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Abstract

Development and Characterization of Liquid Crystal-Gold Nanoparticle
Hybrid Materials for Optical Applications

by

Makiko T. Quint

Doctor of Philosophy in Physics

University of California, Merced

Professor Jay E. Sharping, Chair

Hybrid material, mixtures of two or more materials with new properties, represents an
exciting class of new materials for a variety of potential applications such as displays, op-
toelectronics, and sensors due to their unique physical and optical properties. The scope of
this dissertation is to produce two new plasmonic applications by combining liquid crys-
tals with gold nanoparticles. The first application is gold nanoparticle coated liquid crys-
tal thin film. Most liquid crystal (LC) thin films require external voltage to reorient LC
molecules. Recent advances in optical controlling technology of LC molecule behavior,
resulting in the reduction of energy consumption, have stimulated research and develop-
ment of new LC thin films. In order to re-orient LC molecules by just using light, the
common approach is to include either a photo-responsive LC host, one that require high
power light and severely narrows the range of usable materials, or add photo-active dye or
polymer layer, photodegradation over time. Our work designing an all-optical method for
LC re-orientation that overcomes all the limitations mentioned above. We have success-
fully both in- and out-of-plane spatial orientation of nematic liquid crystal (LC) molecules
by leveraging the highly localized electric fields produced in the near-field regime of a gold
nanoparticle (AuNP) layer. This re-orientation of LC molecules in thin LC-AuNP film is
all-optical, driven by a small resonance excitation power with the localized surface plas-
mon absorption of the AuNPs at room temperature. The second application is LC mediated
nano-assembled gold microcapsules. This application has a potential in controlled-release
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cargo-style delivery system. Targeted delivery systems with controlled release mechanisms
have been the subject of extensive research more than fifty years. One is to control the re-
lease process remotely by using optical excitation. Optical actuation of delivery capsules,
which plasmonic nanoparticle such as gold, allows rapid release at specific locations and
uses the photothermal effect to unload contents. Almost all gold-based delivery applica-
tions including Au coated nanocrystals or AuNPs with soft materials like gels and polymers
are not suitable for control release applications in real life since these applications do not
provide robust leakage-free containment lower than the American National Standards In-
stitute (ANSI) maximum permissible light exposure limit. We have successfully managed
the difficulties mentioned above and produced a new gold-based delivery application. The
application is spherical capsules with a densely packed wall of AuNPs. The rigid capsule
wall allows encapsulation of cargo that can be contained, virtually leakage-free, over sev-
eral months. Further, by leveraging LSPR of AuNPs, we can rupture the microshells using
optical excitation with ultralow power (< 2 mW), controllably and rapidly releasing the en-
capsulated contents in less than 5 seconds. Our results exhibiting the capture and optically
regulated release of encapsulated substances are a novel platform that combines controlled-
release cargo-style delivery and photothermal therapy in one versatile and multifunctional
unit. Both our applications are overcoming current limitations and promising future re-
search directions towards the next generation of LC-AuNPs hybrid material research and
developments.
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Chapter 1

Motivation and overview

The scope of this dissertation is to characterize in detail two different applications by com-
bining gold nanoparticles and liquid crystals. My work has been focused on overcoming
current limitations and introducing better approaches. Before I discuss these applications,
I will first introduce basic concepts of physical and optical properties of liquid crystals and
plasmonic/semiconductor nanoparticles, detailed in Chapter 2. Chapter 3 describes the ex-
perimental methods used in this dissertation. Below describes current limitations for the
applications I studied, motivation of this dissertation, and a summary of my work that I will
present in the Chapter 4 though 7.

My first study was focused on the coupling behaviors of gold nano-particle with a thin
film of liquid crystal (LC). Most LC thin films require applying external electric field to re-
orient LC molecules. Research and development of new LC thin films have been progress-
ing at a fast pace in the field of nanoscience by applying optical controlling technology of
LC molecule behavior. This may lead to the enormous reduction of energy consumption in
the world. In order to re-orient LC molecules utilizing light, the current main approach is
to include either a photo-responsive LC material, one that requires high power laser beam,
causing permanent damage of the material itself, and severely narrows the range of usable
materials. The other method is combining a photo-active dye or polymer layer with LC
host material. Unfortunately, the material stability of photo-active dye or polymer layer
does not last long due to photodegradation over time.

The first motivation for this dissertation is to design and implement an all-optical
method for LC re-orientation that overcomes all the limitations mentioned above. Chap-
ter 4 describes our achievement of the first motivation. We have produced both in- and
out-of-plane spatial orientation of LC molecules by leveraging the highly localized elec-
tric fields produced in the near-field regime of a gold nanoparticle (AuNP) layer. This
re-orientation of LC molecules in thin LC-AuNP film is all-optical, driven by a very small
resonance excitation power with the localized surface plasmon absorption of the AuNPs at
room temperature.
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Our second all-optical LC-AuNP application was forming and studying “self-assem-
bled” nano-gold microcapsules. This application has a high potential in controlled-release
cargo-style delivery system. Targeted delivery systems with controlled release mechanisms
have been the popular subject of extensive research more than half century. One technique
is to control the intact material release process remotely by applying optical excitation.
Optical actuation of delivery capsules, made of plasmonic nanoparticles such as gold, leads
rapid release at targeted locations and uses the photothermal effect, plasmonic heat, to
unload the contents. Most current gold-based delivery applications including gold-coated
nanospheres or combining AuNPs with soft materials, like hydrogels or polymers, have
been facing challenges and difficulties for control release applications in real life. This is
because these applications do not satisfy robust leakage-free containment lower than the
American National Standards Institute (ANSI) maximum permissible light exposure limit.

Our second motivation for this dissertation is that we develop and characterize a new
type of leak-free and controlled-release cargo-style delivery system satisfied ANSI stan-
dards. For visible optical excitation at ∼ 500 nm, which we applied in our application, this
limit is 2.5 mW for up to 10 min exposure [5]. We have successfully managed these dif-
ficulties mentioned above and produced a new gold-based delivery application. Chapter 5
explores the formation mechanism of our self-assembled nanoparticle microcapsules, their
formation process, observation of liquid crystal defects around the microcapsules, and the
particle packing characterizations. Chapter 6 discusses the successful results of our work
produced spherical capsules with a densely packed wall of AuNPs. The rigid capsule wall
allows virtually leakage-free encapsulation of cago over five-month periods. Moreover, by
leveraging optical properties of AuNPs, we can disintegrate the microcapsules using exci-
tation light with ultralow power, less than 2.5 mW, controllably and rapidly releasing the
encapsulated contents in less than five seconds exposure.

Chapter 7 further explores important implications of nano-gold microcapsules. Our mi-
crocapsule application has the great potential to develop biological and biomedical applica-
tions. These capsules can be utilized to deliver live cells, such as stem cells or prokaryotes,
and growth factors for cell differentiation as well could promote further chemical reagent
transport and development. Our microcapsules captured live multicellular prokaryotes, E.
coli. This chapter also considers future directions for the research, such that we are cur-
rently in the process of optimizing to use our microcapsule for biological and chemical
engineering applications.
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Chapter 2

A review of contemporary nanoparticles
and liquid crystals: their properties and
characteristics

In this chapter, I discuss the analytical expressions for the properties of gold nanoparticles,
semiconductor quantum dot nanoparticles, and liquid crystals. I also describe an analytical
model for the optical and electric properties of gold and colloidal semiconductor nanoparti-
cles. The first section starts with general explanation of nanoparticles, then expresses opti-
cal, electric, and plasmonic heating properties of gold nanoparticles. Additionally, I discuss
optical and electric properties of colloidal semiconductor nanoparticles, quantum dots, and
strong electromagnetic forces exerted by a strongly focused. After that, I go through the
formalism to understand a theoretical overview of the physical, electrical and optical prop-
erties of nematic liquid crystals. Nematic liquid crystal exhibits dielectric anisotropy and
birefringence in the electronic and visible region of the electromagnetic spectrum. Finally,
as each of these properties is related to the self-organization of the liquid crystal, they are
all highly dependent on minimizing the elastic free energy.

2.1 Nanoparticles
Nanoparticles are the most fundamental component in the fabrication of a nanostructure,
and is far smaller than the everyday objects we use. For example, roughly eight hundred
100 nm-sized nanoparticles are required to match the width of a human hair. The size of
nanoparticles has the range between 1 and 100 nm, however nanoparticles used in the field
of biotechnology range in particle size between 10 and 500 nm [6]. A number of artificial
or engineered NPs have been developed. Some of these engineered NPs are already in
use in consumer products such that titanium oxide nanoparticles are added to cosmetics
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and zinc oxides are added to sunscreen products. The engineered nanomaterials, especially
metallic and semiconductor nanoparticles, show promise in advancing the fields of medical
and electronic future applications based on their unique optical characteristics.

Metallic nanoparticles have different physical and chemical properties from bulk met-
als. Compared with bulk metal, metallic nanoparticles have lower melting points, higher
surface areas, specific optical properties, higher mechanical strengths, and better magne-
tizations properties. Thus, with wide range of applications available, nanoparticles have
made a significant impact to society such as developing electronic storage systems [7],
biotechnology [8], magnetic separation and targeted drug delivery [9, 10], and modifying
vehicles for gene and drug delivery [7, 9, 10]. In particular, the optical property is one of
the fundamental attractions and a characteristic of a nanoparticle. For instance, a 20-nm
gold nanoparticle has a characteristic wine red color. A silver nanoparticle is yellowish
gray color. Not surprisingly, the unique optical characteristics of nanoparticles have been
used even before the 4th century AD. The most famous example is the Lycurgus cup (Fig-
ure 2.1). The cup is made of very special type of glass, known as dichroic glass, that
changes color when light is applied on the surface of the cup. The green color turns to a
red when light is passed through it internally. Based on the analysis of the glass, it was
revealed that the glass contains a very small quantity of metallic nanocrystals of silver and
gold. The approximate molar ratio of silver and gold is 14 : 1 [11], which create these
unique optical properties.

(a) (b)

Figure 2.1: The Lycurgus Cup in reflected (a) and transmitted (b) light. (Image courtesy of
c© the Trustees of the British Museum.)

Semiconductor nanocrystals are also small crystalline particles. The particles show
size-dependent optical and electronic properties [12–14]. Early studies on semiconduc-
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tor nanocrystals made use of particles embedded in glass matrices, similar to centuries-
old stained glass containing semiconductor crystallite pigments [15–17]. Today, these
nanocrystals are commonly fabricated as colloids suspended in solution or as epitaxial
structures grown on solid crystalline substrates. Epitaxial nanocrystals can be reproducibly
prepared with a wide range of shapes and sizes in regular patterns and directly incorpo-
rated into optoelectronic devices [18]. The optical properties of semiconductor nanoparti-
cles are favorable for in vitro and in vivo labeling, tracking, and sensing applications. This
is because semiconductor nanoparticles have narrow emission and broad absorption pro-
files with a high quantum yield [19, 20]. Additionally, semiconductor nanoparticles have
been reported they have significant resistance to photobleaching as compared to organic
fluorescence dyes [21, 22].

Nanomaterials and devices are still in the research stage, but they are promising for
applications in many fields, such as solar cells, nanoscale electronic devices, light-emitting
diodes, laser technology, biosensors, and catalysts. Further development of nanomaterial
research will certainly lead to significant future breakthroughs in the field of nanotechnol-
ogy.

2.2 Gold nanoparticles
Colloidal gold, also known as a gold nanoparticle, is a nanometer-sized particle of gold.
In 1857, Michael Faraday for the first time produced “colloidal gold” in solution and ob-
served their unique optical properties [23]. The actual scientific study on gold nanoparticles
started in 1908 when Gustav Mie described a mathematical explanation by using Maxwell
equations that described the extinction spectra of spherical and ellipsoidal nano-objects that
demonstrated the optical properties of metallic colloids [24].

The dominating optical feature of AuNPs with size of 2 to 100 nm is the localized sur-
face plasmon resonance. Localized surface plasmon resonance (LSPR) is an optical phe-
nomena induced by light when the light interacts with nanoparticles that are smaller than
the incident wavelength [25]. Compared to any other chromophores, smaller gold nanopar-
ticles, sizes between 2 to 20 nm have higher absorbance with a possibility of reaching high
light-to-heat conversion efficiency [26]. In contrast, particle sizes above 20 nm, have larger
extinction cross-sections, high photostability, and the ability to amplify the electromagnetic
field near the metal surface [26].

The optical properties of spherical gold nanoparticles are highly dependent on the
nanoparticle diameter. Figure 2.2 shows a strong extinction, the sum of scattering and ab-
sorption, maximum between 510-580 nm in aqueous solution due to their LSPR. Smaller
gold nanoparticles absorb light and have peaks near 520 nm, while larger spheres exhibit in-
creased scattering and have peaks that broaden significantly and shift towards longer wave-
lengths. Larger gold nanoparticles scatter more light both because they have larger optical
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cross sections, and increase a ratio of scattering to total extinction [26]. With the develop-
ment of nanoscience, the optical properties of gold nanoparticles have shown tremendous
interest in plasmon-based technologies. Localized surface plasmons can be excited by op-
tical excitation, leading to the device development of small-scaled optical antenna with en-
hanced electric fields [27]. Since optical properties of gold nanoparticle have brought new
insights in our modern society, understanding the fundamental mechanism of the optical
phenomena is important. In the following sections, we present the fundamental concepts
of the relation between localized surface plasmon resonance and optical properties of gold
nanoparticles.

Extinction (the sum of scattering and absorption) spectra of NanoXact gold nanoparticles with diameters ranging from 10 - 100 nm at mass 
concentrations of 0.05 mg/mL.  BioPure nanoparticles have optical densities that are 20-times larger. 

Extinction (the sum of scattering and absorption) spectra of NanoXact gold nanoparticles with diameters ranging from 10 - 100 nm at mass 
concentrations of 0.05 mg/mL. BioPure nanoparticles have optical densities that are 20-times larger
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Figure 2.2: Extinction spectra of gold nanoparticles with diameters ranging from 10 to 100
nm at mass concentrations of 0.05 (mg/mL). (Image courtesy of c© 2017 the nanoCom-
posix, Inc.)

2.3 Localized surface plasmon resonance
When gold nanoparticles are illuminated by resonance light, a part of the incident light is
absorbed in moving the conduction band electrons towards the nanoparticle surface [28].
This leads to move a negative charge on one side, and an equal positive charge at the other
side of the nanoparticles, therefore creating a dipole. The dipole creates an electric field
inside of the nanoparticle and gives rise to a linear restoring force. The restoring force on
the electrons forces them to return to the equilibrium position. As a result, a dipolar oscil-
lation of electrons is produced, which is known as plasmon resonance frequency [29]. The
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collective oscillations of the conduction band electrons in gold nanoparticles are known as
plasmons (Figure 2.3) [28]. As a consequence of these dipole oscillations, light is radiated

k; light wave

Magnetic 
field

++++

- - - -

++++

- - - -

Electric 
field

Electron 
cloud

k

Figure 2.3: Extinction of particles plasmons through the polarization of metallic nanopar-
ticles. At the resonance frequency the plasmons are oscillating with 90o phase difference.
The k-axis represents the light wave direction.

from the nanoparticles in the form of scattering [30]. Additionally, the dipolar oscillations
are produced on the surface of gold nanoparticles, thus this circumstance is called as Lo-
calized Surface Plasmon Resonance (LSPR) [28]. There are several theories describing the
plasmons in gold nanoparticles. We describe the most well-known theory here.

The electrostatic approach, quasi static approximation, explains a qualitative descrip-
tions such as the amount of light a gold nanoparticle can absorb or scatter. The collective
oscillation of free electrons in gold nanoparticles is described by the polarizability α:

α(λ) =
1

ζ
ε0V

ε(λ)− εm
ε(λ) + κεm

(2.1)

where ε0 is the permittivity of free space, VP is the volume of a gold nanoparticle, εm is the
dielectric constant of the surrounding medium, κ is the light absorption coefficient, ζ is the
shape factor, ζ = 1

3
for spherical particles, that includes the dependence of the polarizability

on the geometry of the surface, ε(λ) is the dielectric function of the gold nanoparticle, and
λ is the wavelength for an electromagnetic radiation.

The dielectric function of the gold nanoparticle ε(λ), is frequency dependent and has
real and imaginary parts such as

ε(λ) = ε1(ω) + ε2(ω) (2.2)
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where ω is the frequency of the electromagnetic radiation.
Using the polarizability, we can express the induced dipole moment, P , that results

from electronic polarization is described by

P = εmαE0 (2.3)

where E0 is the applied field.
The electric field, Ed, produced by the dipole inside a gold particle is expressed by the

equation:

Ed = E0
3εm

ε(λ) + 2εm
(2.4)

Localized surface plasmon resonance occurs for polarizability and dipole electric field
when the denominator of the equation 2.4 becomes minimum:

[
ε1(ω) + 2εm

]2
+
[
ε2(ω)

]2
= minimal (2.5)

The equation 2.5 is satisfied when ε1(ω) = 2εm, which is known as Fröhlich condition, and
ε2(ω) << 1. Gold nanoparticles are unique because the Fröhlich condition is satisfied in
the visible region, which indicates the gold nanoparticles are a valuable material for devices
that allows optical signals to be controlled at sub-wavelength scale. Generally, the real part
ε1(ω) of the gold nanoparticle dielectric function represents the frequency position of the
plasmon resonance, while the imaginary part ε2(ω) indicates the width and height of the
localized surface plasmon resonance.

If we investigate the response of a gold nanoparticle to an external electromagnetic
field, then solving Maxwell’s equations is required. The solution of Maxwell’s equations
already exists and is known as “Mie Theory.” The theory is valid for all gold nanoparticle
sizes and all optical wavelengths. Mie reported the interaction between a plane wave and
uncharged homogeneous particles. This interaction allowed the precise calculation of the
electromagnetic fields such as understanding multipole expansion of the fields based on the
spherical geometry. As a result, the calculation of the extinction (σext), scattering (σscat),
and absorption cross-sections (σabs) of the gold nanoparticles were determined.

σext =
2π

|k2|Re
∞∑

L=1

(
2L+ 1

)(
aL + bL

)
(2.6)

σscat =
2π

|k2|
∞∑

L=1

(
2L+ 1

)(
|aL|2 + |bL|2

)
(2.7)

σabs = σext − σscat (2.8)

where aL and bL represent Mie-coefficients from the multipole expansion, L illustrates
the multipole order, L = 1 for dipole mode, and k is the wave vector of the incident
electromagnetic wave.
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For a spherical gold nanoparticle that is much smaller than the wavelength of the inci-
dent light, such as the diameter size from 2 to 200 nm, the equation 2.6 can be simplified
to:

σext = 9 · ω
c
· (εm)

3
2 · V ε2(ω)

[
ε1(ω) + 2εm

]2
+
[
ε2(ω)

]2 (2.9)

Absorption and scattering properties of gold nanoparticles are heavily dependent on lo-
calized surface plasmon resonance and can be influenced by nanoparticle size, shape and
surrounding medium. Difference particle sizes and shapes can change electron density or
volume of gold nanoparticles, hence leading to create new resonance condition. Similarly,
external dielectric medium also affect the condition of localized surface plasmon reso-
nance. During the excitation of localized surface plasmons, the dipole of opposite charges
produced on the surface of the nanoparticles generates an electric field in the surroundings
of the nanoparticles. This field induces the polarization of the dielectric medium. The
polarization accumulates the charges in the medium and interfaces with the surface of the
gold nanoparticles [31]. As a result, both the dielectric medium and the gold nanoparti-
cles polarize each other. This polarization tends to compensate the charge accumulation by
cause of the movement of conduction electrons in the nanoparticles [31]. Therefore, the
net charge at the nanoparticle surface gets reduced. The adjustment of the charge density
is due to the dielectric function of the surrounding medium, εm. That is, the larger the
εm, the polarization of the medium turns into larger and the effect of the charge compen-
sation effect becomes more. Reduction of the net charge at the nanoparticle surface causes
diminishing restoring force. The Lowering the restoring force leads to smaller resonance
frequency. Additionally, the dielectric function of the medium εm is related to its refractive
index, n, expressed as n2 = εm. Therefore, the surface plasmon band gets red-shifted to
larger wavelengths when the refractive index value of the surrounding medium becomes
higher.

2.4 Plasmon coupling of gold nanoparticles
As we discussed in the previous sections, surface plasmon resonance interacts strongly
with gold nanoparticles and induces a collective electron oscillation when a resonance
light excites the electrons in the nanoparticles. The oscillations introduce localized non-
radiating electric field, called near-field, that contain large wave vector values (high spa-
tial frequency) [32]. Some of these created wave vectors can couple to surface plasmon
modes on the surface of the gold nanoparticles. This is because the absorption depends on
the interparticle distance and the incident light polarization since the particles are coupled
through near-field interaction. Due to the localized capacitive coupling at the nano gap
surrounded by nanoparticles, emission between particles is strongly enhanced compared
to a single particle (Figure 2.4). The enhancement originates from the charge induction
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between nanoparticles, which becomes stronger as they get closer to each other [33]. This
relation between the field enhancement factor of the nanoparticle dimer and gap distance is
evidently described in Figure 2.4.
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Figure 2.4: Electromagnetic field distribution around (a) 100 nm-sized single gold nanopar-
ticle and (b) gold nanoparticle dimer. The incident wavelength of light is 633 nm and the
magnitude of incident electric field is 1 (V/m). (c) Enhancement factor of each sphere in
the gold sphere dimer as a function of inter-particle gap. (Reproduced from reference [33]
with permission from the MDPI.)

Figure 2.5 shows the electric field amplitude distribution around 100 nm-sized gold
nanoparticles at six different excitation wavelengths from 550 to 800 nm. Based on the
map, the peak resonance wavelength of the gold nanoparticles was between 550 and 600
nm (first row of Figure 2.5), which agreed with the Mie calculation of 580 nm [34]. A dimer
structure with a 20 nm particle-particle gap, which is shown in second row of the Figure 2.5,
has the strongest coupling enhancement. The resonance peak of the strongest interparticle
coupling is red-shifted to between 650 and 700 nm. The increasing the particle numbers,
such as 3, 7, and 12, produces various degrees of enhanced electric fields within the gold
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nanoparticles at wavelengths longer than 700 nm (3rd-5th row of Figure 2.5). These ex-
perimental results state that signal enhancement increases in shortening the interparticle
distance, and the resonance peak is red-shifted when the number of the gold nanoparticles
increases. That is, coupling enhancement behaviors can be verified investigating on the
resonant spectrum of metallic nanoparticle array. The number and position of nanoparticle
array is arbitrarily varied in attempt to identify the optical resonant response.

