account, using non-resonant lasers wavelengths to print gold

nanoparticles should be more precise and much faster than for resonant printing.

In our experiments, we were only able to achieve a precision of 143 nm, which is

worse than for resonant printing, but still acceptable when compared to previously

reported methods. The reduced precision can be explained by a chromatic aberration

of the microscope objective. This led to an axial offset between the optical focus of

the microscope and of the laser beam. The aberration made simultaneous, effective
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focusing of the laser and imaging of the nanoparticles difficult and consequently

led to the reduced precision. However, it could be compensated by introducing a

telescope system into the laser beam path. By slightly detuning the telescope, the

focus of the laser beam is shifted with respect to the optical focus of the microscope

objective and the two foci can be brought to overlap. This is being pursued in current

experiments.

Using the non-resonant laser wavelengths described above has even more advan-

tages. We showed that it is possible to create plasmonically coupled structures out

of single nanospheres at these wavelengths. The red laser at higher laser powers

enable the nanoparticles to be printed close enough together than two nanoparticles

form single dimers (Figure 4.11). It was also possible to create short plasmonic

wires in dilute solutions using the same laser settings but moving the laser by a

small amount after each printing event. With the non-resonant laser it was also

possible to trap nanoparticles at lower laser powers by pushing them against the

polyelectrolyte covering the glass surface. The laser power was not high enough

to overcome the electrostatic barrier, but it held the nanoparticles in place on top

of the substrate. The nanoparticles could be moved over the surface by slowly

moving the laser spot laterally. This trapping enables an additional highly attractive

feature. By trapping the nanoparticles and selecting according to their optical

properties, different nanoparticles, present in the same solution, can be printed

onto the glass surface. The laser power is set to trap the nanoparticles, and if the

observed nanoparticle is the correct one to be printed the laser power is increased,

printing the nanoparticle at the position it was trapped. This procedure eliminates

the necessity for switching solutions during the entire fabrication process of complex

nanostructures. Up-to-date no method presented for nanoparticle printing has

shown the capability of achieving this. Furthermore, by using linearly polarized

light, we were able to orient and print non-spherical nanoparticles on a substrate.

This was done by tuning the wavelength of the printing laser to the longitudinal

wavelength of the nanoparticle. The polarizability difference along the different

axes of the nanoparticle led to the nanoparticles aligning parallel to the polarization

plane of the printing laser. This was demonstrated in experiments presented here

(Figure 4.16a) and could enable high efficiency sub-wavelength waveguides144.
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The printing method could also be used to print more complex structures out of

different metallic nanoparticles. This is possible because of the different positions

and magnitudes of the plasmon resonances of different metals. For example, by using

a laser at 532 nm and one at 458 nm, one can either print gold or silver nanoparticles

(sizes approx. 20−80 nm). The power of the green laser is set so that it is just strong

enough to print gold nanoparticles, and the same is done with the blue laser for the

silver nanoparticles. By selectively turning one laser on and the other off, either gold

or silver nanoparticles are printed. Again, this is a feature that to our knowledge has

never before been demonstrated.

We developed a model of the patterning process, which used the optical forces acting

on a nanoparticle and the DLVO-theory to explain the initial repulsion and later

binding of the nanoparticles to the substrate surface. This theory encountered a

large problem, in that it could not accurately predict the minimum power necessary

for printing. On the contrary, our prediction was several orders of magnitude higher

than the experimentally obtained value. However, this is only a minor drawback

and in no way disproves our model. The DLVO-theory is not a complete theory

of colloidal suspensions. There are also many forces acting on nanoparticles in

the solution that are not taken into account by this theory. Furthermore, a minor

change in the ionic strength of the solution, which we could only estimate, can have

a significant effect on the printing power (Figure 4.3b). On the other hand, the model

does explain several of the observed phenomena. It explains for example why at low

laser powers only one nanoparticle can be printed at a specific site and at higher

powers several can be printed. It also explains the dependence of the precision and

speed of the printing process. Furthermore, it gives a reason why the minimum force

needed for resonant printing is much higher than for non-resonant printing. It also

explains the observations made in the next chapter on nanoparticle guiding. All

of these observations show that while the model has some problems and obviously

could be refined, it is able to explain many observed phenomena.
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5 Manipulating Phospholipid

Membranes with Gold

Nanoparticles

In recent years impressive advances have been made in imaging structural features

of cellular and subcellular systems145,146, and in making their pathways visible147,148

using optical techniques with nanometric resolution. The development of regulated

nanoscopic sources of heat is an important step towards generating tools capable

of investigating the thermodynamics of local processes at the nanoscale. Metallic

nanoparticles are well known to efficiently convert light into heat when they are

irradiated at their plasmon resonances.60,149. This optical heating has been capitalized

on for many applications including microscopy150, biomolecular analysis25, remote

release151,152 as well as cancer therapy through the thermal destruction of tumor

cells153. Metallic nanoparticles can deliver defined amounts of heat to nanoscopically

confined regions. Through this one can not only obtain local information on the

nanoscale but also exert control over certain thermally regulated processes. Up

to the present this potential of gold nanoparticles has scarcely been explored. In

this chapter, we exploit the properties of gold nanoparticles to create investigative

and manipulative nanotools. The basis for this is an investigation of methods for

binding gold nanoparticles to phospholipid membranes. We demonstrate how gold

nanoparticles can be used for investigating membrane thermodynamics, manipulating

the processes occurring therein and for enhancing drug delivery.
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5.1 Attaching Gold Nanoparticles to Phospholipid

Membranes

In order to manipulate phospholipid membranes with gold nanoparticles, these must

be brought into close contact, and ideally bound to the membranes. Therefore we

investigated how to bind gold nanoparticles to phospholipid membranes, which

factors affect binding, and how it can be controlled. For the initial studies, giant

unilamellar vesicles were grown, as described in section 3.2.1. Because the gold

nanoparticles from BBInternational have a negative surface charge, we added a

positively charged phospholipid to facilitate binding. The vesicles were prepared

by adding the two phospholipids to the growth chamber. The first, 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC), does not have a total charge, has a melting

temperature of Tm = −21 ◦C and was the phospholipid used for most of the

experiments. The second phospholipid, 1,2-dioleoyl-3-trimethylammonium-propane

(DOTAP), has a single positive charge, and was mixed with the DOPC in a ratio of

1:19.

With the dark field microscope used for the experiments it is possible to image gold

nanoparticles down to a size of 20 nm. While 10 nm large gold nanoparticles bound

to GUVs, causing the membrane to become more green, individual nanoparticles

could not be distinguished (Figure 5.1a). On the other hand, 40 nm large gold

(a)

5 μm

(b)

10 μm

gold nanoparticles

Figure 5.1 | Binding of citrate-coated gold nanoparticles to phospholipid bilayers. (a)

While 10 nm large nanoparticles cannot be seen individually in the dark field microscope,

(b) 40 nm gold nanoparticles can be seen quite clearly. They attach readily to the vesicle

membrane.
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nanoparticles binding to GUV membranes can be seen easily (Figure 5.1b). Because

the scattering cross section increases with size, larger nanoparticles can be detected

more easily. In order to reduce imaging time and increase the quality of the images,

we mainly used 80 nm gold nanoparticles for the experiments.

The concentration of gold nanoparticles is a most important parameter for the

binding process. At very low concentrations most GUVs do not have nanoparticles

bound to them (Figure 5.2a), while high concentrations deform and destroy the GUVs

(Figure 5.2c). Mixing the GUV and gold solutions in a ratio of 300:1 for the 80 nm

nanoparticles and 600:1 for the 40 nm nanoparticles left most of the GUVs coated

with between three and five nanoparticles. This mixing ratio allows the study of

individual nanoparticles, as the nanoparticles will be separated clearly from each

other due to the size of the GUVs (> 5μm).

(a) (b) (c)

5 μm 10 μm10 μm

Figure 5.2 | Binding efficiency of gold nanoparticles to phospholipid GUVs depending

on the nanoparticle concentration. The concentration is a crucial parameter, since (a)

at low concentrations hardly any binding is observed and (c) at high concentrations the

nanoparticles deform and destroy the GUVs. (b) In order to study single nanoparticles on

the phospholipid membranes, the concentration must be kept well controlled between these

extremes.

To determine the nature of the nanoparticle binding, GUVs were prepared adding

either the positively charged phospholipid DOTAP or a negatively charged phos-

pholipid, such as 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol (DPPTE) or 1,2-

dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) in certain ratios to the DOPC. Vesicle

growth was achieved with charged phospholipid to DOPC ratios up to 1:9. For higher

charged lipid contents, the vesicles were either not stable or did not form at all. As
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in the previous experiments the citrate-coated gold nanospheres bound readily to

the positively charged vesicles, but hardly at all to the pure DOPC vesicles, and not

at all to the negatively charged ones (Figure 5.3a). This is due to the nature of the

binding, which is electrostatic. The pure DOPC vesicles have a slight net negative

charge in water154,155, probably from acidic impurities or hydration layers, and

therefore they also repel the gold nanospheres. To confirm this binding mechanism,

we exchanged the gold nanospheres with gold nanorods, which were prepared in

this group and coated with CTAB. The vesicles were prepared with DOTAP and

DOPC phospholipids in a ratio of 3:93. The amount of DOTAP should easily

compensate any negative charges from the DOPC molecules, giving the vesicles a

positive net surface charge. To our surprise, the nanorods bound to these vesicles

(Figure 5.3b), although not in such large numbers as for the control sample with the

nanorods and the negatively charged GUVs. This suggests a completely different

(a) (b)

5 μm10 μm

Figure 5.3 | Binding of gold nanoparticles to phospholipid GUVs. (a) Even at high

concentrations, citrate-coated nanospheres do not bind to negatively charged GUVs due

to electrostatic repulsion. (b) Gold nanorods coated with CTAB, however, bind even to

positively charged GUVs, hinting at a non-electrostatic binding mechanism.

binding mechanism. As stated before, the CTAB, having a similar structure to the

phospholipids, with a long nonpolar chain and a polar headgroup, forms a bilayer

around the gold nanoparticles. Hence it is plausible that the CTAB molecules bind

to the phospholipids much in the same way as they bind to each other. This creates

a stable, merged bilayer. Whether the nanoparticle is enveloped entirely by the

membrane or only partially depends onmany factors, including the bending modulus

κ of the membrane and the nanoparticle size, and is very difficult to determine both

theoretically and experimentally156–158. Even so, the binding must be fairly strong,

as it is able to overcome the electrostatic repulsion from the net charges of the GUV
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and the CTAB-coated gold nanoparticle. Experimentally, cryo-electron microscopy

studies might be able to shed some light on the exact binding mechanism. This was,

however, not a primary concern within the scope of this work.