550 nm 600 nm 650 nm 700 nm 750 nm 800 nm

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0

Figure 2.5: Electromagnetic simulations demonstrating the complex spectral properties of
large nanoparticle clusters with excitation wavelengths from 550 to 800 nm. Normalized
electric field plot in log scale. In the middle plane of clusters are composed of 1, 2, 3,
7, and 12 spherical 100 nm-sized gold nanoparticles. The distance between adjacent gold
nanoparticles is between 5 and 20 nm. The surrounding medium is water and polariza-
tion of the excitation is in the horizontal direction. (Reproduced from reference [34] with
permission from the Royal Society of Chemistry.)
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2.5 Plasmonic heat
Heat generation from gold nanoparticles induced by light absorption have been regarded
as side effects that needed to be minimized. However, it has been realized recently that the
heat creation is effective and local. The potential applications by using this heat become
popular quickly in the field of nanotechnology such as photothermal cancer therapy.

As discussed in the previous section, gold nanoparticles show strong scattering and
absorption of light at specific wavelength owing to their LSPR. The heating effect is pro-
portional to the increasing effective absorption cross section in the region of the LSPR
[35]. The energy of the excited plasmon decays two possible ways. One is a radiative
decay, which corresponds to the elastic scattering of light, and the other is a non-radiative
decay, which results into the temperature increase of the gold nanoparticle (Figure 2.6).
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Figure 2.6: Decays of the localized surface plasmon. The radiative decay results in elasti-
cally scattered light of the same wavelength as the incident light. The nonradiative decay
is connected to the loss of phase of oscillating electrons. Electron-electron and electron-
phonon interactions lead to an increase of the temperature of the gold nanoparticles.



CHAPTER 2. A REVIEW OF CONTEMPORARY NANOPARTICLES AND LIQUID
CRYSTALS: THEIR PROPERTIES AND CHARACTERISTICS 13

Specifically, the non-radiative decay is linked to incoherently oscillating electrons and
transfers the energy from LSPR to phonons due to electron-electron and electron-phonon
interaction [36]. The result of this process leads to the raised the temperature of the gold
nanoparticle. The generated heat, then, diffuses away from the surface of the hot gold
nanoparticle. This heat diffusion leads to the increase of the temperature around the gold
nanoparticle. The diffusion of heat can be expressed by the following equation [35]:

ρ
(−→r
)
Ch
(−→r
)∂T

(−→r , t
)

∂t
= 5κ

(−→r
)
5 T

(−→r , t
)

+Q
(−→r , t

)
(2.10)

where T
(−→r , t

)
is the temperature at the point with the coordinate −→r at time t, ρ

(−→r
)

represents the density, Ch
(−→r
)

is the heat capacity and κ
(−→r
)

describes the thermal con-
ductivity of the surrounding material. Q

(−→r , t
)

illustrates the heat source produced by the
gold nanoparticle, which absorbs a fraction of the incident laser irradiation.

The gold nanoparticle can produce a constant amount of thermal energy when we ir-
radiate the particle by a continuous wave laser. Simultaneously, the amount of the heat
diffused to the surroundings determines by the temperature gradient of the gold nanopar-
ticle. That is, the thermally stable state is created since the temperature distribution inside
the system is constant in time. We can find the temperature increase around a spherical
gold nanoparticle by using the equation [35] :

4T
(
r
)

=
QVP
4πk0r

(2.11)

where VP is the volume of gold nanoparticle, Q is the heat with constant thermal energy, k0
the thermal conductivity of the surrounding medium, and r is the distance to the nanopar-
ticle surface. The amount of the absorbed heat Q is calculated by using the previously
introduced absorption cross-section of the gold nanoparticle such that

Q =
σabsI0
VP

(2.12)

where I0 is the intensity of the incident electromagnetic wave.
These equations contain important fundamental concepts necessary for heat genera-

tion with gold nanoparticles and excitation light. The optical properties, σabs, of a gold
nanoparticle need to be obtained since the absorption cross-section is an effective area that
absorbs the light energy. Especially, optical property influenced by the nanoparticle size or
shape need to investigate either experimentally or theoretically. Additionally, the intensity
of incident light needs to be known in order to estimate the heat generation and thermal
response. Finally, the number and distribution of gold nanoparticles needs to be known to
estimate the heat.
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2.6 Colloidal quantum dot nanoparticles
Semiconductor nanocrystals, also known as colloidal quantum dots (QDs), are generally
solution-processed semiconductors. Colloidal QDs have unique optical properties due to
the quantum confinement effect. They can be chemically synthesized and be manufac-
tured the various sizes less than 50 nm. Additionally, they possess a high quantum yield,
narrow emission spectrum, and strong optical absorption. These characteristics has made
them useful in a wide range of optoelectric applications [37–39]. QDs have unique optical
and electrical properties due to its quantum effect and size effect. These aspects bring a
very broad application prospect in biological fluorescent probes and functional materials.
Therefore, QDs have been widely used in the field of life sciences as fluorescent markers
[40, 41]. Herein, we briefly review the basic properties of QDs in the next few sections.

2.7 Optical properties of colloidal quantum dots
The optical properties of colloidal QDs change with size (Figure 2.7). On the other hand,
for a confined particle, the uncertainty in position decreases whereas momentum uncer-
tainty increases. These aspects allow us to understand the energy condition of a particle as
a superposition of bulk momentum states. This phenomenon can be explained by using the
uncertainty relationship between position and momentum for free and confined particles.
For a free particle, momentum can be defined when the uncertainty in position increases.
Similarly, the effect on optical properties due to the change in bandgap energy with change
in size can be further understood of the characteristics of quantum dots (Figure 2.7). Semi-
conducting properties of nanoparticle arise from the periodic arrangement of atoms in a
crystalline lattice [42]. The spatial over-lapping of the atomic orbitals leads to the forma-
tion of bands of the allowed electron and hole states separated by a forbidden gap called
the band gap [12]. An electron excited from the valence band by the absorption of a quan-
tum of light moves to the conduction band, leaving a positive charge (a hole) [42]. Brus
introduced the approximate relationship between the energy bandgap and particle size [12].

The lowest excited energy state, Eg, can be approximated by

Eg = Eg,bulk +
h̄2π2

2R2
P

( 1

m∗emo

+
1

m∗hmo

)
− 1.8e2

4πεεoRP

− 0.124e2

h̄2(4πεεo)2

( 1

m∗emo

+
1

m∗hmo

)−1 (2.13)

where Eg,bulk is the bulk band gap, h̄ is Planck’s constant, RP is the particle radius, m∗e is
the effective mass of the electron, m∗h, is the effective mass of a hole, mo is the free electron
mass, e is the charge on an electron, εo is the permittivity of free space, and ε is the relative
permittivity.
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Figure 2.7: (a) Splitting of energy levels in quantum dots due to the quantum confinement
effect, semiconductor band gap increases with decrease in size of the nanoparticles. (b)
Emission spectra of CdSe/ZnS QDs.

In the equation 2.13, the first term defines the bandgap of the bulk material, the sec-
ond term is quantum energy due to localization, the third term is the Coulomb attraction
between the electron and the hole, and the last part represents the polarization terms. The
equation clearly shows the dependence of the bandgap on the inverse square of the radius
of the quantum dot. Thus, as the decrease in the quantum dot size, the energy of the particle
increases. This cause the QDs to absorb light at shorter wavelengths as shown in Figure 2.8.
The figure shows absorption spectra of CdSe, which has the size range from size 1.7 nm to
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15 nm along with sharp interband transitions.The graph illustrates the bandgap increases as
represented by the blue shift of the absorption curve when the decrease in size of quantum
dots. Precisely, the size variation of CdSe quantum dots can tune the bandgap from 3.1
eV to 1.8 eV which corresponds to a shift in wavelength from 400 nm to 700 nm. There-
fore, tuning size-dependent bandgap of QDs brings the benefits of fluorescence emission
tunability. The general emission tuning range is known from the near ultraviolet into the
near-infrared. This optical property of colloidal QDs makes them unique and attractive for
a variety of photonic applications.

[39]
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Figure 2.8: Emission spectra of CdSe/ZnS quantum dots (QDs). The QDs were excited
at 350 nm. (Reprinted with permission from the reference [43] with permission from the
American Association for the Advancement of Science.)

2.8 Electrical properties of colloidal quantum dots
This section discusses the electrical transport and transfer of charges. Because of strong
confinement in nanocrystals, electron transport has limitation of interparticle transfer with-
in a single particle [44]. This charge transport mechanism is different compared with tradi-
tional semiconductor transport. The transport mechanism of the colloidal QDs is the charge
transport in molecular systems where transport occurs between nanocrystals resulting in
hopping between localized states. Electron transfer between localized states from Marcus
theory [45] can be used for understanding the charge transfer between two nanocrystals.
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4G0 is the free energy change between the initial and the final state, M12 is the electronic
coupling matrix element between initial and final states on resonance, 4E is the energy
of the electron transfer, ⇤ is the total reorganization energy, kb is the Boltzmann constant,
and Ta is the absolute temperature. . The total reorganization energy, ⇤ is the amount of
energy required to force the final state to have the same nuclear configuration as the initial
state without letting the electron transfer. In this case, ⇤ is the sum of the energies due to
internal vibrations ⇤i and changes in the configuration of the dielectric matrix surrounding
the nanocrystals ⇤o, such as ⇤ = ⇤i + ⇤o. Additionally, the dielectric contribution, ⇤o,
can be approximate by using a dielectric continuum model while the transfer between two
nanocrystal spheres:
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where a1 and a2 are the radius of the two nanocrystals, d is the distance of separation
between two nanocrystals measured from the center, and "OP and "S are the optical and
static dielectric constants of the surrounding insulating matrix respectively. Analysis of
electron transfer dynamics and measurement of the luminescence spectrum are used the
dynamics of electron transport and transfer in nanocrystals. Thus, the understanding of
the dynamics is fundamentally essential for designing nanocrystal-related optoelectronic
devices.

Figure 2.9: Energy as a function of nuclear coordinate for initial and final states.

The two parabolas in Figure 2.9 demonstrate the initial and the final states, which have
different nuclear coordinates. This difference caused by variation in the charge of the atoms
involved during an electron transfer. The electron transfer happens at the intersection of the
parabolas. This is because the nuclear coordinates are not able to change during the electron
transfer process from initial to final state [44]. The electron transfer rate constant, ket as
derived by Marcus et al. [46] is shown as

ket =
(2π

h̄

)
|M12|2

(
4π2ΛkBT

)− 1
2
e
− 4E

kBT (2.14)

where

4E =

(
4G0 − Λ

)2

4Λ
(2.15)

4G0 is the free energy change between the initial and the final state, M12 is the electronic
coupling matrix element between initial and final states on resonance, 4E is the energy
of the electron transfer, Λ is the total reorganization energy, kB is the Boltzmann constant,
and Ta is the absolute temperature. The total reorganization energy, Λ is the amount of
energy required to force the final state to have the same nuclear configuration as the initial
state without letting the electron transfer. In this case, Λ is the sum of the energies due to
internal vibrations Λi and changes in the configuration of the dielectric matrix surrounding
the nanocrystals Λo, such as Λ = Λi + Λo.

Additionally, the dielectric contribution, Λo, can be approximate by using a dielectric
continuum model while the transfer between two nanocrystal spheres:

Λo =
e2

4πε0

( 1

2a1
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2a2
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d

)( 1
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)
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where a1 and a2 are the radius of the two nanocrystals, d is the distance of separation
between two nanocrystals measured from the center, and εOP and εS are the optical and
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static dielectric constants of the surrounding insulating matrix respectively. Analysis of
electron transfer dynamics and measurement of the luminescence spectrum are used the
dynamics of electron transport and transfer in nanocrystals. Thus, the understanding of
the dynamics is fundamentally essential for designing nanocrystal-related optoelectronic
devices.

2.9 Fluorescence intensity of colloidal quantum dots
Compared with the most of the organic dyes, QDs show generally larger differences be-
tween the excitation and emission peak. In general, the fluorescence emission spectra of
QDs are relatively narrow and can show different colors by varying the sizes. Thus, the
spectroscopy detection can monitor the emission intensity signals at specific wavelength,
which makes the fluorescence recognition easier [47]. According to the study [48], the flu-
orescence intensity of QDs is 20 times and stability of QDs is above 100 times higher than
the well-known organic fluorescent dye, Rhodamine 6G. Simultaneously, QDs have high
capacity to resist photobleaching [48]. The photobleaching is a phenomenon that decreases
the fluorescence intensity due to optical excitation, which I will discuss more details about
this effect in the Chapter 3. Generally, the photobleaching rate of organic fluorescent dyes
is very fast, resulting in a loss of fluorescence. On the other hand, the photobleaching rate
of QDs is extremely lower. For example, the fluorescence intensity produced by CdSe/ZnS
colloidal QDs hardly diminished at 500 mW with a 488 nm excitation beam for 14 hours
[49]. Hence, colloidal QDs have used for labeling cells and organs and have observed
the emission for a long time since the QDs obtains the high photochemical stability [50,
51]. This proves that colloidal QDs are a powerful tool for imaging of test specimens with
long-term light exposure condition.

2.10 Thermotropic liquid crystal
Liquid crystal (LC) are materials showing properties that are intermediate between crystal
and liquids [52]. LC molecules tend to align along a common axis, called the nematic
director. LC materials are characterized by their nematic-isotropic phase transition or below
the transition temperature, which we can observe a liquid crystalline phase [53]. Below
the isotropic temperature, the LC material has several distinct liquid crystalline phases.
These intermediate phases are produced by temperature changes and such LC is known as
thermotropic LC [54].

The vast majority of thermotropic LC is composed of rod-like molecules (Figure 2.10).
Due to the molecular arrangement and ordering of LC molecules, thermotropic LC at tem-
perature below isotropic and above crystalline phase is classified as nematic, smectic or
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cholesteric [55, 56]. Figure 2.11 demonstrates the molecular arrangement of LC for the
different phases and the sequence of phase changes with increasing temperature.

Anisotropic (rod-like) shape of a typical liquid crystal molecule. The molecule shown here is 4-
cyano-4 -Pentylcyanobiphenyl, commonly known as 5CB, which exists in the nematic phase at room 
temperature. 

C   NC5H11

Figure 2.10: Anisotropic (rod-like) shape of a typical liquid crystal molecule. The molecule
shown here is 4-cyano -4’- Pentylcyanobiphenyl, commonly known as 5CB, which exists
in the nematic phase at room temperature.

TK TN TI

Solid crystal Smectic LC Nematic LC Isotropic liquid

Temperature

Figure 2.11: Phase sequence of LC materials with increasing temperature. TK represents
disordering temperature of the crystalline state, TN is the nematic transition temperature
and TI is the isotropic transition temperature.

Smectic LC have an additional degree of translation order, which does not present in
nematic phase. Besides existing extra orientation order, smectic LC molecules tend to
arrange themselves in planes or layers.
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The cholestric LC, which is known as chiral nematic phase, is composed of optically
active molecules [57, 58]. Result in the structure, cholestric LC has a twist along its helical
axis. When we focus on viewing along the layer direction, the structure show a very thin
nematic-like layers with the nematic director of each layer twisted with respect to above
and below LC layers. Figure 2.12 illustrates the layers with the arrangement and ordering
of molecules in cholestric LC.

(a) (b)

Figure 2.12: (a) The structure of cholesteric liquid crystal. The twisting nematic director
from layer to layer can be perceived. (b) Typical molecular arrangement of the cholesteric
LC observed by two different angles. The different angle observation show the molecular
arrangement of cholesteric LC is chiral.

A nematic LC has a high degree of long range orientational order of the molecules, but
no long-range translation (positional) order. Hence, the LC molecules are spontaneously
oriented with their long axes approximately parallel to each other. The preferred direc-
tion, the nematic director, is usually different from region to region in the medium, but
they are tend to align the same direction and are strongly birefringent. The nematic direc-
tor demonstrates the direction of the preferred orientation of LC molecules (Figure 2.13).
The orientation order can be expressed as a parameter S, which indicates the degree of
orientational order of LCs [59]. The order parameter S of the LC phase is given by:

S =
1

2

〈
3cos2θ − 1

〉
(2.17)

where θ is the angle between the long axis of an individual LC molecules and the nematic
director, n, and the angular brackets represents an average. For a perfectly parallel align-
ment, the order parameter show the value S = 1, white for totally random orientation,
S = 0. In nematic LC phase, the value of the order parameter, S, for most LC are generally
in the range between 0.4 and 0.65 at low temperature [60].
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Nematic 
director

n

Figure 2.13: Schematic showing the arbitrary orientation of an LC molecule with respect
to the average molecular orientation (nematic director, n).

2.11 Physical property of liquid crystals
The configuration of the nematic director is determined by minimizing the total free en-
ergy. The two most important terms in the total free energy are the elastic energy. This is
because the anchoring condition between the surface and the LC molecules is very strong.
The elastic energy is closely related to three specific deformations which exist in all liquid
crystals, known as the splay, twist, and bend deformations. Schematic of these deforma-
tions is shown in Figure 2.14 and each deformation have an associated elastic constant and
free energy contribution.

The free energies for splay (FS), twist (FT ), and bend (FB) deformations are corre-
sponding to the unit vector of nematic director, n̂ [61]:

FS =
K1

(
5 ·n̂

)2

2
(2.18)

FT =
K2

(
n̂ · 5 × n̂

)2

2
(2.19)

FB =
K3|n̂×5× n̂|2

2
(2.20)

where K1, K2 and K3 are the Frank elastic constants which relate to the splay, twist and
bend deformations respectively.
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(a) (b) (c)

Figure 2.14: Elastic deformations in nematic liquid crystal: (a) splay, (b) twist, and (c)
bend.

The nematic director is a unit vector collinear to the average direction and is related the
azimuthal θ and polar angles φ such as

n̂ =



cosθcosφ
cosθsinφ
sinθ


 (2.21)

The elastic energy density in the Frank-Oseen form of the system [61] is given by the sum
of equation 2.18-2.20.

F = FS + FT + FB =
K1

(
5 ·n̂

)2

2
+
K2

(
n̂ · 5 × n̂

)2

2
+
K3|n̂×5× n̂|2

2
(2.22)

This expression allows the nematic director orientation within a sample to be found by
finding the values of θ and φ that minimize F . For most nematic liquid crystal K3 >
K1 > K2, while nematic 4-cyano-4’-pentylbiphenyl (5CB) has different relationship, such
as K1 = K2 = K3 = K ≈ 6 × 10−12 N [62]. Under the one constant approximation, the
Frank-Oseen free energy expression (equation 2.22) reduces to:

F =
K

2

[(
5 ·n̂

)2
+
(
5×n̂

)2
]

(2.23)

In our case, liquid crystals are usually put between two parallel glass slides, called as
liquid crystal cell. To have uniform director field, a defect free liquid crystal cell, the
nematic director orientation has to be controlled by alignment layers at the surfaces. If the
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nematic director is set to be the same on both boundaries, the uniform configuration, then
the corresponding elastic free energy (equation 2.22) becomes the lowest. There are two
main types of surface alignments: homeotropic and planar, in which cases the director is
uniformly perpendicular and parallel to the surface respectively. The interaction between
the alignment layer and the liquid crystal can be characterized by the anchoring strength.
In most cases the planar alignment is considered to be strong anchoring condition.

2.12 Electric response of liquid crystals
LC has anisotropy of their electrical, magnetic, thermal and optical properties [63]. The
anisotropy of LC can be tuned by electrical parameters. In this dissertation, the electrical
tunability of LCs is employed for our optical application in Chapter 4.

The dielectric anisotropy of an LC is determined by two factors; the anisotropy of
polarizability for the LC molecules and the dipole orientation effect [64]. The dielectric
anisotropy of LC can be written as:

4ε = ε‖ − ε⊥ (2.24)

where ε‖ and ε⊥ are the dielectric permittivities in the directions parallel and perpendicular
to the director of the LC respectively.

The value of dielectric anisotropy can be positive or negative. The net permanent dipole
moment of the molecule has only a small angle with its long axis if the sign of the value is
positive, and the angle becomes large if the sign is negative. To achieve electrical tunability
with LC, understanding the behaviour of the LC under the influence of an externally applied
electric field becomes necessity. When an electric field,

−→
E to LC, the LC produces a dipole

moment per unit volume, refereed as the polarization
−→
P .

Generally, the polarization depends linearly on the electric field at low field intensities,
however the vectors,

−→
E and

−→
P , can have different directions. This is because

−→
E and

−→
P

are related by a tensor, −→χ e, called the electric susceptibility.

−→
P = ε0

−→χ e

−→
E (2.25)

where ε0 is the permittivity of free space. The induced polarization depends on the orien-
tation of the LC nematic director with respect to the applied electric field direction. For an
arbitrary angle of the director orientation, the applied field can be broken down into two
components, parallel and perpendicular, to the director (Figure 2.15).

The induced polarization can be described as:

−→
P = ε0χ‖

(−→
E · −→n

)−→n + ε0χ⊥

[−→
E −

(−→
E · −→n

)−→n
]

= ε0

[
χ‖
−→
E +4χ

(−→
E · −→n

)−→n
]

(2.26)
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the LC material determine the restoring torque which arises as the system is 

perturbed from its equilibrium state. When an electric field is applied to reorient the 

molecules to control the effective birefringence in an electro optical device, it is the 

balance between the electric and elastic torque that determines the static 

deformation of the LC director. Any deformation of the LC director can be divided 

into a combination of the three possible deformation modes, namely splay, twist and 

bend [14].  

The elastic free energy of a LC given by the Oseen-Frank theory incorporating the 
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Figure 2.15: Parallel and perpendicular components of dielectric constant of the LC, with
respect to an applied electric field direction.

In this case, the dielectric constants, ε‖ and ε⊥, are related to the susceptibilities, such as
ε‖ = 1 + χ‖ and ε⊥ = 1 + χ⊥. Therefore,4χ = χ‖ − χ⊥ = ε‖ − ε⊥ = 4ε.

The approximate electric energy of the LC per unit volume can be written as:

Felectric = −1

2
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E · −→P = −1

2
ε0

[
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E +4χ

(−→
E · −→n

)−→n
]
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2 − 1

2
ε04 ε

(−→
E · −→n

)2 (2.27)

If the LC has a positive dielectric anisotropy (4 > ε0 ), the electrical energy is minimized
when the LC nematic director is parallel to the applied field. Conversely, if the dielectric
anisotropy is negative ( 4 < ε0 ), then the electric energy is low when the LC molecules
align orthogonal to the applied electric field.

Rotational viscosity is one of the important parameters for reorientation of LC mole-
cules. The dynamic response of LC caused by the external applied electric field strongly
depends on the rotational viscosity. For example, the elastic constants of the LC material
determine the restoring torque perturbed from its equilibrium state. When an electric field is
applied to reorient LC molecules, the balance between the electric and elastic torque causes
the static deformation of the LC director. The deformation modes of the LC director, splay,
twist and bend, was discussed in the previous session. Additionally, the LC response in-
duced by external electric fields is relied on the interactions between the LC molecules and
the forces at the surface boundaries. Reorientation of the LC molecules does not inevitably
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happen as the applied field becomes more than zero. Most importantly, reorientation of LC
molecules only occurs above a critical or threshold field, Eth. The dielectric anisotropy and
the elastic constant are the parameters that find the threshold electric field for the LC.

The threshold field for LC reorientation for splay (ES,th), twist (ET,th), and bend (EB,th)
is given as [65, 66]:

ES,th ≈
(
π

dT

)√
K1

ε04 ε
(2.28)

ET,th ≈
(
π

dT

)√
K2

ε04 ε
(2.29)

EB,th ≈
(
π

dT

)√
K3

ε04 ε
(2.30)

where dT is an LC layer of thickness, K1, K2 and K3 are the Frank elastic constants which
relate to the splay, twist and bend deformations respectively. This reorientation of the
nematic director under the influence of an electric field is known as the Freedericksz tran-
sition, and these threshold fields are required for the reorientation of LC molecules. The
Freedericksz transition threshold of 4-cyano-4’pentylbiphenyl, our experimental material,
in nematic phase is 83 (mW/mm2) [67].

2.13 Optical anisotropy
The optical anisotropy in nematic LC is expressed by the distinct values of the refractive
indices along the optical axis, n‖, and perpendicular to it n⊥. In general, most of the
nematic phases are optically positive, n‖ > n⊥. Optical anisotropy can be represented
as the indicatrix. The indicatrix is a ellipsoid geometric figure whose major and minor
axes correspond to n‖ and n⊥ respectively. Materials becomes optically negative when
n‖ < n⊥ as shown in Figure 2.16. Moreover, most uniaxial nematic LC are characterized
by one principal optical axis, making them optically uniaxial [68]. Equivalently, biaxial
material have two principal axes and optically biaxial. When a light beam is transmitted at
an angle φ relative to the optic axis, the light is split into two components: the ordinary ray
(having index of refraction, no) and the extraordinary ray (having index of refraction, ne),
which is shown in Figure 2.16 (b). The refractive index corresponding to the ordinary and
extraordinary components are related to n‖ and n⊥ through the relative angle φ such that:

ne =
n‖n⊥√

n2
‖cos

2φ+ n2
⊥sin

2φ
(2.31)

no = n⊥ (2.32)
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2.5 Anisotropy in Liquid Crystals 19

Fig. 2.7 Optical anisotropy. a Schematic representing optically positive (left) and optically negative
(right) samples. b Transmission of light through an optically anisotropic medium yields an ordinary
no and an extraordinary ne component

ne = n∥n⊥√
n2

∥ cos2 φ + n2
⊥ sin2 φ

(2.26)

no = n⊥ (2.27)

Consequently, the ordinary and extraordinary rays propagate through the sample at
different speeds, resulting in a phase difference within a sample of optical distance d:

δ = 2π

λ
(ne − no) d (2.28)

where λ is the vacuum wavelength of the propagating beam. The parameter of parti-
cular interest here is the difference between the ordinary and extraordinary refractive
indices, termed as the optical birefringence:

!n = ne − no (2.29)

When a linearly polarized light is passed, it is converted into elliptically polarized
light, with a component that can pass through a crossed polarizer, also referred as
the analyzer [29]. The intensity of the light finally coming out beyond the analyzer
is given by:

I = I0 sin2 2ϕ sin2 δ

2
(2.30)

where, I0 is the light intensity after the first polarizer, and ϕ is the angle between
the analyzer and the optic axis projection on the sample plane. While the first term
in Eq. (2.30) quantifies the intensity of the light transmitted through the crossed
polarizers on rotating the sample, the second term is responsible for the birefringent
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Figure 2.16: Optical anisotropy. (a) Schematic illustrating optically positive (left) and
optically negative (right) samples. (b) Transmission of light (an orange allow) through an
optically anisotropic medium yields an ordinary no and an extraordinary ne components.

The ordinary and extraordinary rays propagate through the materials at different velocity,
resulting in a phase difference, δ, within a material of optical distance d:

δ =
2π

λ

(
ne − no

)
d (2.33)

whrere λ is the vacuum wavelength of the propagating light. The parameter of the dif-
ference between the ordinary and extraordinary refractive indices is known as the optical
birefringence:

4n = ne − no (2.34)

When a linearly polarized light is passed, the linearly polarized light is converted into
elliptically polarized light. Now, the elliptically polarized light can pass through a crossed
polarizer, also referred as the analyzer [69]. The intensity, I , of the light comes through the
analyzer is written by

I = I1sin
2(2ϕ)sin2

(δ
2

)
(2.35)

where I1 is the light intensity after the first polarizer, and δ is the angle between the analyzer
and the optic axis projection on the plane, ϕ is the polarization phase shift of the light
emerging from the LC. The first term in the equation 2.35 indicates the intensity of the
light transmitted through the crossed polarizers on rotating the sample, the second term
represents responsible for the birefringent colors in thin nematic LC films.
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Chapter 3

Experimental techniques

This chapter is devoted to explaining the basic principles of the techniques we used. In
particular, I discusses the equipment, experimental procedures, and material properties used
to collect the data presented within this dissertation. The descriptions of these techniques
presented here are considered the normative. Any deviations from these procedures are
discussed on a case-by-case basis within the relevant chapter.

3.1 Polarized light microscopy
A polarized light microscopy uses plane-polarized light and is designed to observe spec-
imen’s optically birefringent material that has two different indexes of refraction at right
angles to one another. The microscopy is equipped with a polarizer placed in the light
pathway before the specimen and an analyzer (a second polarizer) positioned after the ob-
jective. These two polarizers are designed to be located at right angles to each other, which
is called as cross polar. A common polarized light microscopy is illustrated in Figure 3.1.
The polarization direction of the first polarizer is vertical to the incident light, thus only
the vertical component of the light is able to go through it. The passed light is eventually
blocked by the second polarizer (analyzer) since the second polarizer is located horizon-
tally to the passed light. The left side image in Figure 3.1 shows a birefringent (anisotropic)
material placed between these two polarizers. Linearly polarized light, illustrated by a red
wave, is created when non-polarized light from the illuminator passes through the bottom
polarizer. The polarized light then enters a birefringent material mounted on the stage of
polarized light microscopy, and the light is reflected and split into two directions, which are
ordinary (blue) and extra-ordinary (red) rays. Both lights go though the second polarizer
that allows only the light wave that is parallel to the second polarizer‘s transmission path
way.
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Figure 3.1: Polarized light microscopy.

3.2 Rotation effect of the polarizers for nematic liquid
crystal cells

The effect of the angle between horizontal direction and polarizer transmission axis on
the appearance of liquid crystal phase can be analyzed. Non-aligned nematic LC (NLC)
cells made of two glass slides do not show long-range orientational order, denoted by the
nematic director. Changing the nematic director makes bright or dark areas, depending on
the orientation of the director compared to the crossed polarizers. To control the nematic
director, alignment layer is often used. Alignment layer controls a specific pretilt angle of
LC molecule, which is the angle between the alignment layer and the nematic director of
LC. The role of this special pretilt angle becomes significant in liquid crystal display (LCD)
such as response time, color performance, and power supply requirement for a device. In
Figure 3.2 shows schematics and images of planar and homeotropic alignment LC sample
under a cross-polarized mode. When the LC sample with planar alignment rotates from
0, 45, and 90 degrees, there are large variations on bright domains due to the change of
wave vibrating directions (Figure 3.2 (b-d)). That is, the domain of brightness indicated as
a director of the NLC (Figure 3.2 (a)). For instance, the darkest areas represent to the areas
where the director is parallel with either of the polarizer (Figure 3.2 (b,d)) and the brightest
areas are observed where the director is located at a 45 degree angle to both polarizers
(Figure 3.2 (c)). On the other hand, homeotropically aligned LC sample (Figure 3.2 (d))
becomes non-birefringent sample since LC molecules appear to be isotropic with respect
to the light traveling direction. As a result, the sample is observed as dark images in all
angles under the cross-polarized microscopy (Figure 3.2 (e)).
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Figure 3.2: (a) Schematic presentation of a planar alignment LC cell. Wide viewing an-
gle and high contrast ratio characteristics based on the molecular orientation of LC (top
view) (right). Transmitted bright field images under crossed polarizers as the rotating stage
holding planar aligned sample makes an (b) 0 degree (c) 45 degree (d) 90 degree angle
with one of the polarizers. The polarizers are crossed as indicated by the white arrows
on the top right hand corner. The arrow, n, demonstrates rubbing direction of the planar
cell. (e) Schematic representation of nematic LC alignment in cells with homogeneous and
homeotropic boundary conditions. Top view of the molecular orientation of LC (right). (f)
The dark image arises from the homeotropic alignment cell and crossed polarizers.

3.3 Liquid crystal cell alignment
In general, LC applications have a certain control or a feasible technique to apply surface
alignment layers for controlling a pretilt of LC molecules without applying external electric
field. The main aspect in the surface alignment is the interactions between the surface and
LC molecules.
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3.3.1 Rubbing technique for planar alignment
Mechanical rubbing of the surface coating is the simplest method for creating physical
properties of anisotropy surface. This anisotropy surface creates certain alignment for LC
molecules via contact. According to the rubbing method, the surface of the glass slides is
simply rubbed uni-directionally by special type of cloth. A glass slide needs to be slid on
a rubbing cloth at a constant speed. Applying constant rubbing force is also an important
factor for producing better LC planar alignment. Commonly, the glass slide is coated by
alignment material such as polyvinyl alcohol (PVA) before carrying out the rubbing pro-
cess. The LC molecules on the glass slides prefer to be oriented parallel to the rubbing
direction, which is modified as planar aligned LC sample, in order to minimize the surface
free energy.

3.3.2 Chemical technique for homeotropic alignment
LC alignment can be created by depositing surface coupling agents on top of the glass slide
or by mixing the agents with liquid crystal material. The main mechanisms of this method
are dealing with steric forces and polar interactions. The main components of surface
coupling agents have two parts, where one is hydrophilic and the other is hydrophobic.
Surface coupling agent gives either homeotropic or planar alignment depending on their
specific properties. For example, cetyltrimethylammonium bromide (CTAB), which has
some polyimides with alkyl chains, is often used for producing homeotropic alignment.

3.4 Forming nanoparticle microcapsules
Mesogen functionalized semiconductor nanoparticles, 620 nm CdSe/ZnS quantum dots
(NN Lab) and 5 nm diameter gold nanoparticles (Nanopartz) were added to a nematic
liquid crystal (NLC) 4-cyano-4’-pentylbiphenyl (5CB, Sigma Aldrich). The mixture was
then sonicated in a 40 0C bath for several hours in an Eppendorf tube. This is allowing the
NLC to remain in the isotropic phase while the solvent, chloroform or toluene, in which
the nanoparticles (NPs) were suspended during functionalization and gradually evaporated
from the NLC. Solvent removal was verified by measuring the nematic-to-isotropic phase-
transition point using a differential scanning calorimetry (DSC). We placed a microscope
LC-NP mixture slide on a 40 0C maintained hot-stage and verify the sample slide condition
that has a great initial dispersion by using a microscope equipped with a CCD camera.
After achieving a homogeneous dispersion, the mixture was deposited onto a microscope
slide mounted on a temperature-controlled hot-stage and sandwiched with a cover slip.
All slide and cover clip surfaces were pre-treated with cetyltrimetylammonium bromide
(CTAB) or polyvinyl alcohol (PVA) to encourage homeotropic or planar alignment of the
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NLC molecules. NP microcapsules were formed by cooling the NLC-NP mixture into the
nematic phase.

3.5 Topological defects of a nematic liquid crystal around
spherical objects

When particles exist in NLC media, NLC mediate elastic force between the particles [70].
LC molecules align along the particles and at the same time these molecules need to be ho-
mogeneously oriented with the LC molecules directed by their alignment layer. This con-
flict condition causes frustration for the LC molecules around the particles. LC molecules
around the particles face their inabilities to fill the space with a uniform alignment. As
a result, it causes a strong elastic distortion of the nematic LC around the particle. This
distortion can be observed under a polarizing microscopy.

For example, we are often viewed two different symmetries of the surrounding NLC for
normal (homeotropic) surface-anchoring conditions on the spherical shaped objects. The
first one is the dipole (Figure 3.3 (a-c)) and the second is the quadrupole topological defects
(Figure 3.3 (d-f)).

(a) (b)

(d) (e)

(c)

(f)

Figure 3.3: A silica microsphere image, treated so as to align the LC molecules perpen-
dicular to its surface, appears in the form of either a dipole (a) or a quadrupole (d) without
any polarizers. The small dot in (a) is the hedgehog topological defect. The ring, visible in
(d), is the Saturn ring. The images in (b) and (e) are taken using crossed polarizers and the
red (lambda) plate. (c,f) A schematic of the director-field distribution. (Reproduced from
reference [71] with permission from the Royal Society.)
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Similarly, the bipolar (Figure 3.4 (a-c)) and radial (Figure 3.4 (d-f)) configuration is
observed most frequently and results from a planar (parallel) surface anchoring condition.
These four different topological defects are produced around the spherical objects in NLC
media based on the combination of alignment layer types, surface anchoring conditions,
and LC elastic forces. Each colloidal particle is covered with elastically distorted NLC
molecules. Changing the separation between the colloidal particles induces the changing
the magnitude of elastic distortion since the elastic free energy of a pair colloidal particle
relies on their separation.

Additionally, the changing the magnitude of elastic distortion is influenced by tempera-
ture since the force is on thermodynamic systems. Moreover, the large elastic force values
between colloidal particles in NLC were reported. For instance, 2 to 4 µm colloidal par-
ticles’ potential elastic energy was 2 000 kBT per particle [73]. Compared with the van
dar Waals pair interaction in water for 2 µm particle, 1 kBT [74], the elastic energy had
2000 times more energy. Hence, each LC molecule around spherical objects helps mini-
mizing elastic free energy by changing their molecular orientation, which we can observe
as different topological defect patterns.

(a) (b)

(d) (e)

(c)

(f)

Figure 3.4: Bright-field (a,d) and cross-polarized (b,e) images of an LC droplet in water.
The red arrows indicate boojums at the surface of the droplet. (c) Schematic illustration
of the bipolar configuration of the LC droplet corresponding to (a) and (b). (f) Schematic
demonstration of the radial configuration of the LC droplet corresponding to (d) and (e).
(Reproduced from reference [72] with permission from the American Association for the
Advancement of Science.)
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3.6 Fluorescence microscopy
Fluorescent microscopy is often used to visualize specific characteristics of small spec-
imens such as micron-sized crystals and microbes. These specimens need to fluoresce,
absorbing incident beam and re-radiating light, when we image of them. Special dyes
called fluorophores, which contain a fluorescent chemical compound, can label tissue com-
ponents like bacteria, microtubules, antibody and even DNA. When these fluorescently
labeled specimens are excited by specific wavelengths of light, they emit light at a longer
wavelength. Fluorescence microscopy has used in many different fields, such as biology,
physics, material sciences, engineering, and medical sciences, since information provided
by a fluorescence microscopy is not able to be produced by traditional optical microscopy.
Fluorescence has helped to identify specific cells, micron-sized cellular components, even
a single molecule with a high accuracy [75]. The basic principle of a fluorescence mi-
croscopy is illustrated in Figure 3.5. The incident excitation light with specific wavelength
reflects from the surface of a dichroic mirror through the microscope objective, and then
reaches the specimen. The specimen absorbs the incident light, and the fluorescence emis-
sion from the specimen passes back through the dichroic mirror, and incident light or white
light is filtered this time by an emission filter, which blocks unwanted wavelengths, before
reaching the detector.

c

vv vcc

Light source

Filter

Filter Dichroic 
mirror

Specimen

Objective

Figure 3.5: Fluorescence microscopy. Light pathways for typical upright fluorescence
microscopes.
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When we use a fluorescence microscopy, we need to aware of its disadvantage. The
microscopes has excitation light that can be much brighter than the emission light, some-
times by the order of a hundred thousand times. This means that the excitation light may
interfere with the emission light when the fluorescent specimen are located at extremely
dark background, thus our observation of the sample objects will be affected. Additionally,
the strong excitation light may cause photobleaching, which is defined as the irreversible
decomposition of the fluorescent molecules due to their interaction with molecular oxygen
before emission [75]. To minimize these disadvantages, we need to check the power of the
incident light or adjust exposure time length before we image our samples.

3.7 Confocal microscopy
Confocal microscopy is based on the principle that all light has to pass through a pinhole
before it reaches the detector. The idea behind this obstacle in the detection path was to
create a small and very well defined detection volume. Confocal microscopy, developed by
Marvin Minsky in 1955, overcomes some of the limitations that fluorescence microscopy
has. The important advantages of this type of microscopy are the elimination of out-of-
focus point illumination, and the ability to create observations from thick specimens. The
confocal microscopy images are very high quality, fine detail, and more contrast than in
regular microscope methods. Also, confocal microscopy can be used for in vivo imaging,
and the images can be reconstructed to a virtual 3D image of the specimen [76]. The prin-
cipal light pathway applied in most modern confocal microscopes used for fluorescence
imaging is presented in Figure 3.6. The green lines represent the light path of the excita-
tion light emitted by a laser excitation source. After passing through the pinhole aperture,
the excitation ray is reflected by the dichroic mirror and then it is focused though the micro-
scope objective at the desired focal plane (gray lines) in the specimen. The emission light
represented by the red lines is collected by the same objective lens, and then go through
the second pinhole aperture. The second pinhole allows only for the emission light from
the desired focal point. In fluorescence microscopy, an emission area from the specimen is
illuminated, which means there are no guaranteed that only the region of interest is focus
when you image [77]. For instance, fluorescence microscopy can cause problems in the
analysis of specimens that have a thickness about 2 µm or more [78]. The confocal mi-
croscopy provides a solution to this issue by excluding the out-of-focus emission light that
exists in fluorescently labeled thick samples. A laser beam is focused by the objective lens
to produce a spot on the sample and create the images. The images produced from scanning
the specimen with a focused beam of light are called optical sections. Using this technique
provides that the microscope can collect more images such as images of living specimens
with 3D data. The image data demonstrates the huge advantages for living tissues or any
biological specimens.
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Figure 3.6: Principal light pathways in confocal microscopy.

3.8 Fluorescent molecules and quantum dots
Fluorescent molecules, such as fluorophores or dyes, have distinct excitation, absorption,
and emission spectra [79]. Absorption spectra indicate the amount of absorption of inci-
dent light as a function of wavelength while emission spectra represents the fluorescence
intensity measured as a function of wavelength. Excitation spectrum is the fluorescence de-
tection wavelength. A fluorescent molecule can exist in a variety of energetic states, which
are determined by its electron configurations and vibrational agitation. If a photon with
sufficient energy is absorbed by a fluorescent molecule, the energy level of the molecule
moves from its ground state to an excited state (Figure 3.7). Fluorescence occurs when
the excited molecule returns to the ground state by releasing its energy through emission
of a photon. Since some of the energy gained during excitation is converted to heat, the
emitted photon has a lower energy than the absorbed one [79]. Therefore, the emission
wavelength of any fluorescence molecule is longer than its excitation wavelength and, thus
we can observe a different color. The difference between wavelengths of the emission and
excitation is called the Stokes shift. Figure 3.8 shows the absorption and emission spectra
of fluorescence dye, Lumogen F Red 300.
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Figure 3.7: The Jabloński energy diagram of fluorescence. The diagram illustrates the
photon absorption of short wavelength photons results in a longer wavelength fluorescence
emission.
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Figure 3.8: Spectral properties of the Lumen F Red 300 fluorescence dye: The absorption
(blue) and emission spectra (red) of the dye. Clearly, visible is the red shifted emission
peak in comparison to the excitation for each fluorophore, due to the loss of energy during
internal conversion (Stokes Shift).
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Emission peak is red shifted due to the loss of energy during vibrational relaxation,
Stokes-Shift, makes fluorescence techniques unique, such as excitation light can be effec-
tively suppressed since their emitted light can be separated from the excitation light by cor-
rect filters without significantly interfering with our desired emission signal. Most impor-
tantly, the property of fluorescence molecules is that these molecules are more chemically
reactive in their excited state. Depending on the environmental condition, they can undergo
reactions that lead to permanent damages, by which the molecules lose their capabilities to
fluoresce or develop into nonabsorbent for their excitation wavelength. Precisely, fluores-
cence molecules in the excited state may undergo chemical reactions between fluorescent
molecules and molecular oxygen, called photodynamic, permanently destroy fluorescence
and yield a free radical oxygen species that can chemically modify into other molecules
[80, 81]. The damages are called photobleaching, which reduce or lose the total intensity
of fluorescence emission light. As a result, the observation time of a fluorescence-labeled
specimen will be limited. Many factors, such as the sever molecular environment and the
high intensity of excitation light cause photodynamic reaction and lead into photobleaching
[82]. Figure 3.9, which illustrates a series of digital images captured at different time points
for a multiply-stained C2C12 myoblasts cells and fluorescence dye, Lumogen F Red 300.