5.2 Growing Gold Nanoparticles Directly on

Phospholipid Membranes

Instead of growing GUVs by electroformation and afterwards attaching gold nano-

particles to them, we developed the idea of growing gold nanoparticles directly on

the phospholipid membrane of the GUVs. This not only has advantages for the study

of gold nanoparticle-membrane interactions, but may also enable new applications

such as liposome internalization159 or drug delivery160–162. Loading vesicles with

nanoparticles has previously been done by mixing preformed nanoparticles with

vesicles directly (as discussed in the last section) or by spontaneous reduction of

metal ions by a vesicle forming component163,164. However, these procedures all have

one or more drawbacks. Often, the methods are very slow, with some of them taking

days for the nanoparticles to reach full size165. Also, the size of the nanoparticles

and the extent of loading of the vesicles cannot be controlled. Using protocols for

preformed nanoparticles for direct growth on vesicles is generally of no use. These

protocols either use reducing agents, e.g. NaBH4, that are highly toxic to cells166,

or else the production method requires conditions that would destroy the vesicles

during growth (e.g. high temperature synthesis using citrate as a reducing agent116).

In light of all of these problems, the idea came for the rapid, controlled loading of

gold nanoparticles onto phospholipid vesicles, suitable for biomedical applications.

The procedure that was developed is simple and is illustrated in Figure 5.4. GUVs

are grown, as described in section 3.2.1, using the phospholipid DOPC and a sucrose

solution. Charged GUVs are created by mixing the DOPC with a charged lipid in a

mass ratio of 10:1. Adding 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (DOPC+) to

the DOPC creates positively charged vesicles, while adding 1,2-dioleoyl-sn-glycero-

3-phosphopropanol (DOPP) produces negatively charged vesicles. The size of the

doped GUVs is comparable to the GUVs consisting only of DOPC. The solution
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containing the GUVs is mixed with the gold precursor (HAuCl4) and with ascorbic

acid. The latter is added at a concentration of 1.6 times the concentration of gold

ions and is used as a reducing agent for the gold. The gold salt concentration was

varied between 4 × 10−6 M and 5 × 10−5 M. The growth process can be monitored

by observing the extinction spectrum of the solution and by examining the GUVs

before and after the process in a dark field microscope. The entire growth process

takes 1− 2 h depending on the gold ion concentration. In the presence of the GUVs,

the gold nanoparticles nucleate and grow preferentially on the membranes rather

than directly in the solution.

neutral lipid

charged lipid

gold nanoparticle

+ HAuCl4
+ ascorbic acid10 μm 10 μm

Figure 5.4 | Controlled loading of gold nanoparticles on phospholipid GUVs. GUVs are

prepared by electroformation (left), mixed with a gold salt and ascorbic acid. Nanoparticles

nucleate and grow preferentially on the GUV membrane (right) instead of in the solution.

To understand the growth process, the components were mixed separately. These

control experiments prove that neither the phospholipids nor the sucrose are able to

reduce the gold ions, confirming the ascorbic acid as the reducing agent. Varying the

sucrose concentrations between 10mM and 700mM showed no effect on the growth

process. The concentration of HAuCl4 has a strong effect on the loading, however,as

the amount of nanoparticles on the GUVs grows considerably with increasing gold

ion concentration (Figure 5.5). Gold nanoparticle density can even be increased high

86



5.2. Growing Gold Nanoparticles Directly on Phospholipid Membranes

enough to induce plasmonic coupling between the nanoparticles (Figure 5.5c), which

tend to aggregate together.

(a) (b) (c)

5 μm 5 μm5 μm

Figure 5.5 | Importance of the HAuCl4 concentration on gold nanoparticle growth. The

concentration of gold ions was increased from (a) 8 × 10−6M to (b) 2 × 10−5M, to (c)

4×10−5M. The increase in nanoparticle density with increasing gold ion concentration can

be seen clearly and plasmonic coupling becomes apparent at the highest concentrations.

Introducing charged lipids or ionic surfactants into vesicles can change a vesicles’

properties in many ways167,168. To study this we added charged phospholipids

to the DOPC vesicles, making both anionic and cationic vesicles, and comparing

them to the undoped vesicles. The charged phospholipids have a pronounced effect

on the gold nanoparticle growth. We first analyzed the effect by examining the

nanoparticle-coated vesicles in the dark field microscope (Figure 5.6). The growing

procedure itself is highly efficient, with around 98% of the vesicles being loaded

(over 300 vesicles imaged), with the exception of GUVs grown with a 10% fraction

of negatively charged lipid. At the lowest concentrations of the gold precursor used

(8 × 10−6 M), there is a clear difference between the GUVs. The anionic GUVs are

generally unloaded, with one out of twenty vesicles showing one or sometimes two

seperate nanoparticles. These are fairly large, as can be seen from the intensity

and color of the scattered light. The undoped GUVs have many more nanoparticles

bound to them. The green color and lower intensity of the scattered light shows that

the nanoparticles are probably spherical and not as large. The cationic GUVs have

mainly aggregates, which can be identified by the orange-red hue of the scattered

light, but also some single spherical nanoparticles attached to their membranes.
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Figure 5.6 | Gold nanoparticles grown on phospholipid GUVs. Varying both the surface

charge of the GUVs as well as the concentration of the gold precursor has a large effect on

the growth process of the gold nanoparticles.

Increasing the concentration of the gold salt to 2 × 10−5 M increases the amount

of nanoparticles attached to the anionic vesicles, while seemingly not affecting

nanoparticle size. For the undoped GUVs the amount of nanoparticles also increases,

with most of the membrane now appearing green. The more intense but still clearly

green scattered light from the nanoparticles suggests that these are larger, but still

spherical in shape. The inter-particle distance is also not close enough for the

nanoparticles to couple plasmonically. The surface of the cationic GUVs is almost

completely covered, as can be seen also by the amount of scattered light that is

not emitted from the focus plane, but is still recorded. The scattered light is far
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less green in the color and some larger single nanoparticles or aggregates are also

visible. At the highest concentration of the gold precursor used (4×10−5 M), the gold

nanoparticle loaded anionic GUVs showed the same trend as before: an increased

amount of nanoparticles attached to the anionic vesicles, while the nanoparticle

size was not visibly affected. The difference between the the lower and highest

concentrations is far larger for the undoped GUVs. Now the GUVs no longer show a

predominantly green coloring, but a distinct orange-red color. Single nanoparticles

or larger aggregates can be seen, some of which appear green and some red. Single

nanoparticles can no longer be seen on the cationic GUVs. The scattered light

is so intense that they must be nearly completely covered with nanoparticles or

nanoparticle aggregates.

20 nm

50 nm

10 nm

(a) (b)

50 nm

(c)

Figure 5.7 | Transmission electron microscope images of gold nanoparticles grown on

phospholipid vesicles. (a) The nanoparticles formed are very small and mostly spherical

when grown on positively charged vesicles at low precursor concentrations. (b) At higher

concentrations the nanoparticles become larger and some are no longer spherical. (c) At

the same high concentration as in (b), the gold nanoparticles grown on negatively charged

vesicles are much larger and also predominantly non-spherical.

To understand this behavior in more detail we looked at the samples in a transmission

electron microscope (TEM) (Figure 5.7). Unfortunately the vesicles do not survive

the drying process necessary for preparing samples for the TEM, but the individual

gold nanoparticles can be seen clearly. It cannot be determined which nanoparticles

formed on the GUV surfaces and which did not. Additionally, no information can be

gathered on the density and distribution of the gold nanoparticles on the vesicles.

However, a general idea about shape and size of the nanoparticles can be obtained
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by comparing these images. The nanoparticles grown at the lowest concentrations

are mainly spherical and are a few nanometers in size (Figure 5.7a). At higher

concentrations the nanoparticles become larger in size and also lose their spherical

shape (Figure 5.7b). There is a clear dependence of the nanoparticle size on surface

charge. The nanoparticle size is smallest on the cationic GUVs and largest on the

anionic GUVs (Figure 5.7c).

Even though individual vesicles cannot be examined under the TEM, this can

be done under the dark field microscope, with which it is also possible to take

scattering spectra of the GUVs. This can give further insight into the distribution of

nanoparticle size, shape and state of aggregation and thus of the growth mechanism.