200 μm 200 μm

20 μm 20 μm

(a) (b)

(c) (d)

Figure 3.9: (a,b) C2C12 cells (immortalized murine myoblast cells) were fixed and labeled
with green fluorescent protein (GFP). Image (a) shows the initial intensity of the fluo-
rophore, while image (b) shows the photobleaching that occurs after 3 minutes of constant
illumination. Similarly, (c,d) Lumogen F Red 300 fluorescence dye mixed with nematic
liquid crystal. Image (c) illustrates the initial intensity of the dye. A photobleached image
(d) was taken after 20 minutes of constant illumination.
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Photobleaching can be reduced by limiting the exposure time of fluorescence mole-
cules to illumination or by lowering the excitation energy. However, these techniques
also reduce the measurable fluorescence signal. In many cases, solutions of fluorescence
molecule or fluorophore-labeled cell suspensions can be deoxygenated, but this is not fea-
sible for living cells [83]. Perhaps the best protection against photobleaching is to limit
exposure of the fluorochrome to intense illumination, such as using neutral density fil-
ters or commercially available anti-fade reagents. Comparing with fluorophores like green
fluorescent protein (GFP) or fluorescence dyes, quantum dot (QD) nanoparticles, com-
posed of a core nanometer-sized semiconductor crystal, have excellent photo stability [84].
Their main advantages are their broader absorption and narrower emission spectra (Fig-
ure 3.10), resulting in brighter fluorescence. Figure 3.11 shows emission intensity of QDs,
used a photoluminescence measurement technique, before and after applying a 532 nm
Ti:Sapphire laser beam (Coherent Mira 900-D) at 1 mW on the QDs sample. The emission
intensity relatively stayed the same as before 60 minutes laser beam exposure.
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Figure 3.10: Spectral properties of CdSe ZnS QDs. The blue line represents absorption,
and the red line demonstrates emission spectra.
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Figure 3.11: Color-maps illustrates the intensity of drop-cast QDs on the glass slide. (a)
The map shows the initial intensity of the QDs emission, while the map (b) demonstrates
after 60 minutes of constant illumination.
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3.9 Ultraviolet-Visible spectroscopy for characterization
of metal nanoparticles

Ultraviolet-Visible (UV/Visible) spectroscopy is a technique for quantifying the extinction
of light, which is defined as the sum of absorbed and scattered light. Our sample was
placed between a light source and a photodetector, and the intensity of incident light was
measured before and after passing through the sample. Absorbance, A, is generated as a
ratio of transmitted light (Iout) to incident light (Iin) by the equation:

A = log
Iin
Iout

(3.1)

Therefore, the instrument must be baselined before acquisition to remove any background
absorbance arising from such as an empty cuvette. Our data was plotted as extinction as a
function of wavelength and the plot showed our sample’s wavelength dependent character-
istics based on their extinction spectrum.

NPs have optical properties that are depended on size, shape, concentration, and refrac-
tive index near the NP surface [85]. The optical properties make UV/Visible spectroscopy
a useful tool for identifying and characterizing materials. In our study, we used AuNPs.
AuNPs have a unique optical feature referred to as LSPR. As I mentioned in the Chapter
2, LSPR is the collective oscillation of electrons in the conduction band of AuNPs in res-
onance with a specific wavelength of incident light. LSPR of AuNPs results in a strong
absorbance band in the visible region and the absorbance was measured by UV/Visible
spectroscopy. Additionally, UV/Visible measurements were used to evaluate the function-
alization of AuNPs and AuNP-LC mixture solution. Upon binding of ligands to the AuNP
surface or adding AuNPs into liquid crystal solution, the LSPR spectrum red-shifted by a
few nanometers. This red-shift was a result of an increase in the local refractive index.

3.10 Ultraviolet-Visible spectrophotometer for
characterization of Escherichia coli suspensions

A spectrophotometer has a light source that creates specific wavelengths. The light passes
through the cuvette, is absorbed by the material in the cuvette, and is read by a detector. In a
bacteria suspension, the light scatters and the amount of light reached the detector is further
reduced by the scattering effect (Figure 3.12). This decrease in light reaching the detector
creates the illusion of an increase in sample absorbance. Generally, the wavelength of the
spectrophotometer is set to the specific wavelength of sample absorbance. For instance,
a bacterium usually absorbs light at a wavelength of 600 nm, and the amount of the light
absorption is referred to as the optical density (OD). There are several different types of
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spectrophotometers available. We used a UV/Visible spectrophotometer to measure the
concentration of Escherichia coli bacteria by measuring the sample absorption of light. We
selected the UV/Visible spectrophotometer method because the method is simple and fast.

Uninoculated 
tube

Inoculated 
broth culture

Scattered light does
not reach reflector

High

Light source

Low

Low

High

Light source

Figure 3.12: Light is scattered by bacteria in the media. A detector measures the intensity
of transmitted light and the relationship between transmitted light intensity and bacteria
concentration can then be illustrated.

Monitoring bacterial growth carefully and harvesting a culture at the right moment is
the most important step for this experiment. Bacterial growth can be described in four
stages (Figure 3.13). The first phase is lag phase, which begins when the bacteria is added
into the host media. During this phase, the population growth rate of the bacteria is slow
as the bacteria acclimate to the new environment. The second phase is the exponential
(log) phase. During the exponential phase, bacteria are reproducing at their maximum rate.
The third phase is the saturation or stationary phase. The growth rate of the bacteria slows
down significantly during this phase due to the depletion of nutrients and the accumulation
of waste products. The final phase is the decline phase. In this phase, the nutrients run
out and the bacteria die. Hence, the amount of light absorbed by the bacterial culture be-
haves differently at each phase. We used SpectraMax Plus UV/Visible spectrophotometer
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(Molecular Devices) at wavelength of 600 nm for measuring bacterial concentration at lag
and exponential phases. The harvesting of all our cultures was during the early log phase
of cell growth and these cultures were introduced in the new host media just before our
measurements. We harvested the bacteria during the exponential phase since the bacteria
were at their peak rate of growth.
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Figure 3.13: Bacterial growth curve. When bacteria are grown in a closed system, the pop-
ulation of cells exhibits the growth dynamics; cells initially adjust to the new medium, (1)
lag phase, until they can start dividing regularly by the process of binary fission, (2) expo-
nential phase. When their growth becomes limited, the cells stop dividing, (3) stationary
phase, until eventually they show loss of viability, (4) decline phase.

3.11 Small angle X-ray scattering
X-rays are electromagnetic radiation, and they have a wavelength range from 0.01 to 10
nm. The wavelength of X-rays are comparable to the size of nanoparticles, thus they can
be useful for probing structural arrangement of nanoparticles [86]. X-rays mainly interact
with electrons in nanoparticles. When X-rays collide with electrons, some of the photons
from the incident beam bounce away from their original light traveling pathway. If the
wavelength of these scattered X-rays does not change during this collision process, elastic
scattering, momentum is only transferred (not energy transferred) to the system, is created.
These are the X-rays measured in our small angle X-ray scattering measurement, as the
scattered X-rays transferred the information about the electron distribution in our material.
If the nanoparticles are arranged in order periodically, the scattered wave then shows sharp
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interface peaks with the some symmetry. Oppositely, if the nanoparticles are arranged
randomly, the scattered wave produces broad symmetrical peaks as in the distribution of
nanoparticles. Hence, measuring the scattering pattern helps us to understand the distribu-
tion of the nanoparticle arrangements in our material. X-ray scattered from nanoparticles
creates a diffracted beam, and the beam behavior can be explained by using the Bragg
equation that defines the angle of diffraction θ of radiation of wavelength λ for a separation
of particle distance d:

mλ = 2d sin θ (3.2)

where m is the order of diffraction, λ represents the wavelength of X-ray, and θ signifies
the X-ray scattering angle. Similarly, the behavior of the scattered wave can be explained
as following. If a nanoparticle at a position vector

−→
R the wave is scattered in the direction

of wave vector. In addition,
−→
ks is phase shifted by −→q · −→R with respect to the incident wave

(figure 3.14). In this case, −→q is the scattering vector and related to the scattering angle 2 θ
via

−→q =
−→
ks −

−→
ko (3.3)

and the magnitude of −→q is given by the cosine rule:

−→q 2 =
−→
ko

2 −−→ks2 − 2
−→
ko ·
−→
ks cos θ (3.4)

where
−→
ko is the wave vector of magnitude 2π

λ
. For coherent elastic scattering condition,

|−→ko | = |
−→
ks | =

2πn

λ
(3.5)

ks

ko

q
ks

ko

(a) (b)

!
!

! !
!

Figure 3.14: Geometrical relationship in small angle x-ray scattering. (a) The incident
and scattered radiation have wave vector

−→
ko and

−→
ks respectively. (b) Determination of the

scattering vector −→q =
−→
ko -
−→
ks .
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where n is the refractive index of the medium, which for our case is n ≈ 1. Thus, |−→q | can
be expressed by geometry as

|−→q | = q = 2|−→ko | sin θ =
4π sin θ

λ
(3.6)

By using equation 3.5 and 3.6, average particle-particle distance is expressed as

d =
2π

q
(3.7)

Small angle x-ray scattering (SAXS) measurements were performed at the Stanford
Synchrotron Radiation Lightsource, beamline 4 – 2. The instrument was operated at 11
keV for 1 second per exposure at three spatially different points on each 1 mm quartz
capillary with a beam size of 0.3×0.1 mm at the sample.

3.12 Field emission scanning electron microscopy
(FE-SEM)

In FE-SEM, high quality, low voltage images are obtained with negligible electrical charg-
ing of samples and minimized sample damages. Generally, FE-SEM is 3 to 6 times better
than conventional SEM. FE-SEM, Zeiss Gemini SEM 500, is used to characterize our mi-
crostructures and surface morphology. Our microstructures are extracted from the liquid
crystal host and re-dispersed in chloroform. The microstructures were pipetted on indium
tin oxide (ITO) glass slides and dried the sample at 80 0C environment for 5 hours. After
determining chloroform solvent is completely evaporated, SEM analysis was done at the
operating voltage of 3 kV and 10kV and working distance of 5.5 mm for validating mor-
phology of our microstructures and arrangement of the individual NPs in the microstruc-
tures. SEM images depicted in this work are acquired using the “in-lens” detector. To
enhance image visibility minor brightness and contrast adjustments were performed by
using Zeiss Gemini SEM software.

3.13 Cell counting
There are several techniques which can be utilized in order to measure cell growth. The first
technique involves using a hemocytometer. A hemocytometer is used to count the number
of cells in a given volume. Added 1 mL of 0.05 % trypsin and 0.53 mM EDTA solution
(Thermo fisher scientific) to each cell-cultured well plate, and observed the cells under an
optical microscopy (Nikon) until cell aspect changed to round. Aspirated the majority of
the trypsin-EDTA solution and let stand for an additional 1-2 minutes, then pipetted 10
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µL of the cell suspension to hemocytometer. Our hemocytometers consist of 2 chambers,
each of which is divided into 9 squares with the dimension of 1 x 1 mm. A cover glass is
supported 0.1 mm over these squares so that the total volume over each square is 1.0 mm2 x
0.1 mm or 0.1 mm3, or 10−4 cm3. Since 1 cm3 is equivalent to 1 mL, the cell concentration
per mL will be the average count per square multiplied by 10−4. Therefore, the cell density
of our culture can be easily calculated knowing the dilution factor used to get the culture at
an appropriate density for counting. Often an exclusion dye such as trypan blue or calcein-
AM is used such that live cells can be differentiated from dead cells and the cell count
reflects only viable cells.

3.14 Discrete dipole approximation/discrete dipole
scattering simulation

In the discrete-dipole approximation (DDA), each particle is modeled as an assembly of
finite cubic elements. Each of these elements is considered the sizes smaller than or com-
parable to the wavelength of the incident radiation. Thus, we need to evaluate only dipole
interactions with the incident electric field and the induced fields in neighboring elements.
These two conditions reduces the solution of the Maxwell equations to an algebraic cal-
culation of many coupled dipole problems [87]. Each continuous assembly of the dipoles
obtains a dipole moment in response to both the external electric field and the electric fields
from neighboring dipoles. The electric field of an individual dipole can be expressed as [88,
89]:

−→
E dipole =

e
iωd
c

4πε0

[ ω2

c2d
(r̂ ×−→p )× r̂ + (

1

d3
− i2ω

cd2
)[3(r̂ · −→p )r̂ −−→p ]

]
(3.8)

where r̂ is a unit vector associated with a vector −→r represented from the dipole to the lo-
cation at which the electric field is sampled. In addition, d is the distance to the sample
location, −→p is the vector associated with the induced dipole moment, and ω is the angular
frequency of the scattered radiation. Moreover, c is the speed of light and ε0 is the per-
mittivity of free space. When we solve for the scattering characteristics of the continuous
assembly system, each dipole has an induced dipole moment,

−→
D i, which can be illustrated

as

−→
D i = αi

−→
ES (3.9)

In this case, αi is the polarizability of the material associated with the dipole element, and−→
ES is the electric field at −→ri that associated with the incident electric field,

−→
E incident,i.

−→
ES

can be expressed as a equation by using the relationship with
−→
E incident,i and

−→
Ej , where the

electric field comes from the other dipole.
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−→
ES =

−→
E incident,i +

∑

i=j,i6=j

−→
Ej (3.10)

−→
Ej also can be written by using interaction matrix, M, such as

−→
ES =

−→
E incident,i −

N∑

i=j,i6=j

Mij
−→pj (3.11)

where

Mij
−→pj = k2eikrij

(
p̂j
(−→rij × (−→rij ×−→pj )

)

r3ij

)
...

... + eikrij(1− ikrij)
(
r2ij
−→pj − 3p̂j

(−→rij(−→rij · −→pj )
)

r5ij

) (3.12)

where i = 1, 2....N , j = 1, 2....N and i 6= j. In the equation 3.12, −→rij and −→pj represent
the positions and induced dipole moments of each element, and p̂j describes the projection
along the unit vector of the dipole moment

−→
Dj . After the scattered electric field associated

with the collection of dipoles is determined, the scattering efficiencyQsca can be calculated
by applying the equation:

Qsca =
σsca
πa2

(3.13)

where
σsca =

k

|−→E incident,i|2

∫

dS

|−→E scattered(
−→r ′)r̂|2dS (3.14)

DDSCAT is a open-source Fortran-based software package applying the discrete dipole
approximation (DDA) to calculate scattering and absorption of electromagnetic waves by
metallic and dielectric nanostractures.

3.15 Finite-difference time-domain
Finite-difference time-domain (FDTD) computations involve discretization of time and
space, such as all spatial and temporal derivatives in the Maxwell curl equations

−→∇ ×−→H (−→r , t) = ε(−→r )
∂
−→
E (−→r , t)
∂t

(3.15)

and
−→∇ ×−→E (−→r , t) = −µ(−→r )

∂
−→
H (−→r , t)
∂t

(3.16)
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are replaced by finite difference quotients. The quantities −→r , t,
−→
E ,
−→
H , ε(−→r ), and µ(−→r ),−→

D ,
−→
B , are the position vector, time, electric field, magnetic field, permittivity, permeability,

electric flux densities, and magnetic flux densities respectively. The FDTD approach is to
introduce a plane wave at some initial time and find new field components by calculating
different field components that applied during the previous time interval. For example,
vector components of the electric field in the volume element are found at a given time, then
the vector components of the magnetic field in the same volume element are solved at the
next time interval. This process is kept going until the transient solution for the fields has
computed to a steady state solution. Since the FDTD method is solved in the time domain,
dispersion information must be specified more details about frequency ranges not just the
range of interest. For instance, we need to use a frequency dependent permittivity model
to approximate the permittivity of metallic structures, thus we can specify the frequency
range for our simulation. FDTD simulation use the equation [90]:

ε(ω) = ε∞ −
ω2
d

ω(ω + iγd)
− 4εΩ2

l

(ω2 − Ω2
l ) + iΓlω

(3.17)

to represent permittivity values, ε(ω) is the angular frequency of the incident radiation. Pa-
rameters; ε∞ ωd, γd,4ε, Ωl, and Γl are all constants [91]. By using FDTD method, we also
can obtain the information of optical response in the frequency domain is determined by
taking a Fourier transform of the time domain signal associated with the scattered electric
field distributions. Moreover, FDTD methods have advantages such as providing both the
near-field and far-field results from a single run.
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Chapter 4

Optical switching of nematic liquid
crystal films driven by localized surface
plasmons

In this chapter, I present an all-optical technique to control the in-plane and out-of-plane
spatial orientation of nematic liquid crystal (NLC) molecules by leveraging the highly lo-
calized electric fields (“hot spots”) produced in the near-field regime of spacial arrangement
of spherical gold nanoparticles (AuNPs). A NLC film, 2 to 3 micron thick, is deposited on
a densely packed drop-cast AuNP layer, excited with tunable optical sources and the trans-
mission of white light through it analyzed using polarization optics as a function of incident
light wavelength, excitation power and sample temperature. Our findings, supported by
simulations using discrete-dipole approximations, establish the optical switching effect to
be repeatable, reversible, spectrally-selective, operational over a broad temperature range,
including room temperature, and requiring very small on-resonance excitation power (0.7
µW). We have additionally demonstrated that controlling the incident excitation polariza-
tion can continuously change the orientation of the NLC molecules, allowing for grayscale
transmission.

4.1 Introduction
Nanoparticles (NPs) exhibit unique electronic, magnetic and optical properties arising from
quantum confinement that distinguish them from the constituent bulk materials [92]. These
properties, coupled with a wide range of composition and morphology, have made NPs
some of the most widely used materials in a variety of applications, which include op-
toelectronics, biomedicine, food processing, and renewable energy [93, 94]. A relatively
new development is the use of NPs to create adaptive, or “smart,” materials that allow re-
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configuration of shape and functionality on demand. Such achievements are rooted in the
material synthesis process where the end product needs to be robust, yet be capable of re-
sponding to external stimuli in a controllable manner. One particular thrust in this regard
is the design and fabrication of smart materials where optical or electrical excitations are
used as the primary means of external control. Another approach is combining anisotropic
soft materials with metallic nanoparticles. Electrical conductivity of this hybrid material
can be externally controlled, thus the material is useful for optoelectronic applications.

Liquid crystals (LC) are an ideal class of materials to serve as the anisotropic soft ma-
terials. They shows fluidity like a liquid, but it also demonstrates optical anisotropy like a
crystal. LC exhibit high electro-optic and thermo-optic effects based on high birefringence
and large dielectric anisotropy [95]. Additionally, LC can be controlled to exhibit phases of
interest by adjusting temperature, therefore producing material mixture with LC relatively
simple. To this end, there is a large body of work utilizing metallic nanoparticles dispersed
in LC materials. The initial metallic nanoparticle solubility studies and dispersions in LC
materials were conducted using AuNPs [96–99] and while these have now broadened in
scope to include other types of NPs [100, 101], the study of AuNPs in LC continue to
unearth exciting phenomena. These include the formation of LC phase transition driven
ordered assemblies of AuNPs [102, 103] and stripe formation in nematic LC doped with
chiral ligand-capped AuNPs [104].

From a functional perspective, LCs are a compatible and unique host for AuNPs, since
the refractive index of the electro-optically active LC host can be controllably altered by
many external parameters, such as temperature, light, and electric field to tune the local-
ized surface plasmon resonance (LSPR) of the AuNPs dispersed within. This aspect has
made LCs the ideal materials for designing novel active smart plasmonic devices that are
easily reconfigurable in situ, where typically an external electric field is used to drive the
LC orientational changes, which, in turn, tune the LSPR [105–108]. LSPRs are the local-
ized versions of surface plasmon polaritons (SPPs). While SPP are propagating oscilla-
tions of the conduction electrons at a metal film-dielectric interface, LSPRs are observed in
metallic NPs. At specific frequencies of an incident time-varying electric field, NPs exhibit
resonantly-enhanced scattering and absorption in the near-field regime. The resonance con-
dition is set by a specific relation between the frequency-dependent NP permittivity and
the dielectric constant of the surrounding medium, known as Frohlich’s condition [109].
In an ensemble of densely packed NPs, in the limit d � λ, where d is the interparticle
separation and λ the wavelength of the incident field, the NPs act like interacting dipoles
and far-field scattering is strongly suppressed. The results are highly localized scattered
fields in the space between the NPs, creating what are popularly known as “hot spots.”
This phenomenon is widely exploited in well-known optical detention techniques such as
SERS (Surface Enhanced Raman Scattering) [110] and MEF (Metal Enhanced Fluores-
cence) [104].

When the NPs are dispersed in LC medium, altering the LC molecules spatial orien-
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tation using applied electric fields [104–107], thermal gradients [111–113] or optical ex-
citations [114, 115] change the birefringence of the host, which in turn vary the medium
permittivity. This provides a straightforward means of changing the Fröhlich’s condition to
tune the localized surface plasmon frequency of the NPs. Among these, the use of optical
excitation as the controlling parameter offers several advantages, such as simpler device
design without the need for specialized conducting substrates or wiring, spectral selectivity
based on the size, shape and composition of the NPs, high spatial resolution. However,
in order to control LC orientation using light, the usual approach is to include either a
photo-responsive LC host, one that severely narrows the range of usable materials, or in-
clude a separate photo-active dye or polymer layer, again complicating the device design.
In these proceedings, we will describe our work in designing an all-optical method for LC
re-orientation that overcomes all the limitations mentioned above.

Our approach differs from the work on active plasmonics mentioned earlier as we lever-
age the plasmon response to optical excitation to control LC orientation, instead of the
other way around. Our samples consist of a layer of closely-packed 30 nm AuNPs, with
a 2-3 µm NLC film deposited on it. When these are excited with light resonant with the
LSPR frequency of the AuNP ensemble, the electric field generated in the near-field of the
AuNPs bring about a re-orientation of the NLC molecules in their immediate vicinity from
the homeotropic to the planar state. This effect rapidly transmits through the entire NLC
film, switching the bulk directionality. As expected, this effect is spectrally selective, re-
sponding to light of wavelengths within the LSPR absorption band. It operates over a wide
temperature range starting at room temperature down to several degrees below the nematic-
isotropic transition point. With low threshold power, is robust and stable. Additionally, by
controlling the polarization of the incident driving excitation, we can extend this driving
mechanism for in-plane switching as well.

4.2 Sample design and experimental set-up
Our device consists of a clover slip with the drop cast layer [116]. 10 µL of citrate-ligated
30 nm AuNPs (Sigma Aldrich) is deposited onto the surface of the uncoated glass slides.
The solvent is allowed to evaporate for 10 h to form an AuNP layer, after which 5 µL of
liquid crystal, 4-cyano-4’-pentylbiphenyl (5CB, Sigma Aldrich), in the isotropic phase is
deposited onto a clean standard glass slide and covered with the AuNP layered cover slip.
The LC between the glass slides is rapidly cooled from isotropic to nematic phase. As a
result, a 2-3 µm thick NLC film is produced. No additional alignment layer is included to
orient the 5CB molecules as the AuNPs are expected to promote a homeotropic alignment.
As prepared, the NLC molecules show, on average, homeotropic alignment, orienting per-
pendicular to the surfaces. Extinction spectra for our samples are taken using a PerkinElmer
UV/VIS spectrophotometer. This sample is placed between crossed polarizers of a Leica
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DM2500P upright polarized optical microscope (POM) for collecting transmission images
as shown in Figure 4.1. The broadband white light is incident from the bottom while the
optical driving excitation (shown as a green beam) is focused from the top. This green
excitation has a spectral range covering 520-550 nm.

Glass Slide

White 
Light

Cover Slip

Incident 
Beam

AuNPsNematic 
LC

Polarizer

Polarizer

Figure 4.1: Device geometry. The white light beam is used to investigate the transmission
through the sample, while he green incident beam is the optical driving excitation. In this
schematic the NLC molecules do not demonstrate any overall alignment. (Reproduced by
permission of c©2015 the Society of Photo-Optical Instrumentation Engineers.)

For quantitative measurements such as additional temperature, power and wavelength
dependence of the switching effect, we use custom-designed optical set-up as shown in Fig-
ure 4.2 with two excitation sources: a continuous wave diode laser tuned to 532 nm (Verdi
V6, Coherent Inc.) and a tunable (700-1000 nm) Ti:Sapphire laser (MIRA 900, Coherent
inc.). A tungsten halogen lamp (HL-2000, Ocean Optics) is used as the broadband white
light detection source. The excitation and white light beams are focused onto the sample,
which is mounted on a heating stage (Instec Inc.) attached to a 3D mechanized scanning
stage. Crossed polarizers, half wave-plates and silicon amplified photo detectors are incor-
porated in the path for transmission and in-plane rotation measurements. The two linear
polarizers here mimic the cross polarization configuration of the POM (Figure 4.2). The
white light first goes through a neutral density filter, one of the linear polarizers and a 50/50
beam splitter before passing through the sample. Following that, it is analyzed through the
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second linear polarizer and the transmitted intensity is measured by the photo diode at the
end. The drive incident beam at 532 nm is from a diode laser and joins the white light
through the 50/50 beam splitter from the side, going through the sample and then a band
stop filter to ensure it does not contribute to the final transmission signal (Figure 4.2). For
control measurements with off-resonant excitation we use a Ti:Sapphire laser with a tuning
range of 700-970 nm. In later stages for in-plane switching, additional polarization optics
are introduced in the incident beam path, and these will be discussed later in Figure 4.9.

Incident Beam

AuNPs

5CB

Polarizer

Linear 
Polarizer

Linear 
Polarizer

FilterFilter

50/50 
Beam 

Splitter

SamplePhoto 
Diode

White 
LightLens

Incident 
Beam

Figure 4.2: Schematic of optical set-up. (Reproduced by permission of c©2015 the Society
of Photo-Optical Instrumentation Engineers.)

4.3 Results
Figure 4.3 summarizes our results demonstrating the out-of-plane switching. The AuNP
layer promotes homeotropic surface anchoring and therefore 5CB molecules orient per-
pendicular to the glass slides as shown in the schematic in Figure 4.3 (a). Under crossed
polarizers in the POM, the transmission image taken with only the white light appears dark
(Figure 4.3 (c, left)) and we denote this as the “Off ” state. When the sample is illuminated
with an additional beam of wavelength in 520-550 nm range, as shown in Figure 4.3 (b),
the transmission of white light is now much higher. The corresponding image (Figure 4.3
(c, center)) is bright over large regions, indicating that the LC molecules have re-oriented in
the plane of the sample. This is designated as the “On” state. This spectral band is chosen
as it is inclusive of the LSPR peak for 30 nm AuNP, verified in Figure 4.3 (a). As soon as
the second excitation is turned off, the transmission reverts back to the initial dark image
(Figure 4.3 (c, right)) and the sample is again in the “Off ” state. The results so far clearly
demonstrate a switching effect driven by the excitation light. We turn our attention next
to understanding and quantifying this effect in order to optimize it and apply it to boarder
scenarios.
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(a) (b)

(c)

Figure 4.3: Schematic of experimental set-up demonstrating (a) “Off ” configuration with
only white light beam, and (b) “On” configuration with white light and resonant excitation
beam. (c) Series of POM images of LC sample at 30 0C starting with resonant beam off,
then turned on and then off again. (Reproduced by permission of c©2015 The Optical
Society of America.)

Figure 4.4 (a) compares the extinction (scattering and absorption) spectra of our AuNPs
when suspended in the citrate buffer (blue) and in 5CB (red). Typically, 30 nm AuNPs
show an LSPR peak centered around 525 nm, but in the presence of the NLC material,
the peak red-shifts to 532 nm, as is expected from the Frohlich’s condition that increase in
surrounding refractive index (permittivity) causes the resonance to move to longer wave-
lengths. Figure 4.4 (b) is a plot of the variation of white light transmission voltage with
time, as measured by a photo-detector when excitations are turned on and off (dashed lines).
For excitation (left axis) with 10 µW of λ = 532 nm light, the transmission goes from zero
to a few volts on the photodiode when the light is turned on and then reverts to zero when
turned off. In comparison, the use of 750 nm drive excitation does not result in any such
change in transmission, confirming the spectral-selectivity of our method. This data makes
an additional point, which is that for the on-resonance excitation of 532 nm, as long as the
light is incident and the sample is in the “ON” state, the transmission is quite invariant with
time, demonstrating stability of the re-oriented state. We have increased this time period
up to 30 minutes and not observed any instabilities. We have confirmed this result using
POM images over a period of many minutes.
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Figure 4.4: (a) Extinction spectra of 30 nm AuNPs suspended in its buffer solvent (blue)
and in 5CB (red). (b) Transmission of white light as measured by photo-detector for reso-
nant (blue squares) and non-resonant (black circles) excitation. Dashed line indicates when
the excitation light is turned on and off. (Reproduced by permission of c©2015 The Optical
Society of America.)

Based on this result, it is clear that an excitation in the green visible spectrum will result
in strong near-field amplification, and this effect is seen in simulation in Figure 4.5 (a). It
is a 5×3 array of 30 nm AuNPs arranged in hexagonal close-packed configuration in the
x-z plane. The light of wavelength λ = 532 nm is incident normal to the plane and linearly
polarized along the z-axis. The simulation uses a discrete dipole approximation package
(nanoDDSCAT) [117] to calculate the near field scattering intensity and a normalized plot
of the outcome shows the development of “hot-spots” in the interstitial regions between the
AuNPs.

0

Isc (norm.) 
1

λ= 532 nm λ= 750 nm

z

y

(a) (b)

Figure 4.5: Near-field simulations of scattered electric field intensity when incident exci-
tation is (a) resonant (532 nm) and (b) non-resonant (750 nm) with the AuNP extinction
peak in Figure 4.4 (a). The incident light is incident along the y-axis and polarized along
the z-axis. (Reproduced by permission of c©2015 The Optical Society of America.)
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By comparison, scattering is strongly suppressed when this ensemble is excited with
λ = 750 nm light (Figure 4.5 (b)) at the same average power and the lack of this resonant
scattering results in no transmission change in Figure 4.4 (b). Establishing the wavelength
selectivity of LC re-orientation is an important component, as it confirms that the origin of
the observed switching is not associated with purely thermal effects of optical excitation.
However, to further investigate the possibility of heating, we map the transmission in the
“on” state with incident power and sample temperature in Figure 4.6 (a) for λ = 532 nm
excitation.

Temperature is varied from 27 0C to 31 0C, to ensure 5CB is in the nematic state (N - I
transition occurs at 35 0C) and incident power is varied from 0.7-86 µW at each tempera-
ture.
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Figure 4.6: (a) Transmission in “on” mode mapped out as functions of resonant excita-
tion intensity and sample temperature. (b) Transmission varying with temperature for two
different excitation intensities, derived from line cuts along arrows shown in (a), (c) trans-
mission changing with intensity at two different temperatures. Arrows in (a) show positions
of line-cuts. Dashed lines in (c) indicate intensity where linear behaviour is disrupted. (Re-
produced by permission of c©2015 The Optical Society of America.)
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At first glance, it seems as if the total transmission intensity increases strongly with
incident power, but is actually independent of temperature. Line cuts along fixed power
in Figure 4.6 (b) confirms that while at low powers transmission is truly temperature inde-
pendent at higher powers there is an increase in transmission intensity by ∼ 28% over the
measured temperature range. Similar data at 27.5 0C and 30.50C in Figure 4.6 (c) show
that the power dependence of transmission intensity demonstrates linear behavior up to ∼
50 µW, followed by a steep three-fold increase at higher powers for both temperatures.
This indicates that incident power greater than 50 µW does cause local perturbations, most
likely associated with heating.

This trend is further verified in Figure 4.7, where we plot transmission and associated
switching time-scales with a variety of experimental conditions.
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Figure 4.7: (a) Transmission measured as a function of time at different incident power
and (b) Rise times extracted from fits to curves in (a) as a function of power. (c) Sample
transmission measured at different temperatures and (d) the associated rise times. The
AuNPs are drop-casted on only the cover slip. Time = 0 s denotes when resonant excitation
is switched on. (Reproduced by permission of c©2015 The Optical Society of America and
Society of Photo-Optical Instrumentation Engineers.)
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In Figure 4.7 (c) we measure the transmissions at different temperatures with a constant
on-resonance incident excitation power of 22 µW. The excitation is switched on at “0 s”
and the change in transmission monitored continuously. All measurements are restricted
to temperatures well below the nematic-isotropic transition of 350C. As the temperature
is increased, we see both a faster switching and a higher transmission after switching,
indicating higher spatial uniformity of NLC molecules post-realignment. However, the
total variation of final transmission values is only 20 % over the entire temperature range,
which leads us to conclude that thermal fluctuations do not play a dominant role in this
process. Incident excitation power has a different effect, as seen in Figure 4.7 (a), with the
transmission changing almost linearly with power up to 22 µW, and then increasing much
more sharply. This non-linearity is undoubtedly a result of plasmonic heating due to high
intensity of the excitation, a common consequence in metallic NPs. Figure 4.7 (b) and (d)
are the characteristic rise times, τ , extracted from fits to the curves in Figure 4.7 (a) and
(c).

As expected, the times get shorter and switching gets more rapid with increasing tem-
perature and power. Yet even the fastest τ is much slower than the typical switching times
achieved in NLC, which are in the millisecond range [118, 119]. However, our samples ex-
hibit slightly longer times, between 1.5-3 s. This slow response is not entirely unexpected,
given the geometry of our samples, where there is a large contrast between the thicknesses
of the AuNP layer and the LC film. The AuNPs typically form a monolayer, though AFM
measurements have shown occasional formation of up to four multilayers in certain regions,
which account for the non-uniformity observed in Figure 4.3 (c). The plasmonic field gen-
erated by these AuNPs falls of exponentially over a depth of few tens of nm, which means
only a few layers of LC molecules are under the direct influence of the scattered electric
field. The time τ we measure and plot in Figure 4.7 is therefore the time for the elastic de-
formation of those few LC molecules to propagate through the remaining 2-3 µm thick LC
film. As temperature or power increases, additional thermal fluctuations decrease the total
time for the entire sample to re-orient by weakening anchoring conditions. These response
times can be significantly increased by the use of thinner LC films, different LC materials
optimized for display applications and AuNPs with morphologies tailored for plasmonic
applications, such as nanorods, nanoprisms and bow-tie structures.

To mitigate this effect, we re-designed our sample with AuNPs deposited on both the
cover slip and the glass slide. The results of switching speeds from those are shown in
Figure 4.8. We label these the “double-sided” samples and notice right away that the trans-
mission is higher and faster. The switching persists down to room temperature and fits
from the curves in Figure 4.8 (a), resulting in switching times that are as fast as hundreds
of milliseconds at higher temperatures (Figure 4.8 (b)). While still slower than typical time-
scales, this is an encouraging sign that tweaking the sample design can potentially improve
this parameter vastly.
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Figure 4.8: (a) Sample transmission measured at different temperatures for the re-designed
samples. (b) Rise times extracted from fits to curves in (b) as a function of temperature. The
AuNPs are drop-casted on both the cover slip and the glass slide. Time = 0 s denotes when
resonant excitation is switched on. (Reproduced by permission of c©2015 The Optical
Society of America.)

The dipole-like behavior of metallic NPs under plasmonic excitation implies that the
ensemble has the usual anisotropic pattern of the near-field electric field commonly asso-
ciated with dipole scattering and this directionality is determined by the incident field. We
apply this to design an in-plane re-orientation platform. In-plane switching is an important
functionality for LC molecules, especially in the context of pixel design because instead of
a black-or-white output, this mode allows for gray scale control [120].

In our in-plane LC re-orientation platform, following the coordinates in Figure 4.9,
θ = 00 excitation creates hot spots only in the vertical interstitial regions but when the
polarization is rotated by 450 there will be highly localized high intensity regions in the
lateral inter-particle gaps as well. The two cases thus result in different orientation of the
LC molecules in the plane of the sample. We leverage this effect to control the in-plane LC
directionality in addition to switching from homeotropic to planar.

Figure 4.9 is a schematic of the optical set-up designed to continuously vary the linear
polarization of the resonant excitation. Incident along the z-axis, the light first passes
through a linear polarizer followed by a half wave plate and a liquid crystal variable wave
plate. These last two polarization optics allow us to control the polarization of the light
passing through them by externally controlling the birefringence of the variable wave plate.
The transmission intensity detected by the photo detector beyond the sample is that of white
light that passes through two crossed-polarizers (aligned along θ = 00 and 900).
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Figure 4.9: Optical set-up for rotating incident electric field polarization. Resonant excita-
tion is incident to the sample along the z-axis and the sample is mounted in the x-y plane.
(Reproduced by permission of c©2015 The Optical Society of America.)

In this arrangement, an applied AC voltage to a suitable calibrated variable wave plate
allows us to continuously vary the angle of the incident linear polarization in the x-y plane.
We denote this angle θ as measured from the vertically aligned x-axis in the schematic. We
note that the white light used to measure the transmission is not subjected to this, and the
crossed polarizers are also not altered. The measurement progresses in exactly the same
manner as earlier.

Figure 4.10 shows simulations that depict our hypothesis for in-plane switching.

(a) (b)

Figure 4.10: Simulations of the near-field plasmonic scattering when the incident polariza-
tion is (a) θ = 00 and (b) θ = −450. (Figures reproduced with permission from the Optical
Society of America.)
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Figure 4.10 (a) is a simulation of the plasmonic field under conditions identical to
Figure 4.5 (a), with light incident perpendicular to the plane of the AuNP array and the
white arrow designating the linear polarization. In keeping with the coordinate system in
Figure 4.9, we call this θ = 00. Figure 4.10 (b) shows the same array, but the incident
polarization is now θ = - 450. Comparing the two, we can clearly see a change in the
pattern of the “hot-spots,” and it follows that the NLC molecules would respond with altered
director axis if the incident polarization is varied.

In Figure 4.11, we plot the experimental results of the measurement. At the very start
of the measurement prior to any exposure to the driving excitation, the NLC molecules are
homeotropically aligned. We begin with the incident light polarized at θ = 00, a direction
which is orthogonal to one of the crossed polarizers used for analysis of the transmission.
Resultantly, as the NLC molecules switch from out-of-plane to in-plane, their average ori-
entation is also along θ = 00, and the transmission measured by the photodiode is nil. Next,
keeping the sample planar aligned and without reversing to homeotropic, we change the
polarization of the green light. As θ increases, so does the transmission, which is then
maximized at θ = 450, falling off after that to repeat the pattern symmetrically as we tune
through 1800. We can fit the data to the well known I = I0sin

2θ curve. This is a significant
result, as it not only validates our understanding that optically induced plasmonic fields are
the controlling factors behind the re-orientation, but in-plane switching is itself a useful
tool in the development of complex display platforms.

As the plot in Figure 4.11 affirms, the transmission through the sample is no longer
limited to a binary state of complete darkness or brightness, but as directed by the incident
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Figure 4.11: Transmission of white light from the sample measured as a function of incident
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2θ. (Reproduced by permission of c©2015 The
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polarization, can continuously vary between the extremes to produce a gray scale effect.

4.4 Discussion
Our results definitively demonstrate re-orientation of NLC molecules from out-of-plane
(homeotropic) to in-plane (planar) alignment. In this particular case, the samples are irra-
diated with optical excitation with wavelength that lie in the LSPR absorption band of the
AuNP layer deposited on the surfaces sandwiching the liquid crystalline film. This effect is
stable and reversible. We can disregard thermal effects associated with the excitation beam
itself from the results of Figure 4.4 (b) for two reasons: Firstly, if the incident light was
merely heating the samples, the NLC would transition to the isotropic phase, in which case
the transmission would remain dark as that does not cause an in-plane alignment; Secondly,
this effect would not be spectrally selective. There is, however, another thermal mechanism
that could come into play when plasmonics is involved, and that is heat generated by the
NPs themselves as a result of the strong absorption at the LSPR peak [121]. This effect is
spectrally-selective, falling off rapidly as the excitation moves away from the LSPR value.
Additionally, at high excitation powers, simulations have shown that AuNPs can gener-
ate localized temperature gradients as large as tens of Celsius. To determine how large
a role plasmonic heating plays, we estimate the maximum temperature change following
formulation in reference [121] for our highest excitation intensity (86 µW) to be ∼ 0.10C.
This is an approximation, and our densely packed film has the possibly to develop larger
thermal gradients. Such outcomes are unlikely to be large enough to be the cause of the
observed re-orientation. We can therefore conclude that the main driving mechanism is the
localized electric fields generated by the AuNPs that bring about the NLC switching, with
some assistance from the plasmonic heating, which probably weakens the anchoring of the
NLC molecules. This last part most likely is the reason behind the faster switching with
increasing power observed in Figure 4.7 (b).

The homeotropic-to-planar re-orientation is a natural consequence of the polarization
of the incident excitation. The driving optical beam is always polarized in the plane of
the samples, and the plasmonic field follows the same directionality. As a result, the
homeotropic NLC molecules right next to the AuNP layers see an electric field perpen-
dicular to their orientation, and switch in that direction. It therefore follows from this
construct that the director axis of the NLC molecules should always align with the incident
polarization. We apply this to design an in-plane re-orientation platform. We have success-
fully demonstrated that we can direct the in-plane orientation of the LC molecules as well,
by modulating the incident polarization. Figure 4.11 shows this transmission voltage as a
function of the incident polarization angle θ. The variation pattern indicates the in-plane
LC orientation tracks the incident polarization exactly, showing no transmission when the
polarization is along the optical axis of either polarizers, and maximum transmission when
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θ = 450 and 1350. This is a demonstration of a new all-optical in-plane switching mode
where molecular orientation can be varied continuously, and faster than the out-of-plane
switching [119] as previously discussed. The last question that remains is estimating the
magnitude of the electric field generated in the near-field of AuNPs. We calculate our in-
cident electric field to be 5 mV/µm, which, subject to the enhancement factors, produces
fields in the range 0.05-0.25 V/µm. These values are within the order of magnitude of
threshold fields for switching of 5CB molecules in the nematic phase, and aided by local-
ized thermal fluctuations on-resonance, is sufficient to cause the switching.

4.5 Conclusion
We have presented here a method of controlling spatial orientation of LC molecules on
a macroscopic scale that exclusively utilizes optical excitation. Beginning with a simple
out-of-plane to in-plane switching, we have extended this approach to include the ability
to controllably vary the in-plane director orientation. This effect is initiated by the plas-
monic fields that develop in the near-field regime of an underlying metallic nanoparticle
layer when the NPs are excited resonantly with an incident laser, and propagates through a
micron thick NLC film via elastic deformation of the bulk. The threshold excitation power
required is as low as 0.7 µW and the out-of-plane switching time scale is in the range
of a few seconds to hundreds of milliseconds. These metrics are obtained using a fairly
simplistic sample design (Figure 4.2) and with a commonly available NLC material that
is not optimal for switching speeds. The application design and results we present here
are the first demonstration of all-optical control of liquid crystal re-orientation. This is a
significant step in the development of “smart” materials because this can be a means of fab-
ricating novel devices, such as electronic skins, smart cards, ultra-thin low power displays
and autonomous filters.

In the near future, we plan to systematically improve the performance of LSPR-driven
switching. Some of the aspects we will focus on include: first, uniform and patterned
AuNP layers, which will improve the homogeneity of the realignment of the NLC director,
eliminating defect textures seen in Figure 4.3 (c, center); second, investigate other AuNP
morphologies, particularly nanorods. Nanorods have two advantages over the spherical
NPs. They provide a strong directionality of the plasmonic scattered field as a result if their
inherent anisotropy, and this would lead to uniformity in the re-alignment, provided the
nanorods themselves have some overall directionality in the deposited layer; in addition,
they have two LSPR peaks corresponding to the short and the long axes, and these can be
leveraged to develop a two-color scheme; finally, experiment with NP surface chemistry to
tune the NLC anchoring conditions for uniform and faster switching.
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Chapter 5

Thermotropic liquid crystal mediates
assembly of nanoparticle microcapsules

In the following chapter, I depict the formation and structural characteristics of micro-scale
capsules constructed with nanoparticles. The microcapsules were composed of closely
packed nanoparticles (NPs), which constructed a wall-like thin outer-layer structure, and
stabilized by local crystallization of the customized mesogenic ligands. We used phase
transition of a liquid crystal (LC) host media as a template for assembling NP capsules.
I also introduce our mechanism and experimental observation of NP microcapsules’ for-
mation. Additionally, I discuss the average interparticle distance of quantum dot and gold
nanoparticles, located on the thin outer-layer of the microcapsules, with different types of
customized mesogenic ligands. Our study shows that interparticle packing space can be
tuned to vary flexible attachment of alkyl chain lengths in mesogenic ligands. Moreover,
our assembly method can be extended to different type of NPs, such as metallic, magnetic,
semiconducting, and dielectric. This thermally and fluid-based nanoparticle-sorting pro-
cess represents a versatile self-assemble method for making 3D capsule-like NP structures.