These measurements also show that all three of the GUV types behave quite

differently (Figure 5.8). The scattering spectra of the gold nanoparticle-loaded GUVs

show a complex feature that can be fitted with three Gaussian functions. For each

type of GUV and concentration, there is a slight shift in the height and position

of these peaks, but the trends are the same for each case. The spectral behavior

of the bound gold nanoparticles is different than for gold nanoparticles grown

in phospholipid-free solutions169. The latter are almost exclusively spherical and

extinction spectra of gold nanoparticle solutions show almost no extinction for
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Figure 5.8 | Scattering spectra of vesicles coated with gold nanoparticles. All three spectra

can be fitted with three separate Gaussian functions. The two at the shorter wavelengths

are due to membrane scattering (440 nm) and scattering by single spherical nanoparticles

(525 nm). The shape of the individual spectra is very different. (a) While the scattering

spectrum of the anionic GUVs is dominated by the spherical nanoparticle scattering, (b)

the spectrum of the neutral GUVS shows an increased contribution from nanoparticle

aggregates and (c) the cationic sample displays a strongly red-shifted peak characteristic

for larger aggregates. The inserts show the vesicle belonging to the respective spectrum.
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wavelengths longer than 600 nm. The vesicle membrane is responsible for the

intense scattering peak centered between 425 nm and 445 nm, which is confirmed by

measuring the scattering spectra of pure phospholipid GUVs. The second scattering

peak, centered between 525 nm and 535 nm is due to the scattering of single,

spherical nanoparticles smaller than 50 nm in diameter. This is the predominant

scattering source of gold nanoparticles for all samples. In both the anionic and

undoped GUV samples the third scattering peak is centered between 625 nm and

640 nm.
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Figure 5.9 | Calculated scattering spectra

for linear chains of 20 nm large gold

nanoparticles. At higher gold precursor

concentrations, the scattering spectra of

the vesicles show a strong increase in the

orange-red spectral region. This is prob-

ably due to small spherical nanoparticles

aggregating together in chains, where their

plasmons can couple. This graph shows cal-

culated scattering spectra from such chains.

Two 20 nm gold nanoparticles touching each

other already can explain much of the

observed scattering. Longer chains of gold

nanoparticles shift the emission maximum

to even longer wavelengths and increase

scattering intensity significantly.

There is a clear difference in the relative intensities of the two gold nanoparticle

scattering peaks. In the anionic GUVs the peak at 530 nm is roughly three times

as intense as the peak at 640 nm. In the undoped samples the two peaks have

roughly the same intensity. In the cationic GUV samples the third peak is shifted

considerably to longer wavelengths, with a maximum between 710 nm and 740 nm.

The relative intensity of the single nanoparticle and aggregate peaks of the cationic

GUVs lies in between the values for the neutral and anionic GUVs. The peak at the

longest wavelengths in all the samples is due to light scattering from non-spherical

nanoparticles and small aggregates of plasmonically coupled single nanoparticles.

To demonstrate this we calculated scattering spectra of linear chains of touching

20 nm spherical gold nanoparticles (Figure 5.9). Increasing the aggregate size leads

to a considerable red shift of the resonance peak and a strong increase in the
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scattering intensity. This shows that scattering from small aggregates of small gold

nanoparticles can sufficiently explain the observed scattering spectra.

Combining all of the analyses, we determined a model for the growth of the gold

nanoparticles on phospholipid vesicles (Figure 5.10). The positively charged nitrogen

molecule at the end of the headgroup of a DOPC molecule serves as a nucleation

site for the gold precursor [AuCl4]−. In the anionic GUVs the charged lipids lead to

a negative surface charge of the vesicles, hindering nucleation through electrostatic

repulsion. The neutral GUVs are actually not neutral, but possess a slightly negative

surface charge in the sucrose solutions used in these experiments. Thus, while the

nucleation is also slightly hindered as in the anionic GUVs, the hindrance is not

as high. Because of the hindrance in nucleation, there are less growth seeds on

the anionic than neutral GUVs. If the concentration of the gold precursor is kept

constant, then the seeds on the anionic GUVs will grow faster and become larger,

neutral lipid

cationic lipid

gold nanoparticle

anionic lipid

(a) (c)(b)

Figure 5.10 | Diagram of the gold nanoparticle growth process on phospholipid vesicles.

(a) The anionic phospholipids hinder the nucleation of the gold precursor and thus fewer,

but larger nanoparticles are created with respect to (b) undoped DOPC vesicles. (c) Cationic

lipids have the reverse effect, leading to many more, albeit smaller nanoparticles and nano-

aggregates.

because more precursor material aggregates per site. For the cationic doped GUVs

the process is reversed. Here, the net charge of the GUVs is positive, increasing the

amount growth seeds for the gold nanoparticles. The same amount of gold precursor

in the solution will thus result in more, albeit smaller, nanoparticles on the cationic

GUVs. Aggregation of the nanoparticles can occur in all samples, because there is

no molecule on the surface of the gold nanoparticles preventing aggregation. As has

been shown previously, nanoparticles attached to fluid phase vesicles deform the

membrane, leading to an inter-particle attraction. The nanoparticles consequently
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tend to aggregate together when the possibility arises170. The degree of aggregation

is controlled by the nanoparticles density, which is highest for the cationic GUVs

and lowest for the anionic GUVs.

In conclusion, the method established here shows great promise as a rapid method

for controlled loading of gold nanoparticles onto phospholipid vesicles. The method

is biocompatible because none of the substances used in the growth process are

cytotoxic. Changing the concentration of the gold precursor and doping the

phospholipid vesicles with controlled amounts of charged phospholipids enables

the control over gold nanoparticle size and density as well as the degree of

aggregation of the nanoparticles. Negatively charged lipids promote the formation

of larger, isolated nanoparticles, while positively charged lipids promote the growth

of smaller nanoparticles, which form larger aggregates. The high degree of control

is novel and of fundamental importance for the function of loaded vesicles. This

renders the system useful not only as a model system for studying membrane-

gold nanoparticle interactions, but also as a biomolecular tool. Amongst the

many potential applications for these phospholipid-gold hybrid structures are

controlled diffusion across a cellular membrane through optical heating of the gold

nanoparticles and localized photochemistry facilitated through enhanced electrical

fields152,171,172.

5.3 Optical Heating of Gold Nanoparticles Attached to

Phospholipid Membranes

In the last two sections we demonstrated how to attach gold nanoparticles to phos-

pholipid vesicles, while controlling the size and density of the attached nanoparti-

cles. The next step towards producing nanoscopic tools for membrane investigations

and manipulations is the study of how to optically heat these nanoparticles and

their effect on the phospholipid membranes. To do this, we grew DOPC GUVs,

doping them with a dye-labeled phospholipid in order to see the membrane more

clearly. CTAB-coated 40 nm large gold nanoparticles were attached to the GUVs

and the sample, deposited onto a normal glass coverslip, was inserted into the dark
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field microscope. Illumination occurred with a laser at 532 nm wavelength. The

laser spot was focused down to approximately 1.5μm in diameter and the power

density of the laser set to 300 kW/cm2. The laser beam was then focused onto one

of the gold nanoparticles, which diffuse freely over the surface of the GUV. The

GUVs were destroyed almost instantaneously. Depending on the position of the

GUV with respect to the glass surface, two processes could be observed. If the

GUV was far from the surface of the glass, it collapsed and formed a clump of

fluorescent phospholipids and gold nanoparticles (Figure 5.11). Irradiating a GUV

(a) (d)(c)(b)

10μm 10μm

Figure 5.11 | Phospholipid vesicle destroyed through optical heating of gold

nanoparticles. Dark field images of (a) a vesicle with attached 40 nm gold nanoparticles.

The membrane is stained with a dye in order for the membrane to be more clearly seen .

(b) The same vesicle during heating, (c) shortly after destruction and (d) the residual clump

of fluorescent phospholipids and gold nanoparticles. The entire rupture process happens

within two frames, that is in under 67ms.

in the proximity of the glass surface resulted in a different behavior. While the

GUVs were also destroyed, the membranes in this case spread out over the surface

of the coverslip with the gold nanoparticles still attached (Figure 5.12). The radius

of the membrane on the glass surface is twice that of the GUV before rupturing,

confirming that the entire phospholipid membrane was spread out as a single bilayer

over the surface. This behavior can also be observed when the laser is switched off,

as GUVs can spontaneously adhere to the glass surface173,174. However, the vesicles

that were irradiated with laser light tended to adhere within a few tens of seconds,

whereas without the laser light this process took much longer. Illuminating the gold

nanoparticles on the GUV surface thus facilitates the adhesion process. Whether

this is due to an optical force exerted on the system, or through destabilization of

the membrane, is not known.
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(a) (b)

10μm 10μm

Figure 5.12 | Phospholipid vesicle

destroyed through optical heating

of gold nanoparticles. (a) In the

vicinity of the glass coverslip a GUV

is destroyed. (b) Its membrane spreads

out over the glass surface, forming

a single phospholipid bilayer with

attached gold nanoparticles.

GUVs consisting of phospholipids with a main transition temperature above room

temperature, e.g. DMPC or DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine),

showed a different behavior than DOPC vesicles, which were in the fluid phase at

room temperature. At identical heating conditions, smaller vesicles started to bud

off DMPC and DPPC vesicles and attach to the main membrane. Some of them split

off and spread through the surrounding solution. The vesicles shrunk considerably

in size, which means that a large fraction of the solution inside the vesicles was

released into the surrounding solution. This process occurred over a matter of

minutes, much longer than the rapid destruction of the DOPC vesicles. The reason

for the different behavior lies in the mechanical properties of the two membrane

phases. The fluid phase vesicle is very flexible and collapses almost instantly. The

gel phase vesicle is much more rigid and only those parts that are directly heated

are affected and bend, forming satellite vesicles. The rest of the vesicle bends slowly

and reattaches, closing created pores.

To clarify the role of the gold nanoparticles, several control experiments were

conducted. DOPC vesicles without attached gold nanoparticles were illuminated.

The vesicles neither changed shape nor were they destroyed even for much higher

laser power densities (up to 10MW/cm2). The gold nanoparticle coated GUVs

were also illuminated at a wavelength far from the plasmon resonance of the gold

nanoparticles. Using the same laser power density and a wavelength of 633 nm,

no change of the GUV could be observed either. These results suggest that the

destruction of the DOPC vesicles is a result of temperature increase produced by

the gold nanoparticle. Calculations were performed to estimate the temperature

increase in the system for the control experiments. The temperature increase

in the membranes is negligible in both cases due to the weak absorption of the
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membrane and of the gold nanoparticles at off-resonant wavelengths. On the other

hand, gold nanoparticles illuminated at 532 nm with P = 300 kW/cm2 heat up to

175 ◦C. At these temperatures formation of bubbles of water vapor has already

been observed175 (threshold value approximately 136 ◦C). These bubbles could easily

disrupt the membrane and cause the collapse of a GUV in the fluid phase.