5.1 Introduction
Materials with three-dimensional (3D) structures, such as nano- or micro-lattices, are high
interest research topic in modern science and engineering [122]. Materials with 3D shape
may bring evolutional change for material properties and functionalities in wide variety of
applications, such as biomedical devices [123], microfiltration membranes [124], microflu-
idic devices [125], high-capacity/quick-charging batteries [126]. Similarly, self-assembled
nanoparticle or nanocrystal 3D lattice structure can be useful for optical, electrical, and cat-
alytic properties that might have different characteristics from their respective bulk proper-
ties.
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Likewise, the characteristics of 3D assemblies can be turned by varying not only the
size or shape of NPs as well as the distance between them but also 3D spatial arrangement.
Therefore, self-assembly of nanoparticles has been identified as an important process where
nanoparticles in the system spontaneously organize into the ordered structures by thermo-
dynamic and other constraints [127–129]. Moreover, the different phase morphologies can
be self-assembled in the phase separation or phase transition processes in many compos-
ites based on nanocrystal polymer and nanoparticles [130, 131]. A fluid-based approach
has better chance for manufacturing self-assembled 3D micro-structures, our work focuses
on liquid crystal (LC) solution-based nanoparticle (NP) assemblies; we recently reported
the use of our customized ligands to disperse semiconductor nanoparticles, quantum dots
(QDs), in the nematic LC phase [132]. Our customized ligands were designed to be mis-
cible with the host nematic LC media. The ligands were also allowed to rotate on their
flexible alkyl side chains of their molecules for aligning with nematic host media surround-
ing the NPs. Our customized ligands attached to a NP surface and tended to align with a
nematic director of a surrounding LC [132].

Using our notable mesogenic ligands, we exploited a liquid crystal droplet templated
process and the phase dependent miscibility behavior of NPs in a nematic LC. We used
the unique process and miscibility behavior, carried on during isotropic to nematic phase
transition, to sort nanoparticles in host media and form densely-packed nanoparticle mi-
crocapsules. Our template is an excellent contribution to self-assembled 3D nanostructure
stability and tenability.

5.2 Experimental methods

5.2.1 Ligand exchange synthesis
Nanoparticles (1 nmol) were dissolved in 1 mL of chloroform. A solution of the mesogenic
ligands dissolved in chloroform (40 mmol) was added to the quantum dot solution, heated
to 40-45 0C, and stirred for 3-5 hours. The mixture was then taken off heat and left to
cool back to room temperature. 2 mL of ethyl acetate-methanol (1:1) were then added to
the ligand-exchanged nanoparticle solution and centrifuged. The precipitate was washed
two more times using a 1:1:2 solution of toluene, chloroform, and ethyl acetate-methanol
mixture. The precipitate was finally re-suspended in 1 mL chloroform.

5.2.2 Nanoparticle-liquid crystal mixture
Mesogen functionalized semiconductor nanoparticles, 620 nm CdSe/ZnS quantum dots
(NN Lab) and 5nm diameter gold nanoparticles were added to a nematic liquid crystal
(NLC) 4-cyano-4’-pentylbiphenyl (5CB, Sigma Aldrich) at the required wt %. The mix-
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ture is heated to the isotropic phase, above 35.5 0C for 5CB, and sonicated in warm-bath for
eight hours in a glass vial with the cap removed. This method allows the toluene to grad-
ually evaporate from the liquid crystal mixture as the nanoparticle (NP) are dispersed in
LC media. The complete chloroform removal was determined by measuring the nematic-
to-isotropic phase transition temperature by using differential scanning calorimetry (DSC).
The composite material could then be transferred to a microscope slide, a Eppendorf tube,
or glass capillary. NP-LC mixture was kept above the isotropic phase transition and care-
fully cooled at the desired rate for imaging and X-ray diffraction experiments.

5.2.3 Polarized and fluorescence microscopy
Polarized optical microscopy (POM) was carried out using a Leica DM2500P upright mi-
croscope in transmission mode (Leica Microsystems Inc., Bannockburn, USA) with a 20x,
40x, 63x objective. Linkam temperature controlled heating/cooling stage was used for
maintaining the optimal temperatures and controlling an accurate cooling/heating rate dur-
ing imaging. For fluorescence imaging of the quantum dot microcapsules with a peak emis-
sion at 620 nm, a 515-560 nm band-pass filter with white-light mercury lamp illumination
was used. Emission was collected using a 580 nm dichroic mirror and a 590 nm long pass
filter. Our samples were mounted on standard glass slides with cover slip, homeotropic
and planar liquid crystal alignment was achieved using a cetyltrimethylammonium Bro-
mide (CTAB) and polyvinyl alcohol (PVA) surface coating respectively. For varying size
of nanoparticle microcapsules, we controlled cooling rate on Linkham LTS350 cooling
stage when LC-AuNP mixture was cooled into the nematic phase. For instance, the fastest
cooling rate, 3 0C/s, and the slowest rate, 0.2 0C/s, were set for producing gold nanoparticle
microcapsule formation. The formation process can be carried out on a microscope slide
or Eppendorf tube.

5.2.4 Small angle x-ray scattering measurement
Small angle x-ray scattering (SAXS) measurements were performed at the Stanford Syn-
chrotron Radiation Lightsource, beamline 4 – 2. Nanoparticle-liquid crystal (NP-LC) mix-
tures were prepared at the beamline and filled into 1 mm quartz capillaries. SAXS experi-
ment were carried out 20 hrs after we prepared our samples. The capillaries were mounted
in transmission configuration using a custom chamber. Our measurements were taken at
11 keV for 1 second per exposure at three spatially different points on each capillary with a
beam size of 0.3×0.1 mm at the sample. Our data was analyzed at the beamline using the
custom Sastool software program.
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5.3 Results and discussion

5.3.1 Mechanism of shell formation by sorting nanoparticles
We designed and synthesized a series of customized ligands, exchanged onto the surface
of CdSe/ZnS core–shell QDs and AuNPs. Our customized ligands were liquid-crystalline-
like, “mesogenic”, and composed of a rigid rod-like segment with flexible-arm sections.
Generally, a flexible-arm with amine (-NH2) segment, attached to the particle surface,
controls ligand alignment with the surrounding host nematic phase media. We recently
reported QDs with our customized mesogenic ligands showed high dispersibility or misci-
bility in the anisotropic LC solvent by reducing strain on the LC surrounding the particle
[132]. These ligands also induced particle-particle short-range attraction [3].

NLC normally behaves like a liquid, being free to move and with no positional order,
however differ in the respect that the molecules tend to align with one another. Above
the nematic-to-isotropic phase transition point, the fluid behaves as a conventional liquid,
called isotropic phase. When LC in isotropic phase is cooled to the nematic transition
temperature, domains of nematic ordering nucleate and grow. During the phase transition,
any dispersed NPs in the material will respond to the local nematic order parameter and
preferentially move into the shrinking isotropic domains (Figure 5.1 (b)). This is because
the dispersed NPs reciprocate to their changing local environment and move to low elastic
free energy regions, whose locations usually has low orientational order conditions.

Isotropic

Isotropic

Nematic Nematic

Nematic

(a) (b) (c)

Figure 5.1: Formation mechanism for nanoparticle capsules. (a) Initially, nanoparticles
(gold color) are dispersed in the isotropic phase (gray), and then (b) sorting as the nematic
phase (white) nucleates and grows. During an isotropic-nematic phase transition, most
nanoparticles are segregated into isotropic droplets. The shrinking phase boundary assem-
bles our capsule formation by thickening walls of the nanoparticle capsule. (c) Schematics
of the cross-section of nanoparticle capsules constructed at the end of the isotropic-nematic
phase transition.
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The existence of NPs in the NLC phase will cost more free energy to be in that area
because the average local LC molecular orientation, called LC nematic director, deforms
to accommodate the presence of small colloidal particles. To reduce the deformation, NPs
that small enough to respond to Brownian motion need to re-locate in the domains of low
molecular order. In our case, low elastic free energy (low-molecular-order) regions denote
as at topological defects. Hence, minimizing the elastic free energy of the system, then
phase separates into LC droplets with high NP concentration (isotropic domain), and with
low NP concentration (nematic domain), which is shown in Figure 5.1. These effects are
crucial aspects in our microcapsule-formation mechanism.

5.3.2 Assembling nanoparticle microcapsules
Our mesogenic ligands contain a varying length in the alkyl amine (-NH2) side-arm, and
the side-arm attaches to the nanoparticles’ surface during ligand exchange synthesis. 0.3
wt% ligand-exchanged CdSe/ZnS quantum dots (6.2 nm core diameter, NN Labs Inc.) and
1.2 wt% AuNPs (5 nm, Nanopartz) are then dispersed into nematic liquid crystal, 5CB
(Sigma Aldrich). These NP-LC mixtures were sonicated in 40-45 0C warm bath for three
to five hours. In the sonication process, AuNP-LC mixture sample required more careful
treatment than QD-LC. Most importantly, the effect of the ultrasonic system on the stabil-
ity of AuNPs depended on the time, temperature, frequency/power of the sonicator. For
example, we observed that extended sonication time caused the aggregation of AuNPs in
LC solution. Additionally, higher temperature sonication of AuNP-LC mixture with exis-
tence of chloroform led AuNPs to trigger severe aggregations. Moreover, we noticed the
aggregation of AuNPs in the sample solution when we used higher frequency/power of the
sonicator. UV-Vis absorption spectrometer was used to investigate the particle aggregation
in LC media since the pattern of absorption lines shifts to the red when AuNPs aggregated.
Unfortunately, the aggregation of AuNPs were irreversible, thus creating homogeneous
dispersion of AuNPs in LC media must require excessive amounts of attention.

We verified an excellent initial dispersion by using fluorescence microscopy for QD-
LC mixture. After a homogeneous suspension was observed, NP microcapsule formation
was initiated by cooling the NP-LC mixture. Both QD and AuNP capsules were formed by
following the same procedure. As the NP composite mixture was cooled into the nematic
phase by controlled cooling rate from a 40 0C at 31 0C on a Linkham LTS350 cooling stage.
During the cooling process, fluorescence microscopy (Leica) was used to track QDs par-
ticle movement throughout the isotropic-nematic phase transition and therefore elucidated
the microcapsule formation process by tracking fluorescence emission from QDs particles
(Figure 5.2).
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1.2 s

0.0 s

35.5 0C 35.0 0C 34.0 0C

33.5 0C 33.0 0C 32.5 0C

32.0 0C 31.5 0C

10 µm

31.0 0C

Figure 5.2: Series of images from a high speed fluorescence video illustrating the QD
microcapsules formation process by visualizing QD NPs distribution over 1.2 seconds.
(Reproduced from reference [3] with permission from the Royal Society of Chemistry.)

Similarly, optical cross-polarized microscopy was utilized to follow the formation of
AuNP microcapsules (Figure 5.3). This is because AuNPs do not emit light like QDs.
Thus, we monitor the different intensities of the transmitted light, different effective bire-
fringence features, based on the tilt angles of the liquid crystal molecules around isotropic
domains, isotropic droplets, or our NP capsules during isotropic-nematic transition. These
unique birefringence features was also observed in every time when we assembled our QD
microcapsules. As we discussed above, before cooling the NP-LC mixture in isotropic
phase, QDs or AuNPs must be uniformly dispersed. Nematic domains started to nucle-
ate and grow when the mixture was cooled from the isotropic to nematic phase transition
temperature. The isotropic domains shrink and formed spherical shape and the shrinking
isotropic regions were disappeared at the end of the phase transition (Figure 5.3). During
the phase transition, QDs or AuNPs were separated from these expanding nematic regions
and moved into the shrinking isotropic domains. NPs at the shrinking isotropic region were
dense enough to create ligand-ligand interaction, long enough to crystallize at neighboring
ligands, and large enough area to produce a multilayered densely-packed spherical capsule-
wall before disappearing isotropic shrinkage droplets.This shrinking isotropic region varied
the size of our microcapsules. Summarizing the above results and discussion, these series
of images in Figure 5.2 show several fluorescence microscopy snapshots of the formation



CHAPTER 5. THERMOTROPIC LIQUID CRYSTAL MEDIATES ASSEMBLY OF
NANOPARTICLE MICROCAPSULES 69

process, clearly showing QDs segregation, droplet formation and wall thickening. From the
series of fluorescence images, we can monitor that the isotropic to nematic phase transition
templated QDs assemblies at the phase boundary.

35.0 0C 34.0 0C35.5 0C2 µm

33.0 0C 32.0 0C 31.0 0C

Figure 5.3: Series of images from a high speed cross-polarized video displaying the AuNP
microcapsules formation process by visualizing effective birefringence features of the liq-
uid crystal around isotropic domains, isotropic droplets, or our NP capsules. Our AuNP-LC
mixture was cooled at a constant rate 1 0C/s.

Interestingly, we observed the size of NP microcapsule can be controlled by cooling rate
of NP-LC mixture. In QD-LC mixture,∼10 µm microcapsule (Figure 5.4 (a)) and∼70 µm
(Figure 5.4 (c)) were observed at faster and slower cooling rate respectively. In AuNP-LC
mixture, the faster cooling (3 0C/s) resulted in the formation of AuNPs microcapsules with
diameter ∼1 µm (Figure 5.4 (b)). The slowest cooling rate (0.2 0C/s) produced AuNPs
microcapsules as large as 5 µm, which is shown in Figure 5.4 (d). These size differences
between QD and AuNP capsules could be caused by the differences of the particle density.
Since the velocity of the shrinking isotropic domain during the isotropic-nematic phase
transition stays the same, faster particle movement, caused by lower value of the particle
density, was able to create the larger size of the microcapsules.

Switching microscopy setting into the cross-polarized mode, we could monitor unique
birefringence characteristics of liquid crystal in surrounding area of our microcapsules.
Figure 5.4 (e) and (d) are cross-polarized image of hemeotropically aligned sample of QD
and AuNP microcapsules. The host nematic liquid crystal appeared dark because the ne-
matic director was positioned parallel with one of the crossed polarizers, indicated by the
white arrows. Most importantly, a radially contrasting birefringence pattern images at the
location of both a QD and a AuNP microcapsule implied that the mesogenic ligands were
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aligned perpendicular to the capsule surface to produce a homeotropic surface-anchoring
condition. Figure 5.4 (g) and (h) show horizontal Saturn ring (quadrupolar) defects around
both QD and AuNP capsules. The quadrupolar defect pattern indicated the outer ligands
were aligned parallel to the capsule surface, producing a planar surface-anchoring condi-
tion. In this image, the surrounding liquid crystal molecules were aligned using a polyvinyl
alcohol (PVA) alignment layer. These topological defects were visualized with optical mi-
croscopy, providing specific information on ligand organization at the surface of nanopar-
ticle microcapsules. Saturn ring defects generally appeared to exhibit planar surface an-
choring sample and radial (hedgehog) defects showed regularly in homeotropic alignment
sample. Based on these defect observations, both QD and AuNP microcapsules had very
similar spherical like structures.
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them at the shrinking interface. This behaviour is expected if
the timescale of droplet formation is faster than the timescale
required for uniform Brownian particle dispersion within the
droplet. At high concentration at the droplet inter-face, the
particles interact and pack densely, forming the solid shell.

We have qualitatively observed that by varying initial QD
concentration in the nematic host, shell size can be controlled.
Aer formation, each shell contains QDs swept up from a local
volume. At low overall LC–QD concentrations (!0.1 wt%),
micron-sized droplets form, similar to those recently reported
by our group17 – in fact on close inspection these may be very
small shells. Concentrations ranging from 0.1 to 0.5 wt% yield
well dened shells as seen in Fig. 2. Higher concentrations
produce a messier result with increasing amounts of QDs found
outside of the shell. The formation process can be carried out
on amicroscope slide or alternately will produce a large number
of shells when carried out in bulk (using a 1 ml Eppendorf
tube). Aer formation, the shells can be pipetted out or
centrifuged to concentrate at the bottom of the tube without
noticeable damage or deformation.

Fluorescence microscopy can be used to track QD organiza-
tion throughout the transition and therefore elucidate the shell
formation process (Movie S1†). Fig. 2b and c show corre-
sponding uorescence and birefringence images of a few shells.
In Fig. 2c the host nematic phase appears dark because the
nematic director n is oriented parallel with one of the crossed
polarizer directions (indicated by the white arrows). This image
highlights the birefringence of the shell interior (an area
depleted of uorescent QDs) and the topological defects
surrounding the shells. Colloidal particles with a radial ligand

distribution producing either homeotropic or planar surface
anchoring conditions create characteristic topological defects
when surrounded by the nematic phase. Such defects can be
visualized with optical microscopy, providing information on
ligand organization at the particle surface. The presence of
horizontal saturn ring defects around some shells in Fig. 2c
implies that the outer ligands are aligned parallel to the shell
surface, producing a planar surface anchoring condition. In
addition bipolar-type defects are also observed as expected for
this geometry.31 In this image the surrounding 5CB material is
aligned using a standard rubbed polyvinyl alcohol (PVA) align-
ment layer for optimal defect visualization. Detailed observa-
tions of a large number of shells revealed that they consistently
appear to exhibit planar surface anchoring and defects repre-
sentative of a vertical surface alignment were not seen. It will be
very interesting in the future to look at how modication of the
ligand structure can be used to vary ligand orientation on the
shell surface.

Temperature and mechanical stability

Two different versions of the QD shells were tested for
temperature stability, using ligands L1 and L2. In both cases we
observed that shell structures were very robust to temperature
change and appeared quite rigid when dispersed in the liquid
crystal phase. On reheating the system to the liquid crystal
isotropic point, no noticeable shape changes were observed in
the shells despite signicant ow of the surrounding liquid
crystal. At the transition point, where isotropic domains began
to nucleate in the host phase, the already formed shells moved
into those domains and clustered. This observation is

Fig. 2 (a) Fluorescence microscopy images of QD shells formed from 620 nm CdSe/ZnS QDs, functionalized with ligand L1 suspended in
nematic liquid crystal at room temperature. (b) Fluorescencemicroscopy shows QD distribution for a few shells and (c) shows a polarized optical
microscopy image of the same sample area. The polarizers are crossed as indicated by the white arrows and thematerial is oriented such that the
nematic director, n, is parallel to one of the polarizers as shown highlighting topological defects around the shells. A rubbed PVA alignment layer
was used to provide planar alignment for this sample. In particular we can see ‘saturn-ring’ and ‘bipolar’ defects. QD shells prepared using ligand
L2 are shown stable at room temperature (d), beginning to disperse at 115 "C (e), at 120 "C (f) and (g) at room temperature reformed after
re-cooling.

This journal is © The Royal Society of Chemistry 2015 Soft Matter, 2015, 11, 1701–1707 | 1703
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.4: Fluorescence microscopy image of CdSe/ZnS QD microcapsules with (a) faster
cooling (3 0C/s) and (c) slower cooling (0.3 0C/s). Optical microscopy image of AuNP mi-
crocapsules with (b) faster cooling (3 0C/s) and (d) the slowest cooling rate (0.2 0C/s).
Cross-polarized microscopy images of (e) a QD and a AuNP microcapsule. A polarized
optical microscopy image of a QD microcapsule with (e) homeotropic (g) planar cell. Im-
ages of a AuNP microcapsule taken by cross-polarized microscopy were located in (f)
homeotropic and (h) planar cells. The polarizers are crossed as indicated by the white ar-
rows. In homeotropically aligned cells, similar topological defects (radial hedgehog) were
visible in the centre of the (e) QD and (f) AuNP microcapsules. Likewise, we could observe
“Saturn-ring” (quadrupolar) defects in surrounding area of both (g) QD and (h) AuNP mi-
crocapsules placed in planar aligned samples. All NP microcapsules (a-h) were suspended
in 5CB nematic liquid crystal at room temperature. (Figure 5.4 (a) and (g) were reproduced
from reference [3] with permission from the Royal Society of Chemistry.)
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5.3.3 Controlling interparticle space by varying alkyl chain lengths
of mesogenic ligands

As we mentioned earlier, our customized mesogenic ligands were composed of a rigid
rod-like segment with flexible-arm sections.The flexible-arm segment has two sides; with
amine (-NH2), located at the bottom-right side of the molecule, and without amine group,
branched on the bottom-left side of alkyl chains (Figure 5.5 and 5.6).
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Figure 5.5: Molecular structures for L1 though L6 mesogenic ligands.
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Figure 5.6: Molecular structures for L7 through L12 mesogenic ligands.
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We explored nanoparticle packing structures of microcapsule wall by using small an-
gle X-ray scattering (SAXS). Specifically, we investigated interparticle distance, varying
different alkyl chain lengths of flexible segments and a rod-like rigid part in mesogenic
ligands. The structures of 12 different ligands are shown in Figure 5.5 and 5.6. We plotted
of the scattering intensity versus diffraction angle, extracted by the scattering patterns from
SAXS measurements, offered the average interparticle space between particles. Generally,
the peak at smaller scattering angles represents larger particle-particle average distance.

In Figure 5.7, the red broad peak at q= 0.0616
◦
A−1 demonstrated an interparticle dis-

tance, average spacing between quantum dots, of 10.20 nm. This number agreed the ex-
pected interparticle space of QDs surrounded by bulky mesogenic ligands, which is re-
ported in our previous study [3]. QDs functionalized with ligand L2 had a shorter flexible
alkyl chain lengths, illustrated a slight shift to the right in the red peak. This shifted blue
peak value shows a QD spacing of 9.94 nm, compared to 10.20 nm for the longer chain of
ligand L1.
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Figure 5.7: X-ray scattering data for QD microcapsules with ligand L1 and L2.

Similarly, we performed the same experiment by using AuNPs with L1 and L2 ligands.
The red peak, AuNPs functionalized by L1 ligands, and the blue peak from L2 function-
alized AuNPs at q= 0.0520

◦
A−1 and q= 0.0564

◦
A−1 indicated 12.08 nm and 11.14 nm

average particle-particle distance respectively (Figure 5.8). Differences of average QDs’
interparticle distance between L1 and L2 ligands were 0.28 nm, however average AuNP-
AuNP spacing differences between L1 and L2 were 0.94 nm, which was roughly three
times more than QDs values. Based on these experimental results, QDs tended to pack
tighter than AuNPs in LC, 5CB, host media.

We synthesized shorter alkyl chain ligands at the end of a rigid rod-like segment, from
L3 through L6 ligands in Figure 5.5, and opposite side of the amine substituent branch of
flexible arm-like part, from L7 through L12 in Figure 5.6.
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Figure 5.8: X-ray scattering data for AuNP microcapsules with ligand L1 and L2.

These synthesized ligands were used to examine the relationship between lengths of
alkyl chain and interparticle spaces. L3 and L4 have 8 carbons found in the left side of
the flexible-arm segments and 3 carbons located at the rigid rod-like segment (Figure 5.5).
The only differences between them are the number of carbons in the right side of flexible
segments. L3 has 3 more carbons than L4, which is very similar relationship between
L1 and L2. The orange peak from mesogenic L3 ligands and the green peak from L4
ligands (Figure 5.9) revealed 11.98 nm and 10.97 nm average interparticle distance. That
is, average AuNP-AuNP spacing differences between L3 and L4 were 1.01 nm, which was
very close to the values between L1 and L2, 0.94 nm.
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Figure 5.9: Small angle X-ray scattering (SAXS) data for AuNP microcapsules with ligand
L3, L4, L5, and L6.



CHAPTER 5. THERMOTROPIC LIQUID CRYSTAL MEDIATES ASSEMBLY OF
NANOPARTICLE MICROCAPSULES 74

Ligand L1 and ligand L3 have the exact same numbers of carbons in both flexible-
arm sides, 6 carbons on the right and 8 carbons on the left. Even though L1 has 5 more
carbon atoms than L3 in the rigid side of the segment, there are only 0.1 nm differences
in interparticle distance ( Figure 5.10). Equivalently, 11.71 nm, the purple peak, from L5
ligands and 10.82 nm, the black peak, from L6 ligands were verified from the Figure 5.9
and the difference of average particle spacing from L5 and L6 was 0.89 nm.
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Figure 5.10: SAXS data for AuNP microcapsules with ligand L1, L3, and L5. Average
interparticle distance between L1-L3, L3-L5, and L1-L5 were 0.1 nm, 0.27 nm, and 0.37
nm respectively.

Similar to ligand L1 and L3, ligand L2, L4, and L6 have the same length of alkyl chains
in both side of the flexible segments. In the rod-like segment, L2 has 5 more carbons
and 7 more carbons than L4 and L6 respectively. However, interparticle space difference
between L2 and L4 was 0.17 nm (Figure 5.11). Additionally, Figure 5.11 indicated that
0.32 nm particle-particle space difference was created from L2 and L6. Compared with the
space different between AuNPs in L1-L2 (0.94 nm), L3-L4 (1.01 nm), and L5-L6 (0.89
nm), L2-L6 had approximately three times longer alkyl (carbon) chain lengths and showed
one third of their interparticle space differences. These results clarified that the alkyl chain
lengths of flexible segment with amine (-NH2) group affected particle packing structures
more than a rigid rod-like segment.

Based on these results, we hypothesized a change in the length of an alkyl chain (a flex-
ible segment) without amine group also influenced on interparticle distance of AuNPs. To
investigate this hypothesis further, we carried out our SAXS experiments for determining
a detailed packing structural characterization by controlling alkyl chain lengths of 6 more
different ligands in our desired system (Figure 5.6). All ligands from L7 though L12 have
5 carbon-alkyl-chains in the left side of the flexible segments.
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Figure 5.11: SAXS data for AuNP microcapsules with ligand L2, L4, and L6. Mean
interparticle space between L2-L4, L4-L6, and L2-L6 were 0.17 nm, 0.15 nm, and 0.32 nm
respectively.

The right side, having amine group, of the flexible segment has three varieties of carbon-
alkyl-chains, such as 8 carbons for L7 and L8, 3 carbons for L9 and L10, and 1 carbon for
L11 and L12 (Figure 5.6). Similarly, the rigid rod-like segment has also the same 3 variety
of carbon-alkyl-chains, such as 8 carbons for L7 and L8, 3 carbons for L9 and L10, and 1
carbon for L11 and L12 (Figure 5.6). The pink broad peak, L7 ligands, at q= 0.0544

◦
A−1

in the Figure 5.12 illustrated 11.55 nm average spacing between AuNPs. This interparticle
distance fell into between L1 and L2 values. AuNPs functionalized with ligand L8 had the
shorter flexible alkyl chain lengths and produced a closer packing structure, 10.67 nm.
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Figure 5.12: SAXS data for AuNP microcapsules with ligand L7 and L8.
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When we compared the particle spacing between L1 and L7, the difference was 0.53
nm (Figure 5.13). L1 and L7 posses the same numbers of carbon chains in the right side of
the flexible-arm and the rigid segment. In the left flexible segment, L7 has 3 carbons shorter
chains than L1. Correlating particle-particle space displacement from L1-L7 with L1-L2
and L7-L8, where L2 and L8 showed 3 shorter alkyl chains in right flexible segment, L1-L2
and L7-L8 had roughly 0.40 nm more difference than L1-L7 (Figure 5.13). Furthermore,
our experimental results of interparticle space differences between L2 and L7 demonstrated
that L7 had 0.41 nm looser packing than L2 even though L2 and L7 carry the same total
number of carbons in entire flexible segments (Figure 5.13). Specifically, L2 has 3 carbons
in the right and 8 carbons in the left, and L7 contains 6 carbons in the right and 5 carbons
in the left. Hence, the less number of carbon chains in right flexible segment leads close-
packing structure of our AuNP microcapsules.

q (A-1)
o

In
te

ns
ity

 (a
rb

.)

3

6

9

12

0.0550.045 0.065
0

L7(AuNPs)
L8(AuNPs)

L1(AuNPs)
L2(AuNPs)

Figure 5.13: X-ray scattering data for AuNP microcapsules with ligand L1, L2, L7, and
L8.

Figure 5.14 illustrated that AuNPs with L9, L10, L11 mesogenic ligands depicted 11.39
nm, 10.52 nm, 11.25 nm respectively. Additionally, the shortest lengths of alkyl chains in
flexible segment with and without amine group, L12, showed the closest average interpar-
ticle distance 10.33 nm. Furthermore, comparison among L3-L4-L9-L10 (Supplementary
Figure 5.17) and L5-L6-L11-L12 (Supplementary Figure 5.18) also proved the similar ar-
guments and conclusions with L1-L2-L7-L8 cases discussed above.

These experimental results also denoted that lengths of alkyl chains in flexible segment
without an amine substituent showed less effective for particle-packing condition than the
segment with amine group. Hence, average interparticle spacing can be controlled by ad-
justing alkyl chain lengths in flexible segments with and without amine (-NH2) substituent.
Most effective alkyl chain components was the flexible segment with amine group. We
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could observe that number of alkyl chains in the rigid rod-like segment slightly affect the
particle packing space, however no significant test results of densely-packed nanoparticle
arrangements were shown.
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Figure 5.14: X-ray scattering data for AuNP microcapsules with ligand L9, L10, L11, and
L12.

5.4 Conclusion
We discovered a new methodology for the formation of self-assembled nanoparticle micro-
capsules. The microcapsules, constructed on mesogen-functionalized nanoparticles, were
templated at the isotropic to nematic phase boundary in a liquid crystal host media. Size
control of microcapsules were carried out by changing cooling rate of NPs-LC media and
tuning their packing structure was achieved by varying ligand design by modifying lengths
of alkyl chain of flexible segments in mesogenic ligand structures.

Since these parameters were independent of particle type, the process could be easily
adapted for use with any appropriately-sized nanoparticles, including mixtures of metallic,
semiconducting and magnetic particles. This new method will open up a new door for meta-
material, photonics,and bio-engineering fields. The discovery of 3D self-assemblies mi-
crocapsules was templated by the phase separation of nanoparticles-rich and nanoparticles-
poor domains in LC host media during LC isotropic-nematic phase transition. We deter-
mined spherical morphology achieved by controlling specific nanoparticle concentration
and the detailed the cooling process.

Additionally, interparticle packing was tunable by varying ligand design by changing
flexible attachment arm-length. These parameters did not depend on particle types, and
the process could therefore be easily used for any variety of NPs, any appropriately-sized
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nanoparticles, and any mixture of different NPs. Sorting NPs into micron-scale 3D struc-
tures is typically a challenge, however we are now able to introduce new template for
forming microcapsules in fluid-based systems. In the next chapter, we will discuss more
about our multifunctional gold nanoparticle microcapsules for controlled-release and en-
capsulation applications.

5.5 Supplemental figures
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Figure 5.15: SAXS data for AuNP microcapsules with ligand L7, L9, and L11. Mean
interparticle space between L7-L9, L9-L11, and L7-L11 were 0.16 nm, 0.14 nm, and 0.32
nm. These values represented varying alkyl-chain lengths of the rigid segment was less
effective for controlling particle-particle distance.
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Figure 5.16: X-ray scattering data for AuNP microcapsules with ligand L8, L10, and L12.
Average particle-particle displacement between L8-L10, L10-L12, and L8-L12 were 0.15
nm, 0.19 nm, and 0.34 nm respectively. The results also represented that changing num-
ber of carbon atoms in the rigid segment was less influenced for controlling nanoparticle
packing than the varying the alkyl-chain lengths of flexible-arm segments
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Figure 5.17: X-ray scattering data for AuNP microcapsules with ligand L3, L4, L9, and
L10. Average particle-particle displacement between L3-L9 and L4-L10 were 0.59 nm
and 0.45 nm respectively. The mean particle space difference between L4 and L9 was 0.42
nm. This represents mean separation between AuNPs with L9 ligands had larger separation
displacement than AuNPs with ligand L4.
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Figure 5.18: X-ray scattering data for AuNP microcapsules with ligand L5, L6, L11, and
L12. Average particle-particle displacement between L5-L11 and L6-L12 were 0.46 nm
and 0.49 nm respectively. The mean interparticle space difference between L6 and L11
was 0.43 nm. This represents mean separation between AuNPs with L11 ligands had larger
separation displacement than AuNPs with ligand L6.



81

Chapter 6

Plasmon-actuated nano-assembled gold
microshells

In this chapter, I present three-dimensional gold microshells formed by self-assembly of
densely-packed 5 nm gold nanoparticles (AuNPs). Surface functionalization of the AuNPs
with custom-designed mesogenic ligands drives the formation of a stable and rigid shell
wall, and these unique structures allow encapsulation of cargo that can be contained, vir-
tually leakage-free, over several months. Further, by leveraging the plasmonic response
of AuNPs, we can rupture the microshells using optical excitation with ultralow incident
power (< 2 mW), controllably and rapidly releasing the encapsulated contents under 5 sec-
onds. The optimal AuNP packing in the wall, moderated by the custom ligands and verified
using small angle x-ray spectroscopy, allows us to calculate the heat released in this pro-
cess, and to simulate the temperature increase originating from the photothermal heating
with great accuracy. Atypically, we find the local heating does not cause a rise in excess of
50 0C, which addresses a major shortcoming in plasmon actuated cargo delivery systems.
This combination of spectral selectivity, low power requirements, low heat production, and
fast release times, along with the versatility in terms of identity of the enclosed cargo,
makes these hierarchical gold microshells suitable for wide-ranging applications. Most
interestingly, the applicability of our gold microshells also includes biological ones.

6.1 Introduction
Research involving nanomaterials has brought to light their intriguing electronic, mag-
netic and optical properties, so different from the bulk counterparts [133–137]. Amon-
gst these, metallic nanoparticles are of particular interest, given their ability to modulate
light-matter interactions by manipulating electromagnetic fields through localized surface
plasmon resonances (LSPR) [138]. Plasmonic phenomena have found use in numerous ap-
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plications, including biochemical sensing [139, 140], biomedical diagnostics and therapy
[141–143], high-resolution optical imaging [144, 145], optical switching [2], photovoltaic
devices [146, 147], energy storage [148, 149] and photocatalysis [150]. Gold nanoparticles
(AuNPs) have LSPR in the visible to near-infrared spectral region and is therefore the most
popular candidate in typical applications, though silver, aluminum and platinum are stud-
ied as well [151–153]. In order to fully exploit plasmonics and reliably and design reliable
devices with consistent performance, research efforts have been focusing on developing
ordered assemblies of plasmonic nanosystems. These include both top-down and bottom-
up approaches, but the latter has greater advantages in terms of versatility of geometry,
architecture and functionality. Assemblies of colloidal AuNPs have achieved range from
simple dimers and trimers [145] to nanoclusters [154], from one dimensional chains [155]
to networks [156]. Recently, novel arrangements such as core-satellite structures have also
been assembled [157, 158] and these offer the added convenience of heterogeneous forma-
tions. The process of assembly is directed via linkers with which AuNPs are functionalized,
and those that have demonstrated the most success include DNA molecules [14], organic
ligands [159] and linear [160] and branched polymers [145].

Moving beyond assembly, the next capability that would greatly enhance the function-
ality of these assemblies is responsiveness to external stimuli. Tuning the spectral position
of the LSPR in situ is one approach, usually achieved by modulating the dielectric constant
of the medium surrounding the AuNPs [161, 162]. The other is utilizing the photother-
mal effect, where resonant optical excitation is absorbed by the AuNPs, which heats the
crystal lattice, in turn transferring the heat to the surrounding medium. This phenomenon
has potential application in targeted drug delivery, and such systems with release mech-
anisms that can be remotely triggered using stimuli such as electric and magnetic fields,
as well as optical excitation, have been the subject of extensive research [163–170]. In
case of optical actuation, the power, wavelength, and duration of incident light required is
strongly dependent on the components used for construction of the capsule. And while it
is critical for the capsules to provide robust leakage-free containment, the excitation power
used to trigger release must be below the American National Standards Institute (ANSI)
maximum permissible exposure limit. For visible excitation at ∼500 nm, this limit is 2.5
mW for up to 10 min of illumination [5]. Optimizing these parameters simultaneously
is challenging. One approach using silica-gold core-shell composite NPs for encapsula-
tion and light-activated release utilizes 15-100 mW of illumination over tens of minutes
[163]. AuNP-assembled nano-micelles and cross-linked nano-vesicles can release contents
in under 10 min of excitation, but require higher powers (100-250 mW) [164]. With few
exceptions [165], composite structures and complexes that combine AuNPs with soft ma-
terials such as polymers, gels, and liposomes have lower power requirements (10-65 mW)
at the cost of longer release times (10-40 min) [166]. Other methods using AuNP-DNA
complexes [167] or rare-earth NPs require power on the order of 1 W [168].

We present a liquid crystal phase-templated mechanism using AuNPs functionalized
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with mesogenic (liquid crystal-like) ligands [3, 132] that produces nano-assembled mi-
croshells (NAMs) 1-5 µm in diameter with closely spaced nanoparticles constituting the
shell wall, schematically represented in Figure 6.1 (a). Using plasmon actuation via shining
light of wavelength close to the AuNP LSPR, we show that cargo encapsulated within the
NAM can be released in a spatially controlled manner, where localized heating breaks the
shell wall via the photothermal effect. In contrast to most other techniques, our mechanism
does not require the fabrication of multicomponent capsules, simplifying the synthesis and
cargo encapsulation processes. Moreover, the rigidity of the shell wall ensures leakage-free
containment over months.

(a) (b)

Figure 6.1: Schematic of (NAM) (a) An intact structure with sectional cut-out shows the
encapsulated dye within. The wall is multiple layers thick. (b) Illumination by green
light, resonant with the localized surface plasmon resonance (LSPR) of the nanoparticles
in the wall, disrupts the structure due to photothermal heating, releasing the contents within.
(Reprinted from reference [4] with permission from Macmillan Publishers Ltd. c©2017.)

The NAMs were robust to leakage even when the shells were extracted from the native
host and re-suspended in other solvents. Our NAMs are activated using < 2 mW of inci-
dent power, and full release is obtained within 1-5 s (Figure 6.1 (b)). These data are by
far the most optimized combination of power requirement and release time reported, and is
made possible by the ideal packing of AuNPs achieved in the shell wall. The inter particle
spacing, controlled by the length of ligands, allows the walls to have a high enough density
of particles to allow low power requirements, and therefore rapid release times. However,
the spacing is larger than what is needed for strong inter particle coupling, which in turn
permits an accurate estimate of the temperature increase due to the photothermal effect.
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Our calculations are verified by comparison with experimental quantification of bubble ex-
pansion rates, and indicate a most moderate rise of 50 0C, which is a significant step toward
the realization of photothermally activated capsules with a broad range of applications in
cargo encapsulation and delivery protocols.

6.2 Experimental methods

6.2.1 Ligand synthesis
Our organic ligand exhibits thermotropic liquid crystalline behavior. When heated, it tran-
sitions from a smectic to nematic, and then from a nematic to isotropic phase, as observed
in Figure 6.8. Our functionalized ligands are designed to possess both rigid and flexible
segments. The rigid segment, which contains a mesogenic group, contains a relatively rigid
rod-like structure. The flexible segment is composed of a long alkyl chain with or without
an amine group; the presence of an amine substituent on the chain allows the ligand to at-
tach to the surface of gold nanoparticles. Hence, the flexible segment provides free rotation
and fluidity that encourages a close packing of NPs, as well as structural stabilization of
our NAMs (Figure 6.2). The synthesis of the ligand (S8) is modeled on prior publications
[3, 132] with improvements that are explained in detail in the supplemental information.
The longest linear synthetic sequence consists of five steps (Figure 6.16).

Figure 6.2: Schematic of mesogenic ligand attached to AuNP. (Reprinted from reference
[4] with permission from Macmillan Publishers Ltd. c©2017.)

6.2.2 Microscopy and spectroscopic methods
Leica DM2500P microscope in the transmission mode with a Leica 63x (NA = 0.80) ob-
jective and a Q-image Retiga camera is mounted on the microscope. Polarized optical
microscopy and Fluorescence microscopy (reflection) are also carried out on the same mi-
croscope. For fluorescence imaging of encapsulated dye, Lumogen F Red (BASF) with
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a peak emission at 613 nm, we use a 515–560 nm band-pass filter with white-light mer-
cury lamp illumination. Emission was detected using a 580 nm dichroic mirror and a 590
nm Long pass filter. Leica DM2500P microscope is used for bright field, cross-polarized,
fluorescence images of the NAMs.

A scanning electron microscope, Zeiss Gemini SEM 500, instrument operating at 3kV
and 10 kV was used to validate the size of individual NAMs or arrangement of the indi-
vidual AuNPs in the shell wall. NAMs are extracted from the liquid crystal host and re-
dispersed in chloroform after we formed shells in cooling the Liquid crystal-functionalized
gold nanoparticle mixture from isotropic to nematic as described earlier. Extracted NAMs
were pipetted on indium tin oxide (ITO) glass slides and dried the sample at 80 0C envi-
ronment for 5 hours. The NAMs are imaged after chloroform is completely evaporated.
Absorption spectral measurements for gold nanoparticles in chloroform are performed us-
ing a PerkinElmer UV/Vis spectrophotometer.

6.2.3 NAMs preparation
The mesogen-functionalized AuNPs (1.2 wt%) were dispersed into nematic liquid crys-
tal (NLC) 4-cyano-4’-pentylbiphenyl (5CB, Sigma Aldrich), which exhibits a nematic to
isotropic transition at 35.5 0C. The NLC-AuNPs mixture was then sonicated in a 40 0C
bath for 5 hours in an Eppendorf tube, allowing the NLC to remain in the isotropic phase
while the solvent (chloroform) in which the AuNPs were suspended during functional-
ization gradually evaporated from the NLC. Solvent removal was verified by measuring
the nematic-to-isotropic phase-transition point using a Perkin-Elmer differential scanning
calorimetry, (DSC). We placed a microscope LC-AuNP mixture slide on a 40 0C main-
tained Linkham LTS350 hot-stage and verify the sample slide condition that has a great
initial dispersion by using a Leica DM2500P upright microscope equipped with a Q-image
Retiga camera. After achieving a homogeneous dispersion, the mixture was deposited
onto a microscope slide mounted on a temperature-controlled Linkam LTS350 hot-stage
and sandwiched with a cover slip. All slide and cover clip surfaces were pre-treated
with cetyltrimetylammonium bromide (CTAB) or polyvinyl alcohol (PVA) to encourage
homeotropic or planar alignment of the NLC molecules. As the NLC-AuNP mixture was
cooled into the nematic phase (cooling rate 0.5 0C/s), it separated into NLC-AuNP-rich
droplets and an NLC-rich phase. During this segregation, the functionalized AuNPs moved
into the shrinking isotropic domains and shell formation was observed. Shell size is con-
trolled by the cooling rate. Fast cooling (3 0C/s) resulted in the formation of shells with
diameter ∼1 µm, while a slower rate (0.2 0C/s) produced shells as large as 5 µm.
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6.2.4 Encapsulation of fluorescent dye
Lumogen F Red 300 (BASF), dissolved in toluene, was then added to the LC-AuNPs (1.2
wt%) mixture to create concentrations of 2 mM composites. These mixtures are transferred
into 1.5 mL Eppendorf tube and sonicated in the 40 0C bath for five hours. After verified
complete evaporation of chloroform and toluene by using a DSC, we formed NAMs in
the Eppendorf tube by transpiring the tube into a 30 0C maintained modular heating block
(VWR). After NAMs are formed, the Eppendorf tube is centrifuged (8000 rpm for 30 min.)
to concentrate at the bottom of the tube and the supernatant (LC-Lumogen F Red mixture)
is discarded. Added 5CB and mixed with the precipitated NAMs in the Eppendorf tube.
Repeat this process for 5 times before we image encapsulated dye in the NAMs.

6.2.5 Thermal stability experiment
Images of NAMs are carried out on Leica DM2500P microscope in transmission and fluo-
rescent mode with a 63x (NA = 0.80) objective. Samples are placed on Linkham LTS350
hot-stage and are heated above the liquid crystal isotropic point (≈ 35.5 0C) the ligand-
ligand interaction continues to maintain a rigid spherical structure on slow heating (1
0C/min).

6.2.6 Disintegration and bubble expansion images of NAMs
Disintegration and bubble expansion images of NAMs are performed on a TIRF microscope
built with a Ti-E Eclipse stand (Nikon Instruments). The objective used is an Apo TIRF
100X (NA = 1.49). CUBE diode 405 nm laser (Coherent), Sapphire OPSL 488 nm, 514
nm, and 561 nm lasers (Coherent), and OBIS 647 nm (Coherent) are combined into a
fiber optic cable and into a TIRF illuminator (Nikon) attached to the microscope stand
(Figure 6.3). Shuttering of the laser illumination is controlled by an acoustooptic tunable
filter, AOTF, (AA Optoelectronics) before the fiber coupler (Figure 6.3). Disintegration
images are acquired with an iXon3+ 887 EMCCD (Andor Technology) camera and bubble
expansion images are taken by a high-speed camera (Fastec Imaging). Synchronization
between these components was achieved using µManager [171] with a microcontroller
(Arduino). We image the disintegration and bubble expansion of the NAMs by exposing
sample slides to each activation (405, 488, 514, 561, 647 nm) with incident laser power at
0.5, 0.75, 1, 1.5, and 2 mW in a temperature controlled chamber (HaisonTech) at 25 0C.
For bubble expansion images, the time and information of the bubble size are exported to
Morphometric and Matlab program files for further data analysis and plotting purpose.
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Figure 6.3: Schematic of experimental set-up.