While the ability to destroy phospholipid vesicles carries great promise for appli-

cations in drug delivery, several interesting uses for gold nanoparticles could be

explored by heating gold nanoparticles in a controlled manner to more moderate

temperatures. The gel phase vesicles showed interesting shape changes upon

localized heating of gold nanoparticles and were therefore chosen for the next

set of experiments. We attached 80 nm CTAB-coated gold nanoparticles to DPPC

vesicles, having a melting temperature of Tm = 41 ◦C. The GUVs were prepared in a

300mM sucrose solution and diluted 1:1 with a 300mM glucose solution. Due to the

different densities of the two sugars (ρsuc = 1.59 g cm−3 and ρgluc = 1.54 g cm−3) the

vesicles sank to the surface of the glass coverslip. These were coated with a layer of

PDADMAC (section 3.2.3) to prevent the vesicles from being destroyed on the glass

surface and also to immobilize the vesicles. Each vesicle had between three and ten

gold nanoparticles attached to the membrane. The DPPC vesicles were generally

highly faceted and the gold nanoparticles were immobile on the surface of the GUVs.

The laser beam was expanded to a spot size of 10μm full width at half maximum

(FWHM) enabling the illumination of an entire GUV. At a laser power density of

120 kW/cm2 the gold nanoparticles began to diffuse along the vesicle membrane

and the vesicle itself changed its shape rapidly, becoming spherical within several

seconds (Figure 5.13). After the beam was switched off, the vesicle remained in the

same spherical shape and the gold nanoparticles once again became immobile.

In order to understand the light-induced heat deposition and the behavior of the

system, we simulated the heat transfer by finite-element calculations, as explained

in section 2.1.2.2. These calculations require the absorption cross section of the

gold nanoparticles, the laser power density, the geometry of the vesicle-nanoparticle

system, as well as the thermal capacity and thermal conductivity of all components.

Because the gold nanoparticles are coated with CTAB, which charges the surface

96



5.3. Optical Heating of Gold Nanoparticles Attached to Phospholipid Membranes

t=0s t=22st=14st=3.5s

10 μm 10 μm

Figure 5.13 | Shape change of a DPPC vesicle upon laser illumination. The GUVs are

coated with 80 nm gold nanoparticles. The vesicle on the top right is illuminated at 532 nm
with a power density of 120 kW/cm2. The vesicle changes its shape rapidly upon illumination

and retains its spherical shape after the laser is turned off.

and changes the optical properties, it is not possible to calculate the absorption

cross section of the gold nanoparticles directly. To obtain values as accurately

as possible, we first measured the scattering spectrum of the gold nanoparticles

in the dark field microscope. These were used as a reference to compare with

the calculated scattering spectrum. The parameters in the simulation were varied

to obtain the optimal fit between the measured and calculated scattering spectra

(Figure 5.14a). With these parameters the absorption spectrum was calculated and
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Figure 5.14 | Temperature

simulations for optically

heated gold nanoparticles

on GUVs. (a) The absorption

cross section (σsim
abs ) of

the gold nanoparticles

is determined by fitting

measured scattering spectra

(σexp
sca ) to calculations

(σsim
sca ). (b) Whether the gold

nanoparticle is fully wrapped

by the membrane or not is

not known.

should then be a very good approximation of the actual absorption spectrum. The

laser power was measured on the sample and, together with the spot size measured

vai images of the laser spot reflection at the glass surface, yields the power density

of the laser. The thermal constants of gold and the surrounding solution are well
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known, but not of phospholipids. Estimates were taken from the literature, using the

molecular weight and space requirements for phospholipid molecules to obtain a

density of 0.775 g cm−3. Calorimeter measurements176,177 give values for the thermal

conductivity, κ = 0.17Wm−1K−1, and heat capacity, cp = 2115.95 J kg−1K−1.

The parameters were varied by an order of magnitude, showing that the thermal

properties of the membrane have only little effect on the temperature distribution

and temporal development. The maximum difference in the temperatures occurs

in the proximity of the nanoparticle and never exceeds 8%. Thus, even though the

precise values are not known, any errors will have only a negligible influence on

the simulations. Establishing the precise geometry of the system is slightly more

complicated. As stated in section 5.1, it is unclear to what extent the membrane

bends around the CTAB-coated gold nanoparticle. For this reason, we simulated

both extremes: a gold nanoparticle on a flat membrane and a fully wrapped gold

nanoparticle (Figure 5.14b). The degree of wrapping around the membrane was

found to have only a minuscule influence on the system, affecting only the kinetics

of the heating process. A fully wrapped membrane increases the time for the

nanoparticle to reach thermal equilibrium, due to the low thermal conductivity

of the phospholipids. However, as this also occurs on the nanosecond scale for a

fully wrapped gold nanoparticle, the geometry is insignificant for the simulations.

Illumination with the heating laser results in highly localized temperatures that

can easily reach over 100 ◦C. This does not lead to problems, as, in nanosized

regions, water can be heated above this temperature without boiling178. The

temperature maximum is directly below the gold nanoparticle and falls off sharply

with increasing distance from the nanoparticle (Figure 5.15). The temperature in

a gel phase membrane can easily be raised above the main transition temperature,

melting the membrane, by increasing the laser power density. The resulting fluid

phase is centered around the gold nanoparticle with the radius ( Rf in Figure 5.15b)

reaching a few hundred nanometers. The size of the fluid phase increases with

increasing laser power density.

In the experiment described previously, where the DPPC vesicles underwent a

significant shape change, the maximum temperature in the membrane was 71 ◦C.

Because this is above the melting temperature of DPPC, parts of the vesicle
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Figure 5.15 | Temperature profiles in phospholipid membranes underneath optically

heated gold nanoparticles. (a) Depending on the laser power density, the temperature in

the phospholipid membrane can be raised above the main transition temperature. (b) A fluid

phase underneath the nanoparticle is confined to a nanosized region that increases in size

with higher laser power densities. (c) The heated nanoparticle can diffuse through the fluid

phase around it and, as it does so, it melts new regions of the membrane.

membrane are heated above the transition temperature and enter the fluid phase. In

this phase, the membrane is more flexible and can bend to assume the energetically

most favorable state. The fluid phase is confined to regions around the nanoparticle

approximately 122 nm in radius, not large enough to extend through the entire

vesicle. To induce the observed shape change, energy must be transported through

the lateral diffusion of phospholipids within the membrane, which occurs up to a

factor of 103 faster in the fluid phase than in the gel phase. The increased lateral

mobility of the phospholipids also enables the gold nanoparticles to diffuse along

the membrane. The gold nanoparticles bind strongly to the membrane because of

the CTAB-coating and are immobile due to the low phospholipid mobility in the gel

phase. The illuminated gold nanoparticles can melt a membrane region of radius

Rf around them. Within this fluid phase the gold nanoparticle can diffuse; and as

it does so, it melts its new surroundings. As soon as the laser is switched off, the

membrane cools back to a temperature below the main transition temperature. The

lipids lose their mobility and the gold nanoparticles become immobile again.

These experiments prove it is possible to heat single GUVs in a controlled manner

without destroying them and to induce a localized melting of the phospholipid

membrane. The next important step is to examine single nanoparticles and

determine how they interact individually with the phospholipid membranes when
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heated optically. To accomplish this, CTAB-modified gold nanoparticles were again

attached to DPPC vesicles. The concentration of the nanoparticles was reduced,

so that only between one and five nanoparticles were on a vesicle at a time. By

further reducing the spot size of the laser to about 9μm, one can ensure that only

a single nanoparticle is heated . Illuminating the gold nanoparticles at low laser

power densities produced no effect; the nanoparticles remained immobile on the

vesicle surface. At a certain laser power the nanoparticles started to diffuse through

the membrane. When the laser was turned off, the diffusion stopped instantly and

started again as soon as the laser was switched on. Increasing the laser power

density even further led to a faster nanoparticle diffusion.

The nanoparticle motion was not homogeneous within the confines of the laser spot.

In the center of the beam the nanoparticles diffused faster than further from the

center. This is due to the Gaussian beam profile of the laser. The laser spot has

its maximum intensity in the center and the intensity decreases outwards. Thus,

the maximum temperature that the membrane reaches is dependent on the position

of the gold nanoparticle within the laser spot (Figure 5.15c). Far enough from

the center, the maximum temperature is below the main transition temperature.

From this point outwards, the gold nanoparticle is no longer able to melt the

membrane. The distance at which Rf = 0 is indicated by the green circle. The other

nanoparticles on the membrane remain immobile during the entire experiment.

To analyze the mobility of gold nanoparticles on phospholipid membranes upon

illumination with laser light, we recorded the diffusion on video. Analyzing the

position of the nanoparticle as it moves over the membrane can yield the diffusion

coefficient, D, of the nanoparticle, a measure of the mobility. The motion itself is

studied by single particle tracking (SPT). With this technique it is not necessary

to observe a large number of nanoparticles and record their movement in order

to obtain high statistical accuracy. Instead, a single nanoparticle track can be

used to obtain accurate values of the diffusion coefficient, D. This track typically

consists of between 20 and 2000 position measurements179. The length of the track

depends on the definition of the diffusion coefficient. There are short- and long-

range diffusion coefficients that are distinct, except in the case of unobstructed
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diffusion. SPT measurements typically determine a short-range D over distances

of tens of nanometers. This helps to obtain a value that is independent from directed

motion, obstacles or corral boundaries. However, SPT also has the ability to resolve

modes of motion of individual molecules. Several modes of motion can be observed:

immobile, directed, confined, tethered, normal diffusion and anomalous diffusion. In

order to reduce the noise in an experimental trajectory, the data points from a single

trajectory are averaged, yielding the mean-square displacement (MSD = 〈r2〉) for
this trajectory. In an average of an ensemble the time dependence of theMSD for

these modes of motion is very different, so that the motion can be classified easily180.

TheMSD is directly related to the diffusion coefficient and is given for the different

modes of n-dimensional motion:

normal diffusion: :
〈
r2
〉
= 2nDt (5.1a)

anomalous diffusion: :
〈
r2
〉
= 2nDtα (5.1b)

directed motion with diffusion: :
〈
r2
〉
= 2nDt+ (vt)2 (5.1c)

corraled diffusion: :
〈
r2
〉 ∼= 〈r2c〉 [1− A1e

(−2nA2Dt/〈r2c〉)] (5.1d)

with the dimension of the system, n, the diffusion coefficient,D, a critical exponent,

α < 1, the velocity of the guided motion, v, the corral size, 〈r2c〉, and constants,

A1 and A2, determined by the corral geometry. In general, there are two ways to

calculate the MSD for a given time delay, Δt. One either averages over all pairs of

pointsΔt time steps apart (Figure 5.16a) or over independent pairs of pointsΔt time

steps apart (Figure 5.16b). The average over all pairs has a slightly better signal-to-

noise ratio and was used in this thesis. The MSD can consequently be calculated

0 2 4 6 8 10 121 3 5 7 9 11

�t=2

�t=3

(a)

0 2 4 6 8 10 121 3 5 7 9 11
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(b)

Figure 5.16 | Calculation of the mean-square displacement (MSD). Patterns of sampling

for (a) averages over all pairs and (b) averages over independent pairs of trajectory points

for a time delayΔt.
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from the positions of the nanoparticle, �r(t), and the number of points in the track,

NA, via:

MSD(Δt) =
〈
r2(Δt)

〉
A
=

1

NA

NA−1∑
i=0

[�r(t+Δt)− �r(t)]2 (5.2)

The camera used for recording the movement has a frame rate of 30 frames

per second. An analysis program was written with the software Igor Pro to

automatically load the individual frames of the video, and find and record the

positions of the nanoparticles. These traces were then used to calculate the MSD,

which in turn was used to determine the diffusion coefficient of the nanoparticles.

In order to minimize the noise in the measurements, only immobile vesicles,

having at least three nanoparticles attached to the membrane, were used for the

measurements. This way one nanoparticle can be heated and diffuses, while the two

immobile nanoparticles are used as a reference to remove background noise resulting

from jitter of the experimental setup and errors in the image acquisition. The average

of their movement is taken after every frame and this movement is subtracted from

the movement of the heated nanoparticle.

A highly faceted DPPC vesicle with three attached gold nanoparticles used for

measurements is shown in Figure 5.17a. Overlaying the image are traces from the

heated (red trace) and reference (light blue traces) nanoparticles. The green circles

show the radius of the fluid phase, Rf, below the nanoparticle, which, due to the

Gaussian profile of the laser beam, is dependent on the nanoparticle position within

the laser spot. Rf decreases outwards from the beam center until, when Rf = 0, the

laser power density is insufficient to induce a phase change in the membrane. As can

be seen in Figure 5.17b, the MSD is linear in time, characteristic for free random

diffusion within the corral imposed by the heating spot. Because this movement

occurs in two dimensions, the diffusion coefficient is given by: D = MSD(t)
4t

.

Increasing the power density of the laser leads to an increased diffusion of the

nanoparticles. This can be seen as an increase in the slope of MSD. However, for

longer measurement times, the gold nanoparticles sometimes exhibit a sub-diffusive

behavior. At higher laser power densities (Pmax > 265 kW/cm2 - the maximum

power density at the center of the Gaussian beam) the nanoparticles diffuse so fast
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that they reach the limits of the diffusion corral within the observation time. Here

the gold nanoparticle movement is reduced due to the low laser power density.
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Figure 5.17 | Measurements of a heated gold nanoparticle’s MSD. (a) Dark field image

of a DPPC vesicle with three attached gold nanoparticles. The red trajectory is that of

the heated nanoparticle, while the reference trajectory is shown in light blue. The green

circles denote the maximum radius of the fluid phase underneath the gold nanoparticle,

when it is at that distance from the center of the laser spot. (b) Plots of the MSD for gold

nanoparticles illuminated at increasing power densities. The MSD is linear, denoting free

random diffusion, except for the highest power densities (red curve). Here, the nanoparticle

moved further away from the beam center, where it slowed down due to the reduced laser

power.

The measurements conducted here lead to a diffusion coefficient, which is dependent

on laser power density. To investigate the validity of the experiments, we designed

a Monte-Carlo simulation, reproducing the experimental setup (Figure 5.18). The

program simulates a random walk in two dimensions. There are several parameters

determining the random walk, all of which have a distinct effect on the simulation.

The average step size and the time between steps directly affect the diffusion

coefficient and were set to reproduce the measured values of D. The sample period,

i.e. the time interval between measurements is the 33ms frame rate of the digital

camera. Even though the diffusion occurs on a much shorter time scale (probably

on the nanosecond time scale, as the lipids exchange places at this rate), for long

traces the sample period does not have a large effect on the measured diffusion.

The simulation helps to explain one phenomenon seen in measurements for gold

nanoparticles with very small diffusion coefficients. In these measurements, the

MSD shows a deviation from a purely linear dependence. The values are linear in
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all but in the first point, and a fit of the data leads to an axis intercept that does not

coincide with the origin (Figure 5.18c). This is caused by the limited resolution of

the camera, leading to a fixed error, which depends on the magnification. For small

values of the MSD this error can be clearly seen, but not for gold nanoparticles

diffusing rapidly. We also simulated this in the Monte-Carlo simulations, by adding a

large noise component to the sampling trace (Figure 5.18a). Comparing the resulting

MSD with the one obtained without the resolution error, we find the slopes are

the same, if one omits the first point. In summary, the Monte-Carlo simulation show

that the values we obtained from the experiments were valid and accurately describe

the physical situation.
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Figure 5.18 | Monte Carlo simulations of a 2-D random walk. (a,b) The nanoparticle

diffusion is simulated and displayed as a trajectory (yellow). The sampling by the camera

every 33ms is then accounted for, both with a large resolution error (a, blue trajectory) and

with a small resolution error (b, red trajectory). (c) TheMSD is calculated and in both cases

results in the same diffusion constant D.

The next experiments were designed to study in detail the diffusion of optically

heated gold nanoparticles on phospholipid membranes. We began with measure-

ments on GUVs consisting of DOPC phospholipids, which are in the fluid phase

at room temperature. These vesicles serve as a control measurement, so that the

influence of temperature on the diffusion of gold nanoparticles in the fluid phase

can be investigated. For the experiments, CTAB-coated gold nanoparticles were

attached as described previously to DOPC vesicles. Because the nanoparticles

were in constant motion, there was no possibility of measuring reference particles

simultaneously. Instead, as a reference, the gold nanoparticle diffusion is measured
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without the laser. We measured the diffusion of more than ten nanoparticles, with

observation times between 30 seconds and several minutes per nanoparticle. For

gold nanoparticles affixed to DOPC vesicles at a temperature of 20 ◦C we determine

a value of D = 0.23μm2/s. This corresponds well to values reported previously,

both in measurements of lipid tagged gold nanoparticles in artificial bilayers181

and in biological membranes182. The GUVs were illuminated with the laser at

532 nm wavelength, using a spot size of around 9μm (FWHM) and varying the

power density up to 200 kW/cm2 (Figure 5.19b). The diffusion coefficient increases

exponentially with increasing laser power density Pmax. This behavior is easy to
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Figure 5.19 | Diffusion of optically heated gold nanoparticles on DOPC vesicles. (a)

Dark field image of a DOPC vesicle with attached gold nanoparticle, whose 16 second long

trajectory is superimposed in green. (b) Dependence of the gold nanoparticles diffusion

coefficients on laser power density.

explain. In three dimensions the diffusion coefficient of a particle in a solution is

given by the Einstein-Stokes equation:

D(T ) =
kBT

6πη(T )r
(5.3)

with the Boltzmann constant, kB , the temperature, T , the viscosity of the surround-

ing medium, η(T ), and the radius of the particle, r. The DOPC membrane can be

seen as a two-dimensional fluid and, as such, its viscosity is temperature-dependent

according to:

η(T ) = η0e
−bT (5.4)
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As shown in equation 2.27 the maximum temperature of the gold nanoparticles

increases linearly with Pmax. Thus, T can be replaced in the equations with

Pmax, resulting in a dependence of the diffusion coefficient on the laser power

density according to: D ∝ Pmaxe
Pmax . This behavior is seen in the measurements

(Figure 5.19b) and validates the model of a the fluid phase membrane as a viscous

liquid.

The next measurements focused on the diffusion of gold nanoparticle attached to

gel phase GUVs. For this we grew vesicles consisting of DPPC and attached 80 nm

CTAB-coated gold nanoparticles to them. All analyzed vesicles had at least three

gold nanoparticles attached to them, enabling reference measurements. For low

laser power densities (Pmax < 71 kW/cm2) no movement of the irradiated gold

nanoparticles was detectable, just as for the reference nanoparticles (Figure 5.20).
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Figure 5.20 | Diffusion of optically heated gold nanoparticles on DPPC vesicles.

Dependence of the gold nanoparticles diffusion coefficients on laser power density. In

contrast to the simple exponential dependence ofD on the power density for DOPC vesicles,

the diffusion shows three distinct regions for DPPC vesicles.

The large scatter in the data is exaggerated by the logarithmic plot of the values

of the diffusion coefficient and is due to the experimental error of 150 nm in the

localization of the nanoparticles. When the power density was increased above
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71 kW/cm2, the nanoparticles started to diffuse along the membrane. The diffusion

increased with increasing laser power density. However the increase is split into

two distinct regions. For Pmax between 71 kW/cm2 and 148 kW/cm2, there is an

exponential increase with a very large slope. For Pmax > 148 kW/cm2, the increase

still occurs exponentially, although at a much reduced rate. Extrapolating the slope

for the high laser power density region towards lower values, it becomes clear that

the slope here is the same as that of the nanoparticle diffusion on DOPCmembranes.

As shown in Figure 5.15, the laser power density can be used to calculate the radius

of the fluid phase, Rf, beneath the nanoparticle. The corresponding values of Rf for

DPPC vesicles are given in the top horizontal axis in Figure 5.20. Clearly, the phase

transition from the gel phase to the fluid phase determines the diffusion behavior

of the gold nanoparticles. No diffusion occurs until Rf reaches a certain size (here:

Rf = 58 nm). This value is only 1.5 times the size of the gold nanoparticle itself.

Whether this is actually the size of the fluid phase that the gold nanoparticles require

for diffusion or, more likely, that this is the value at which the motion can be first

detected, cannot be determined clearly. To clarify this point, both a higher spatial as

well as a higher temporal resolution would be required. The diffusion is similar to

that on the DOPC membranes when the fluid phase reaches Rf = 151 nm.

To understand the diffusion process in better detail, we repeated the measurements

for a third phospholipid that is identical in structure to DPPC, except that it has

one more methylene group in the aliphatic chains, 1,2-diheptadecanoyl-sn-glycero-

3-phosphocholine (DC17PC). It has a main transition temperature of Tm = 48 ◦C,

slightly above that of DPPC. Conducting the measurements with the same parame-

ters as for DPPC, the results were very similar (Figure 5.21a). The gold nanoparticles

did not diffuse for low laser power densities, and began to diffuse at a slightly

higher laser power density (P > 92 kW/cm2) than the gold nanoparticles on the

DPPC vesicles. The sharp bend in the increasing diffusion also occurred later for

the DC17PC affixed gold nanoparticles, i.e. at P = 177 kW/cm2. However, the slope

in this intermediate regime is clearly less steep than that of the same regime in

the DPPC vesicle measurements. The slope of the highest laser power regime is

again the same as for the gold nanoparticles affixed either to the DPPC membrane
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or to DOPC membranes. That the diffusion behavior is probably due to the gel-fluid

phase transition in the phospholipid membranes is further confirmed by calculating

the associated value of Rf at each of the bends in the two diffusion graphs. Using

the values of the laser power densities for these four points (Figure 5.21a) allows

the temperature profiles in the membranes below the gold nanoparticles to be

calculated. The intersection of the membrane temperature profiles with the main

transition temperatures gives the radius of the fluid phase. The intersections reveal

that both for DPPC and DC17PC the diffusion begins for Rf = 58 nm (Figure 5.21b).

This suggests that the gold nanoparticle must melt a certain region of the membrane

in order to begin diffusing through the membrane.
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Figure 5.21 | Diffusion of optically heated gold nanoparticles on gel phase GUVs. (a) The

diffusion of gold nanoparticles on gel phase membranes can be divided into three regions. A

low power region, in which the nanoparticles do not diffuse, an intermediate power region,

in which the nanoparticles melt the membrane around them and begin to diffuse and a high-

power region in which the nanoparticles diffuse as in a normal fluid phase membrane. (b)

The positions of the bends in the diffusion graphs (a, gray arrows) are determined by the size

of the fluid phase below the gold nanoparticles, which are shown in (b).

Understanding the second break in the diffusion curve is slightly more difficult. Here,

we must take the dynamics of the melting process into account. Even though the

nanoparticle heats up the region of radius Rf on a sub-microsecond timescale, the

actual phase transition may take considerably longer. Thus, a gold nanoparticle that

melts its surrounding can diffuse within this region. Because of its temperature

the nanoparticle’s diffusion is very large, and the gold nanoparticle will come to

the boundary of the fluid phase before the new region can also be melted. A
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gold nanoparticles diffusion is restricted by the speed with which the fluid phase

progresses through the gel phase membrane. This speed is directly obtained from

the relationship: 〈v2〉 = D/Δt183 and is shown as the right axis in Figure 5.21 for

the gold nanoparticles on DPPC vesicles. From the measurements we determine

velocities of the fluid phase front ranging between 0.9μm/s and 4.5μm/s. For Pmax

between 71 kW/cm2 and 148 kW/cm2 the gold nanoparticles diffusion is restricted

due to the fluid phase front traversing the gel-phase. The much steeper slope

here is due to the increase of the gold nanoparticles’ motion and the simultaneous

increase in the fluid phase front velocity. At a certain point, the fluid phase around

the nanoparticles is generated so rapidly that they diffuse freely, just as the gold

nanoparticles in the completely fluid membranes of the DOPC vesicles do. Thus the

slopes for the diffusion curves on all three phospholipids reach the same value for the

highest Pmax intensities. The vertical offset of the curves in the laser power regime

for a given value of Pmax is due to the lower relative temperatures (Trel = T −Tm) of
DPPC and DC17PC membranes. The relative temperature determines the viscosity

of the phospholipid membrane. Therefore, at the same laser power density the

DPPC membrane has a higher viscosity than the DOPC membrane, and the DC17PC

membrane has a higher viscosity still. The velocity with which the fluid phase

propagates through the gel phase membrane could also explain why no nanoparticle

diffusion is observed until the radius of the fluid phase reaches a value 1.5 times

the size of the nanoparticle itself. For values of Pmax that are just enough to melt

the membrane the gold nanoparticle motion is probably restricted so much that the

actual diffusion is not visible, until Rf becomes larger than 58 nm.

With this knowledge of how the gold nanoparticles diffuse on phospholipid mem-

branes as well as how this diffusion can be controlled, the potential of the

nanoparticles can be enhanced further. An important first step is the positioning

of the gold nanoparticles at specific locations on the membranes. This can be

accomplished by harnessing the optical control of the local phase transition. As

explained previously, the optically heated gold nanoparticles undergo a corralled

diffusion. The corral is determined by the Gaussian shaped intensity profile of

the laser beam. By reducing the laser spot in size, the corral within which the

gold nanoparticle undergoes diffusion is also reduced in size. If the heating spot is
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then displaced with a rate comparable to the time needed by the gold nanoparticle

to explore the diffusion corral, the nanoparticle can be guided over the vesicle

membrane (Figure 5.22). In the experiments, we again used DPPC vesicles with

gel phase membrane
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fluid region

heating laser  spot

R   = 0 nmf
vlaser

(b)

Rf

fluid region
heating laser  spot

Au

Au

(a)

gel phase membrane

R   = 0 nmf

Figure 5.22 | Guiding gold nanoparticles on vesicle membranes. (a) Gold nanoparticles

diffuse within the corral imposed by the Gaussian shaped heating laser. (b) By reducing

the size of the laser spot, the corral within which the gold nanoparticles can diffuse is also

reduced in size. If the heating spot is then displaced with a rate comparable to the time

within which the gold nanoparticle explores the corral, the nanoparticle can be guided over

the membrane.

at least three 80 nm gold nanoparticles attached to them. As before, only one

nanoparticle at a time was heated, while the other gold nanoparticles were used

as reference nanoparticles. The laser spot size was reduced from a FWHM of around

9μm to only 0.9μm. This confines the lateral motion to a very small region imposed

by the heating laser. The laser was displaced at a slow, constant rate in a single

direction (Figure 5.23a). The irradiated gold nanoparticle followed the laser spot

(Figure 5.23b, red trajectory) while the other nanoparticles remained immobile (blue

trajectories). As can be seen from the trajectory, the gold nanoparticle did not move

in a straight line; instead the guided motion and the diffusion within the confines

of the corral were superimposed. This can be seen clearly when the MSD of the

heated gold nanoparticle is calculated and plotted over time (Figure 5.24a). Here,

the behavior deviates clearly from the linear behavior of normal diffusion. This is to

be expected, as the MSD for purely guided motion is given by: MSD(t) = v2t2,

and therefore is proportional to the square in time. In our case, guided motion and

normal diffusion within the laser corral are superimposed and thus can be calculated

by MSD(t) = 4Dt + v2t2. This is plotted in Figure 5.24a and yields values for

the diffusion coefficient of the gold nanoparticle (D = 0.10μm2/s) and also of the
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guiding speed of the laser (v = 1.18μm/s). This speed must be kept below the

fluid phase front velocity; otherwise the gold nanoparticle cannot melt the gel phase

membrane fast enough and will be left behind.

(a) Au-NP

DPPC

membrane

heating laser

4μm 4μm

(b)

NP

trajectory

reference

trajectories

Figure 5.23 | A gold nanoparticle is guided over themembrane of a DPPC vesicle. (a) Three

gold nanoparticles are attached to this DPPC vesicle. The lower one is illuminated with the

laser, which is displaced at a constant rate upwards along the vesicle membrane. (b) The

gold nanoparticle follows this path and moves upwards, while the reference nanoparticles

do not move at all.

To understand exactly how the gold nanoparticles move in the fluid phase, we

plotted the positions of the gold nanoparticle with respect to the laser spot for each

frame of the recorded video (Figure 5.24b). The gold nanoparticle stayed mainly in

the front half of the laser spot. It was expelled from the center of the heating spot by

the optical forces140 by the laser acting on it. The best results for optical guiding were

achieved when focusing the laser slightly behind the gold nanoparticle and driving

it from behind in the desired direction. As shown in chapter 4 (Figure 4.5), the sign

of the radial force depends strongly upon the position along the axis of the beam for

resonant excitation. A shift of only 170 nm is sufficient to go from an attractive radial

force to a repulsive force. The attractive force is not strong enough to overcome the

thermally activated diffusion and enable guiding of the nanoparticles. The repulsive

force on the other hand can drive the nanoparticles from behind through the vesicle

membrane. Even though the gold nanoparticle diffused laterally within the limits

imposed by the heating spot it was possible to position the nanoparticles on the

membrane with a high precision. Reaching the desired position, the laser beam was

widened to reduce the optical forces on the nanoparticle. By subsequently reducing
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the laser power gradually the nanoparticle was progressively confined to a smaller

region near the laser spot center.
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Figure 5.24 | Analysis of the guided diffusion of gold nanoparticles on DPPCmembranes.

(a) The mean-squared displacement of the guided nanoparticles shows a dependence on the

square of time, characteristic of true guiding. (b) The gold nanoparticle (red crosses) mainly

stays in front of the laser (axis origin) and is driven from behind by the optical forces exerted

by the laser over the vesicle membrane.

5.4 Optical Injection of Gold Nanoparticles into

Phospholipid Vesicles

Introducing substances into cells that are impermeable to the membrane, also known

as transfection, is a big problem in cell biology. Most transfection techniques

available are only capable of treating entire populations of cells simultaneously, and

not single cells184. Since the first presentation of a so-called "gene-gun"185, there

have been a number of studies investigating possible mechanisms for single cell

transfection, e.g. electroporation and optical-injection186,187. In the most recent work

done by McDougall and colleagues, a technique was established using two lasers

to optically inject gold nanoparticles into mammalian cells. One laser, used as an

optical tweezer, brings the gold nanoparticle into position above the cell surface, and

the second one illuminates the gold nanoparticle with femtosecond pulses, creating

a transient pore in the membrane and pushing the nanoparticle through the pore.

The details of this mechanism have not been characterized yet. We developed a
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novel approach for perforating phospholipid membranes. The main goal of our

approach is to use only one laser to accomplish all the steps required to inject single

nanoparticles into cells.

Before using mammalian cells, we decided to work with giant unilamellar vesicles

to study how it is possible to inject gold nanoparticles through a phospholipid

membrane and how the process can be controlled. As explained in the previous

chapter, a laser beam exerts a force on a nanoparticle, resulting from a scattering

and a gradient force. The nanoparticles can be propelled at high speeds to specific

locations with a high precision. To show this, we used 80 nm gold nanoparticles,

coated with a CTAB bilayer and DPPC vesicles, grown in a 300mM sucrose solution.

These were mixed 1:1 with a glucose solution of identical concentration. The gold

nanoparticles were then added to this solution and a drop placed onto a PDADMAC

coated glass coverslip. The vesicles being more dense than the outside solution, sink

to the surface and attach to the polyelectrolyte surface. We used the Millennia

V laser focused to a spot size of 380 nm (FWHM). The laser focus and optical

focus planes lie close together. The laser can thus easily be focused on the vesicle

membrane by bringing the vesicle membrane into focus in the microscope. A

diagram of the setup is shown in Figure 5.25a.

(a) (b)
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Figure 5.25 | Injecting gold nanoparticles into GUVs. (a) Diagram of the setup for printing

gold nanoparticles selectively on phospholipid membranes. The laser is focused at the same

plane as the microscope objective. (b) Diagram for the setup used to optically inject gold

nanoparticles into phospholipid vesicles. The laser beam passes through a focusing lens

before it enters the microscope objective, shifting the focal plane. This effectively widens the

laser spot to a considerable extent.

113



Chapter 5. Manipulating Phospholipid Membranes with Gold Nanoparticles

At low laser powers the gold nanoparticles were accelerated by the laser towards the

vesicle, but neither bound nor penetrated the membrane and diffused away through

the solution. Increasing the laser power to a value around 60mW, the nanoparticles

began to attach to the surface of the vesicle (Figure 5.26). This value is certainly far

above the value necessary for gold nanoparticles to be printed onto the membranes.

However, the low gold concentration in the solution which is needed to prevent the

vesicles from being destroyed also significantly increases the time between printing

events. Thus, one needs to increase the laser power and with it the capture volume

for gold nanoparticles. Because of this, the nanoparticles not only bound to the

membrane exactly at the center of the beam, as in the experiments in chapter 4,

but also further away and at different heights along the membrane. Sometimes the

gold nanoparticles could be seen to bind to the membrane and then diffuse along it,

driven by the heating through the laser. This method is an interesting alternative for

attaching gold nanoparticles to the surface of phospholipid vesicles.

(a)(a)

(f)(e)(d)

(c)(b)

10 μm10 μm 10 μm

10 μm10 μm 10 μm

Figure 5.26 | Printing gold nanoparticles on phospholipid vesicles. (a) A DPPC vesicle

without gold nanoparticles attached to the membrane is placed in the focus of a laser beam.

(b-f) One after another gold nanoparticles are propelled towards the vesicle membrane,

where they adhere to the surface of the membrane. The positions of the gold nanoparticles

vary due to the high laser power.
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Increasing the laser power even further (P ≈ 90mW), nanoparticles not only

attached to the membrane, but also began to perforate the vesicles. Perforation

occurred for nanoparticles close to the beam center, while further away from the

beam axis, nanoparticles were printed onto the vesicle membranes. Three different

effects could be seen for perforating nanoparticles (Figure 5.25a). Most of the time,

the nanoparticles were shot through the membrane and either stuck to the surface

of the glass or to the side of the vesicle. In the latter case it is not clear, whether

they remained on the inside of the vesicle or passed through it twice and stuck to the

outside. It was also sometimes not possible to find the gold nanoparticles again after

shooting them. This could have several reasons, e.g. the gold nanoparticles could be

shot straight through the vesicles and escape into the solution again. The last effect

that could be observed occurred less often than the others; the gold nanoparticles

perforated the membrane and began to diffuse inside the vesicles. It was even

possible to inject several nanoparticles into one vesicle. These diffused through the

vesicle separately (Figure 5.27a) and sometimes escaped out of the vesicle again.

10 μm 5 μm

(a) (b)

5 μm

(c)

Figure 5.27 | Injecting gold nanoparticles into GUVs. (a) Multiple nanoparticles can be

shot into one vesicle; and they diffuse around separately, as shown for these 4 sec tracks. (b)
A gold nanoparticle is attached to a DPPC vesicle. The nanoparticle is illuminated with the

laser, penetrates the membrane and (c) begins to diffuse inside the vesicle. The nanoparticle

remains inside the vesicle as can be seen by this 40 sec track of the diffusing nanoparticle.

The laser powers used here were extremely high and it was nearly impossible to

investigate the process happening during injection in detail. In order to do this,

we decided to attach gold nanoparticles directly to the vesicle membranes and then

analyze optical injection of these into the vesicles. The gold nanoparticles were
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attached to the membrane, using the laser to catch the nanoparticles from the

solution and induce binding to the membrane. We made sure that there were only

a few, well separated gold nanoparticles on a vesicle to prevent them interacting

with each other and also to reduce the stress on the phospholipid membrane.

When focusing the laser on the gold nanoparticles attached to the membranes, the

nanoparticles hardly ever perforated the membrane. The problem was that most

often the nanoparticles rapidly diffused out of the laser focus. This was also seen in

the experiments in section 5.3. To deal with this problem, we placed a focusing lens

in the laser beam path in front of the microscope. The previously collimated beam

hits the microscope at an angle and is thus focused at a point in front of the normal

focal plane. At the optical focal plane of the objective, the beam is already diverging

again. This trick effectively increases the spot size of the laser beam, which can be

regulated by changing the focal length of the focusing lens and also its position in

front of the microscope objective. The best results were achieved for a focal length

f = 200mm, resulting in a spot size of 6μm in the focal plane of the objective.

The experimental setup is shown in Figure 5.25b. The experiments were conducted

by illuminating the gold nanoparticles with a low laser power and increasing this

until injection occurred. At low laser powers nothing happened. Increasing the laser

power the gold nanoparticles began to diffuse on the membranes as described before.

At even higher laser powers, the diffusing nanoparticles sometimes penetrated the

membrane and began diffusing within the vesicle. The diffusion was much faster

than for the nanoparticles on the vesicle membranes. To prove that the nanoparticles

are actually inside the vesicles, we performed single particle tracking for the injected

nanoparticles.

An exemplifying 40 sec track of a gold nanoparticle diffusing inside a phospholipid

vesicle is shown in Figure 5.27c. The nanoparticle, which was observed for five

minutes, was clearly inside the vesicle and did not escape. This behavior was seen

for many gold nanoparticles on DPPC vesicles. To study the injection mechanism,

we repeated the measurement with vesicles made out of DOPC (Tm = −21 ◦C),

DC15PC (Tm = 33 ◦C), and DC17PC (Tm = 48 ◦C). For DC15PC and DC17PC we

observed the same as for the DPPC vesicles. For DOPC vesicles the situation is

completely different. Only once were we able to inject a nanoparticle attached to

a DOPC membrane into the vesicle. Another observation is that, upon illumination
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with the laser, the entire DOPC vesicle moves around. This is in contrast to the

vesicles with a main transition temperature above room temperature, which do

not move at all. Taking the laser power at which each event occurred in order

to calculate the temperatures present in the membrane, we obtain the following

values: TDC15PC = 54± 9 ◦C, TDPPC = 60± 11 ◦C, TDC17PC = 61± 14 ◦C. These all

have a large standard deviation, but show a clear trend. More importantly however,

we never observed an injection event at a temperature below the main transition

temperature of the respective phospholipid. Consequently, it seems as if the main

transition temperature plays an important role for the mechanism.
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Figure 5.28 | Membrane elasticity enables injection. (a) The elastic bending modulus

KB of a phospholipid membrane is strongly temperature dependent, especially around the

main transition temperature (from Heimburg 200789). (b) A gold nanoparticle attached to

a phospholipid vesicle is illuminated by a laser, heating up the surrounding membrane.

Because of the stark contrast between the bending moduli of the fluid and gel phases, the

gold nanoparticle, pushed by the optical forces of the laser, bends the membrane inwards

until it breaks and wraps itself around the nanoparticle. This leaves a hole in the vesicle

membrane and the gold nanoparticle diffuses through the vesicle.

At the main transition temperature several membrane properties change consid-

erably. One of these parameters is the elastic bending modulus, KB , which is a

measure for the rigidity of the membrane. Between the gel and fluid phases KB

changes by more than an order of magnitude (Figure 5.28a), which is one of the

reasons for the different shapes of gel phase and fluid phase vesicles. The bending

modulus can be used to explain the injection of gold nanoparticles attached to the
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membrane into the vesicles (Figure 5.28b). The gold nanoparticle, illuminated by

the laser, heats up the membrane in its vicinity, inducing a phase change from the

gel to the fluid phase. The laser exerts a strong axial force on the nanoparticles

and because the fluid phase is much less stiff, the membrane bends inwards around

the gold nanoparticle. At the same time the gel phase does not move, being very

rigid. This leads to the membrane bending around the gold nanoparticle until it

pinches off at the boundary between gel and fluid phases, completely surrounding

the nanoparticle. The nanoparticle diffuses through the vesicle, leaving behind a

hole in the vesicle membrane. Depending on the actual temperature of the gold

nanoparticle, the fluid phase region has a diameter larger than 170 nm. With a hole

this size, the nanoparticle should be able to diffuse out of the nanoparticle after

a certain time. This is actually seen experimentally, with the gold nanoparticles

diffusing out of the vesicle at exactly the same position where they were previously

attached to the membrane. This generally takes between 20 sec and 3min. We

did not, however, check to see whether this is the case for every nanoparticle.

Further studies are being carried out, investigating the dwelling time of the gold

nanoparticles inside the vesicles and relating this to the hole size. A detailed study

of the phenomena described in this chapter can be found elsewhere188.

5.5 Discussion

In this chapter many experiments were presented analyzing interactions between

gold nanoparticles and phospholipid membranes. Firstly, several methods were

investigated, concerning attaching gold nanoparticles to the membranes. Commer-

cially obtainable gold nanospheres are usually covered with citrate molecules and

bound lightly via electrostatic interactions to pre-formed giant unilamellar vesicles.

Much more stable was the binding of gold nanoparticles coated with a layer of

CTAB. We developed a method with which the citrate molecules can be replaced

with a cationic surfactant, CTAB, which arranges in a bilayer around the gold

nanoparticle. Upon coming into contact with the vesicles, the CTAB probably formed

an interdigitated bilayer with phospholipid molecules of the vesicle membrane.

The binding both of the citrate- and the CTAB-coated gold nanoparticles was

random and occurred upon combination of a vesicle solution and a gold nanoparticle
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solution. Controlling the concentration of the gold nanoparticles was extremely

important, as too high concentrations led to the destruction of the vesicles.

Two additional methods were presented, enabling a better control over the adhesion

of gold nanoparticles to phospholipid vesicles. The first involved growing gold

nanoparticles on vesicle membranes directly. The gold precursor HAuCl−4 was

reduced by ascorbic acid in a solution containing DOPC vesicles. Gold nanoparticles

grew predominantly on the phospholipid membranes. The size, shape and density

could be controlled by adding small amounts of charged lipids to the DOPC solution

when growing the GUVs and by varying the gold precursor concentration. Positively

charged vesicles promoted the growth of many nanoparticles, which were smaller

in size in comparison with neutral vesicles. Negatively charged vesicles on the

other hand promoted the growth of only a few but much larger nanoparticles. At

high concentrations of the precursor the gold nanoparticles became so dense on

the vesicle surface that they began to couple plasmonically. The presented growth

method is biocompatible, using no cytotoxic components and more rapid than many

previously reported methods, being completed within 1 − 2 h. This method may be

interesting for drug-delivery applications.

The second method providing more control for attaching gold nanoparticles to

phospholipid membranes was contrived during studies conducted in chapter 4. In

this method the optical forces a laser exerts on metallic nanoparticles were utilized

to print them onto phospholipid vesicles. This method is interesting because the

nanoparticles could be positioned with a precision of only a few tens of nanometers.

The only problem was the concentration of the gold in the external solution. Having

it too low led to a long time necessary to induce a printing event. Too high

concentrations destroyed the vesicles, because of a too large non-specific binding of

the gold nanoparticles to the membrane. One possibility to overcome this problem

would be the incorporation of a micro-injection system, with which one can inject

a nanoparticle solution via a capillary direct into the vesicle solution, optimally

directly into the laser beam. This would vastly improve the speed of the printing

process and is being explored in further experiments.
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Gold nanoparticles are well known as efficient optothermal energy converters. This

capability was demonstrated by inducing reversible gel to fluid phase transitions

of nanometric sized regions in phospholipid membranes with 80 nm large gold

nanoparticles. The size of the fluid region increased with the power density of

the laser and typically lay in the range of 0 − 350 nm. The heating process itself

was very rapid, with 95% of the temperature increase reached within 100 ns. Upon

melting the membrane, the gold nanoparticles began to diffuse in the membrane

due to the much higher lipid mobility in the fluid phase and melted new regions

of the membrane as they diffused. The diffusion also increased with the power

density of the laser and lay between 0.007μm2/s and 0.9μm2/s. This corresponds

well with values reported in both articial bilayers and in biological membranes181,182.

The nanoparticles can be used as an investigative tool to determine characteristic

properties of the membrane. This was shown by analyzing in detail the nanoparticle

motion, which could be impeded by the progression the fluid phase front through

the membrane as the nanoparticle diffused along the vesicle surface. The ability

to control the phase transition enabled a guiding of the nanoparticles to precise

positions on the vesicle membrane. This was accomplished by reducing the size

of the laser spot, limiting the diffusion region of the gold nanoparticles and then

driving the nanoparticles from behind with the optical forces of the laser beam. This

positioning is essential for studying certain structures or proteins in real cells or

model cells. It could be improved further by using longer wavelengths at which the

radial forces are stronger and the guiding could be controlled more easily.

Results from experiments in both chapters were combined to enable the optical

injection of gold nanoparticles into phospholipid vesicles. This had been done

previously by combining one optical tweezer laser with a fs-pulsed laser, which

photoporates the cell membrane. In our case we were able to achieve the same

results, albeit on vesicles and not cells, using only one laser. The optical forces

exerted on the gold nanoparticle by the laser induced the injection, which was

facilitated by a fluid-gel phase transition in the membrane. The gold nanoparticles

diffused inside the vesicles, which was confirmed by single-particle tracking.

Sometimes the nanoparticles could be observed to leave the vesicle, with the

nanoparticle always exiting at exactly the same position at which it entered the
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vesicle. This suggests that the method was able to produce holes in the vesicle

membrane. The size of the hole was determined by the fluid phase induced by the

gold nanoparticle and was probably around 180 nm in size. This is much smaller

than the holes created through photoporation, which are generally between 0.5μm

and 1μm189 and might thus be less damaging to cells. Additional experiments

are being carried to determine whether the gold nanoparticles can be used to

increase drug-delivery efficiency into cells. The gold nanoparticles are used to either

increase the permeability of the phospholipid membrane through controllable phase

transitions or to destroy vesicles inside the cells, enabling drug molecules to enter

the cytoplasm. These studies are still at the beginning stage, but are very promising,

due to the capabilities of gold nanoparticles and the control one has over them.
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The main aim of this thesis was to use gold nanoparticles for the investigation

and manipulation of molecular processes occurring in phospholipid membranes.

We successfully established different methods for binding gold nanoparticles to

phospholipid vesicles. Random binding was achieved by mixing commercially

available gold nanoparticles, which we coated with a layer of CTAB, with a solution

of pre-formed giant unilamellar vesicles. As an alternative method we developed

a procedure for growing gold nanoparticles in the same solution directly on the

membranes of such vesicles. We were able to somewhat control the size, shape and

density of the nanoparticles by adding charged lipids to the vesicles and varying the

concentration of the gold precursor. This method is useful not only for producing a

platform to study gold nanoparticles on phospholipid vesicles but also for producing

potential targeted drug-delivery vessels. A method providing more control over

the adhesion of gold nanoparticles to the phospholipid vesicles was explored, using

the optical forces acting on a gold nanoparticle in a laser beam to print them on

to the vesicle membranes. In this manner the position and quantity of the gold

nanoparticles could be controlled with great precision.

Gold nanoparticles attached to phospholipid vesicles were optically illuminated,

thereby heating them and their surroundings. Several relevant observations were

made: at high laser powers, the heating led to a rapid destruction of the vesicles.

At lower laser powers, multiple simultaneously heated gold nanoparticles caused

changes in shape of entire vesicles as they induced a phase transition in the

membrane from the gel to the fluid phase. Single gold nanoparticles could also

be heated on gel phase membranes; at sufficiently high laser powers they began to

diffuse on the membrane. This was due to an induced phase transition; by measuring

the motion of the nanoparticles, we were able to determine the speed with which

123



Chapter 6. Conclusions and Outlook

the fluid phase progressed through the gel phase membrane. Such controlled phase

transitions not only enabled us to guide gold nanoparticles to specific positions

on the membrane, but also to optically inject gold nanoparticles into the vesicles.

The former is important when studying structures on biological membranes and

the latter may provide a novel method for optical transfections of cells. Now

that we have provided the proof of principle using spherical nanoparticles,the

techniques presented here can be refined and developed further. For example,

nanorods or nanoshells have plasmon resonances in the near-infrared window, a

great advantage when using these devices in cellular systems. The guiding and

positioning of the gold nanoparticles can be improved even further by using a laser

emitting at longer wavelengths. Enhancing the spatial and temporal resolution

of the acquisition system will enable a more detailed investigation of the phase

transition in phospholipid membranes. This can be helpful when investigating phase

phenomena, such as lipid rafts or protein partitioning in cell membranes.

Beginning as a side project originating from experiments on guiding nanoparticles

over vesicle membranes, we established a newmethod for patterning substrates with

single nanoparticles using solely a laser to create nanostructures. Here the laser

serves multiple purposes: it collects the nanoparticles from the solution, guides

them to the desired position on the substrate, and causes them to bind to the

substrates through van der Waals interactions. The precision we achieved was

even less than the size of the individual nanoparticles. In addition, the printed

structures were very stable. The method could be extended to enable the printing

of different nanoparticles present in the same solution, which no other method

has achieved yet. Another application of this method is to create plasmonically

coupling structures and align non-spherical nanoparticles. The efficiency of the

method could be increased by using longer wavelengths which provide a stronger

guiding of the nanoparticles. This should lead to higher precision and more rapid

printing. Additionally, diffractive optics could be used to print multiple nanoparticles

at different positions simultaneously.
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