6.2.7 Small angle X-ray scattering method
Small angle X-ray scattering (SAXS) measurements are carried out at the Stanford Syn-
chrotron Radiation Laboratory, beamline 4 – 2. Liquid crystal-NAMs mixtures were pre-
pared 24 hours before measurements were taken. The sample mixtures are transferred into
1.5 mm quartz X-ray capillaries at the beamline. The capillaries were mounted in trans-
mission configuration using a custom chamber. Measurements were carried at 11 keV for
1 second per exposure. Diffraction patterns are recorded on a CCD detector, then plotted
as integrated intensity as a function of q, the scattering vector using the custom Sastool
analysis software at the beamline.

6.2.8 Thermal map simulation
The temperature of NAMs were analytically calculated using Matlab computing software.
Nanoparticles were randomly arranged in a sphere with an average distance of 12 nm be-
tween them and the thickness of the shell being ∼160 nm (20 %). The total change in
temperature due to the ensemble can be calculated by summing4T over all the nanoparti-
cles. We use an intensity of 107J/m2 for the incoming light assuming an average absorption
of 1 %, attributed to shielding of the inner layers and other losses.
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6.3 Results and discussion

6.3.1 Imaging-based characterization
Careful choice of mesogenic ligand-functionalized AuNPs dispersed in an anisotropic host
phase (such as a liquid crystal) provides an excellent route toward directed assembly in
our approach. A rigid mesogenic segment built into a long-chain hydrocarbon molecule
can align with the surrounding host phase, decreasing the free-energy cost of dispersing
AuNPs in the host (Figure 6.2). The procedure of ligand synthesis and AuNP functional-
ization followed our prior work [3, 132]. The host phase in this case is the nematic liquid
crystalline (NLC) phase, where the LC molecules possess orientational order labeled by the
director axis, but not long-range positional order. We monitored shell formation as the pro-
cess occurred using bright-field microscopy. Figure 6.4 (a) is a snapshot of one NAM taken
as the shell formation is complete. Shell morphology and structure using polarized optical
microscopy (POM) and scanning electron microscopy (SEM). The inherent anisotropy of
LC molecules makes them birefringent, and under POM, the relative orientation of the di-
rector axis with respect to the crossed-polarizers in the microscope determine the intensity
of the transmission images.

3 µm 3 µm

3 µm 10 nm

(a) (b)

(c) (d)

Figure 6.4: (a) Bright-field and (b) cross-polarized images of a NAM in liquid crystal
medium. (c) SEM image of a NAM extracted from suspension and placed on an indium
tin oxide coated glass slide. (d) Close-up of the same structure in (c), showing individual
AuNPs that form the wall.(Reprinted from reference [4] with permission from Macmillan
Publishers Ltd. c©2017.)
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In our case, the director, was aligned perpendicular to the plane of the sample, which
is known as homeotropic alignment, which should make the NLC film appear dark un-
der POM. In Figure 6.4 (b), this is the case away from the NAM. Closer to the shell wall
however, the POM images showed a radially contrasting pattern. When spherical objects
such as these are dispersed in a homeotropically aligned NLC, their surfaces induce direc-
tor distortions [172], and adjacent LC molecules acquire a different orientation compared
with the director of the bulk of the film. The NAMs presented in this work exhibit planar
surface anchoring as reported in our previous [3] and other [172] studies with local LC
molecules orienting parallel to their spherical surface. As a result, the birefringence image
in Figure 6.4 (b) exhibits the characteristic cross pattern between crossed polarizers and is
a confirmation of the three-dimensionality of the shells. Using SEM, we observed shells
post-extraction from the host NLC (Figure 6.4 (c)), which leads to a slight deformation.
Higher resolution SEM showed a densely-packed arrangement of the individual AuNPs in
the shell wall (Figure 6.4 (d)), and small angle X-ray scattering (SAXS) indicated that the
mean inter-particle separation of the AuNPs in the wall is 12.1 nm (Figure 6.5). This con-
figuration turns out to be optimal for our purposes as this high AuNP density is critical to
allow rapid actuation via low power.

isotropic domains mainly due to elastic forces [55] and a dense spherical wall of AuNPs is 
observed in an optical microscopy (Figure 25-(a)).  In Figure 25-(a) and (b), the host nematic 
phase shows dark because the nematic director is oriented perpendicular with one of the crossed 
polarizer that is indicated by the white arrows. Observing the sample using crossed polarizers 
allows us to understand the topological defects around the shells. Gold micro-shell with a radial 
ligand distribution creates either homeotropic or planar surface anchoring conditions. This 
condition will be determined by characteristic topological defects in the nematic LC phase [55] 
in the future.!!
!
We also study the packing structure of these AuNP micro-shells. Nanoparticle packing in LC and 
AuNP shells were quantified by using small angle X-ray scattering (SAXS) with varying 
temperature and ligand types. SAXS measurements are carried out at the Stanford Synchrotron 
Radiation Lightsource, beamline 4–2. LC-AuNPs mixtures are prepared about 40 hours before 

and the mixture is transferred and filled into 1 mm quartz capillaries at the beamline. Our 
measurements are taken about 46 hours after preparation. The capillaries were mounted in 
transmission configuration using a custom chamber. Measurements are taken at 11 keV for 1 s 
per exposure at three spatially separated points on each capillary with a beam size of 0.3mm x 
0.1 mm at the sample. The area detector data was analyzed at the beamline using the custom 
SasTool software. The scattering pattern shown in Figure 26 illustrates several packing 
characteristics at 25 0C. The broad peak in Figure 26-(a) at q = 0.051893 (Å-1) describes a real 
space distance of 12.11 nm (d = !!! ! where d is a real space distance) can be assumed to 
correspond to the average spacing between AuNPs in the shell wall. Based on Rodarte et. al. in 
2015 [55], this number represents the expected separation of AuNPs covered by bulky 
mesogenic ligands. The broad peak of functionalized AuNPs with ligand 15 that have a shorter 
arm than ligand 16, produced a packing space 10.16 nm, compared to 11.97 nm for the longer 
connecting arm of ligand 16. This shorter particle spacing is caused by the shorter ligand–

Figure 26.  (a) X-ray scattering data at 25 OC for gold micro-shells with ligand 16 in 
nematic  liquid  crystal  radially  integrated  and  (b)  CCD  scattering  pattern 
corresponding to the data in (a). A red number in (a) represents the peak value of q.
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Figure 6.5: Small angle x-ray scattering (SAXS). (a) Red arrow shows the scattering peak
from the functionalized AuNPs while the broader peak (green arrow) at longer scattering
vector is from the 5CB molecules. The smaller q of 0.05

◦
A −1 corresponds to a separa-

tion of 12.1 nm. (b) Representative two-dimensional SAXS pattern from functionalized
AuNPs. The colour scale corresponds to the normalized scattering intensity. (Reprinted
from reference [4] with permission from Macmillan Publishers Ltd. c©2017.)
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6.3.2 High containment capability
For encapsulation within the NAMs, we used Lumogen F Red 300 (BASF), a dye with
a high quantum yield. We dissolved the dye in toluene and added the dye to the NLC-
AuNP mixture. Following sonication and shell formation, we spun down the NAMs with
a centrifuge (8000 rpm for 30 min), discarded the supernatant, and re-suspended the dye-
containing NAMs in dye-free NLC. We repeated the process five times until we achieved a
clear contrast between the shells containing Lumogen F Red and the host NLC (Figure 6.6
(a)-(c)). We imaged the sample using epifluorescence microscopy after each centrifugation
step to ensure that the shells remained undamaged.
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Figure 6.6: NAMs exhibit little to no leakage over many months. (a-c) Fluorescence im-
ages of Lumogen F Red encapsulated in a NAM. Scale bars: 1 µm. (d) Dye intensity
measured over five months. Inset: dye intensity encapsulated in shells compared to that of
dye suspended in liquid crystal alone. The quantitative agreement between the two over the
first∼10 days indicates that the small decrease is likely due to photo bleaching. (Reprinted
from reference [4] with permission from Macmillan Publishers Ltd. c©2017.)
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To quantify the stability of encapsulation in NAMs, we measured the Lumogen F Red
fluorescence intensity, as a proxy for the dye concentration in the NAMs, over 5 months. At
each time, we deposited the NAMs onto a glass slide, overlaid the slide with a cover slip,
and sealed the edges with wax to minimize changes in the sample due to the diffusion of
oxygen and water. Visually, we observed a small decrease in the emission with time, ∼20
% over 150 days (Figure 6.6 (a)-(c)), and the spatially integrated fluorescence intensity
exhibited linear quenching (Figure 6.6 (d)). Compared with most dyes, Lumogen F Red is
a highly stable emitter, although it does display a small degree of photo bleaching [173]. A
control with Lumogen F Red dispersed in NLC and imaged under identical conditions for
10 days demonstrated that photobleaching is a small but significant factor in quantifying the
evolution of intensity of Lumogen F Red in our experiments (Figure 6.6 (d), inset). In fact,
after 10 days, encapsulation in the NAM appeared to reduce the effects of photo bleaching
compared to the dye in the bulk NLC in our control. We thus conclude that Lumogen F Red
remains stably encapsulated in the NAM for at least 5 months with minimal to no leakage,
testifying to the high containment capability of our structures.

6.3.3 Plasmon actuation
To explore the thermal stability of the shells, we monitored the fluorescence of a shell con-
taining Lumogen F Red while the sample was heated on a temperature-controlled Linkam
stage at 1 0C/min, beginning at 25 0C, shown in Figure 6.7.

80 0C 98 0C 108 0C

0 s

2 s 4 s 6 s

108 0C108 0C108 0C

3 µm

Figure 6.7: Fluorescence microscopy images of a NAM loaded with a fluorescent dye on
a temperature-controlled stage. The temperature was increased from 80 to 108 0C, and the
time after reaching 108 0C is given in the lower right corner. (Reprinted from reference [4]
with permission from Macmillan Publishers Ltd. c©2017.)
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The shell structure remained unchanged up to a temperature of 98 0C. Note that the NLC
transitions to its isotropic phase at 35.5 0C, demonstrating that the shells, once assembled,
can survive transitions of the host medium. At 98 0C, the shell began to deform slightly. At
108 0C, the rigid shell disintegrated and the dye leaked out, with the structure completely
collapsing within 6 s. Differential scanning calorimetry (DSC) studies confirmed that the
mesogenic molecules exhibit a crystalline-to-nematic transition around 76 0C and a transi-
tion to isotropic at ∼132 0C (Figure 6.8). We propose that this massive structural change
of the shell was likely caused by weakened interactions between the ligand molecules as
the ligands transitioned to the isotropic state. The lower apparent transition temperature
(compared to the 132 0C measured using DSC) can be attributed to the presence of AuNPs.
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Figure 6.8: Differential scanning calorimetry (DSC). The mesogenic ligand shows two
peaks in the heating cycle. The first peak at 84 0C denotes a crystalline to nematic-like
phase transition, while the second peak (circled) at 134 0C is a nematic to isotropic tran-
sition. (Reprinted from reference [4] with permission from Macmillan Publishers Ltd.
c©2017.)

Having confirmed that the NAMs can be destroyed through thermal perturbations and
their enclosed cargo released, we sought to trigger release though LSPR-mediated stimuli.
We illuminated the NAMs with a 488-nm laser at a power of 2 mW at room temperature,
and acquired a series of bright-field images at an interval of 5 s to monitor the structure
of the shell (Figure 6.9 (a)). After approximately 3 s of illumination, the shell began to
disintegrate, and by 5 s it had collapsed completely. Simultaneous fluorescence imaging
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confirmed that the encapsulated dye leaked out within 2 s of illumination (Figure 6.9 (b)),
and was released entirely after 5 s.

0 s 1 s 2 s

3 s 4 s 5 s

0 s 1 s 2 s

3 s 4 s 5 s

(a)

(b)

Figure 6.9: Actuation leading to release of contents from a NAM. (a) Bright-field and (b)
fluorescence time-lapse images during plasmon-actuated shell disintegration. The encap-
sulated dye is released during 5 s of illumination with 2 mW of incident power. Scale
bars: 3 µm. (Reprinted from reference [4] with permission from Macmillan Publishers
Ltd. c©2017.)
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We characterized the release time, τ , as a function of incident power for different ex-
citation wavelengths (Figure 6.10 (a)). As expected, we observed the fastest response for
excitation at 514 nm (Supplementary Figure 6.14), which is closest to the LSPR (520 nm).
For the highest incident power (2 mW), release was extremely rapid (τ = 1.2 s). More im-
portantly, release within 2 min was achieved with power as low as 0.5 mW. Furthermore,
the NAMs responded to slightly off-resonant light (488 and 561 nm) almost as well, with
τ ranging from ∼ 6 s to 5 min with varying incident power (Supplementary Figure 6.15),
increasing the responsive spectral band to ±40 nm around the LSPR. Tuning the excitation
wavelength farther away failed to elicit any response even at higher powers; this spectral
selectivity is attractive, as it allows targeting of specific NAMs based on the size of AuNPs
constituting the shell wall.
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Figure 6.10: (a) The release time τ decreases with increasing power for three different
excitation wavelengths; the fastest release is achieved at 514 nm, which is the wavelength
closest to the LSPR (520 nm). (b) The equilibrium bubble radius Req increases with in-
creasing power, and is largest at 514 nm. Inset: Cross-polarized image of the bubble shows
isotropic phase (dark) inside and nematic phase outside. (Reprinted from reference [4] with
permission from Macmillan Publishers Ltd. c©2017.)

6.3.4 Modeling the photothermal heating
We noted in our time-lapse imaging of shell disintegration (Figure 6.9 (a)) that after 1 sec-
ond a bubble had formed around the shell. Bubble formation around metallic NPs due to
optical excitation is a consequence of the photothermal effect, caused by the local tem-
perature increase inducing a phase transition of the surrounding host medium [174–177].
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AuNPs suspended in water are known to produce steam under laser irradiation, and even
with sunlight [178]. In our case, POM images confirmed that the temperature increase on
and near the shell surface drives a transition in the surrounding NLC from the nematic to
isotropic phase, which is what constitutes the bubble (Figure 6.10 (b), inset). The NLC out-
side remains in the nematic phase, with the bubble radius demarcating the phase boundary.
We sought to use the dynamics of the expanding phase boundary as it approached equilib-
rium to infer the heat flux that propagates through the surrounding medium [177, 179], and
more importantly, estimate the resultant increase in temperature. High temperatures from
the photothermal effect would suggest that the plasmon-actuated mechanism could result
in damage to thermally-sensitive encapsulants or biological materials, nullifying any other
benefits the platform could provide. We start by considering the conduction of heat through
the liquid crystalline medium. The primary heat source is supplied by the laser incident on
the NAM and is assumed to only induce plasmonic heating without affecting the surround-
ing liquid crystal directly. The time-dependent temperature distribution around the shell is
then determined by the solution to the heat equation. For a spherical heat source of fixed
radius and strength, Q̇in, the explicit time dependent solution for the temperature as a func-
tion of radial distance from the center of the shell, T (r), can be expressed in terms of error
functions [180], which for late times, can written to leading order in the reciprocal of time
t as:

4πκLC(T (r)− T (∞))

Q̇in

=
1

r
− 1√

πβt
(6.1)

with β = κLC

ρV Cp
, where κLC is the thermal permeability of the liquid crystal, ρV is the LC

density, Cp is the specific heat, and T (∞) is the ambient temperature far from the shell.
Extracting Q̇in is critical for estimating the temperature distribution near the NAM, as there
is no direct route of measuring the heat supplied to each shell. Note that the steady-state
solution at infinite time is given by:

T (r) = T (∞) +
Q̇in

4πκLCr
(6.2)

For simplicity, we ignore the small amount of latent heat associated with the phase change.
The location of the phase boundary at infinite time, i.e. the equilibrium bubble radiusReq is
determined by the value of r at which T (r) is at the nematic-isotropic critical temperature
TNI , and is therefore given by

Req =
Q̇in

4πκLC [TNI − T (∞)]
(6.3)

The location of the phase boundary as a function of time is then simply determined by

1

r
=

1

Req

+
1√
πβt

(6.4)
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We compared the model above to our experimental data acquired at the highest excita-
tion powers of the expansion of the bubble radius r(t) over the first 100 ms of excitation
at 488, 514, and 561 nm (Figure 6.11) by fitting the data to Equation 6.4. These fits led to
an estimate of Q̇in, Req, and β using Equation 6.2, and we compared these to experimental
values for validation. An estimate of β using relevant parameters [174, 181] is 1.3 × 105

(m2/s) while the fits return β in the range 0.5− 0.9× 105 (m2/s). The fitted values of Req

are 3.5 µm (488 nm), 4 µm (514 nm) and 3.4 µm (561 nm), which compare very well to our
experimental Req values at 2 mW of incident power (Figure 6.10 (b)). From the Equation
6.3 above, our calculated Q̇in in values are in the range 5− 6× 107 W.
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Figure 6.11: Spectral dependence of photothermal bubble formation. The bubble radius
r(t) increases over the first 100 ms of excitation at 488 nm (red), 514 nm (green), and
561 (blue). (Reprinted from reference [4] with permission from Macmillan Publishers Ltd.
c©2017.)

As an alternate and independent measurement of the heat generated at the NAM sur-
face, we computed the scattered electric field in the near-field regime of AuNPs in a shell
wall, and examined the spatial temperature distribution. The shell was simulated by a ran-
dom distribution of AuNPs in a spherical arrangement with an average distance of 12 nm
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(Figure 6.5), with shell thickness ∼ 160 nm. Using FDTD and discrete dipole scattering
(nanoDDSCAT) software [182], we found that the electric field was consistent with the
superposition of fields from the AuNPs, indicating that the AuNPs do not exhibit any inter-
particle coupling. We then used the simulated electric field, in combination with measure-
ments that showed typical absorption by a NAM to be ∼ 2-5 % of the incident power and
a depth of field of ∼ 400 nm, to calculate the heat from a single NAM to be Q̇in = 9× 107

W, in complete agreement with the calculated Qin derived from bubble expansion data.

6.3.5 Accurate thermal mapping
Using Equation 6.2, we then computed the spatial dependence of 4T ≡ T (r) − T (∞)
summed over all AuNPs in a shell for six excitation wavelengths (Figure 6.12). Since heat
generation is directly related to the mobility of electrons in the AuNPs, 4T is predictably
maximized at excitations tuned to the plasmon resonance frequency. These maps indicate
strong localization of photothermal heating, with4T dropping to half its maximum value
within 20-25 % of the shell diameter (Figure 6.13 (b)). We determined that the maximum
temperature change arising from the photothermal effect is 4Tmax = 50 0C at the shell
surface for excitation at 514 nm near the LSPR, at the highest excitation powers used.

400 nm 488 nm 514 nm

561 nm 580 nm 600 nm

ΔTmax(0C)

0

50

25

1 µm

Figure 6.12: Simulated thermal maps over a range of excitation wavelengths showing
that photothermal temperature changes, 4T, remain strongly localized to the surface of
the NAM. (Reprinted from reference [4] with permission from Macmillan Publishers Ltd.
c©2017.)
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Since the samples were maintained at 25 0C, the actual temperature is 75 0C, very
close to the crystal-to-nematic transition temperature of the mesogenic ligands (Figure 6.8).
4Tmax at different wavelengths showed high levels of agreement with the shell extinction
spectrum (Figure 6.13 (a)). For biological applications, the heat shock response should
enable most bacterial species to survive at higher temperatures during the short time interval
required for shell disintegration [183].
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Figure 6.13: (a) The extinction spectrum of a NAM with resonance at 520 nm (curve)
shows good agreement with the maximum temperature change at the shell surface (filled
red circles). (b) Temperature change varying with distance r from shell center. (Reprinted
from reference [4] with permission from Macmillan Publishers Ltd. c©2017.)
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6.4 Conclusion
The success of a drug delivery platform depends on a variety of properties. Our nano-
assembled shells provide dramatic improvements on several fronts relative to currently
available systems. After encapsulation, there was no significant leakage for over five
months, allowing for long-term storage. The optical intensity required for shell disinte-
gration was much lower than that used by other methods, which we attribute to the optimal
packing of AuNPs in the shell walls. Furthermore, the time required to release the contents
was on the order of seconds, as fast as or faster than other methods. Two aspects of the
capsules that would need to be further optimized in the future for in vivo applications are
size reduction [184], and actuation by near-infrared (NIR) excitation [185] With respect
to the first, the NAM size distribution is strongly influenced by the rate of cooling the LC
host, with faster rates producing smaller shells. We have achieved shell structures with
diameters of a few hundred nanometers, and further optimization of this process may lead
to further decreases in shell size. The plasmon actuation demonstrated here is not limited
by the shell diameter, although it is size dependent. The temperature at the shell surface
scales with the radius, which implies smaller shells will require higher excitation power
for the photothermal effect to rupture the structure. This necessity can be mitigated by
redesigning the mesogenic ligand. The temperature at which shell structure is disrupted is
determined by the liquid crystalline phase transitions of the ligand molecules, and there-
fore, structural alterations in the mesogenic portion of the ligands will allow us to tune the
plasmon actuation of the shells. Because the ligand is easily tailored (see added synthetic
scheme, Figure 6.16), we could increase ratio of aliphatic (sp3) to aromatic C–C bonds
to minimize ordering of the ligands in the shells, which could be expected to lower the
temperature at which they rupture. Another approach is to shorten the flexible portion of
the ligands to allow for higher density of AuNPs, which would also compensate for the
excitation power changes. The second, tuning the LSPR to longer wavelengths, is a more
complex task [185, 186], and the most well suited Au nanostructures would be hollow
nanoparticles where the resonance is shifted by altering shell diameter and thickness [187].
This functionality would add considerable versatility to utilizing these shells in vivo, since
NIR radiation is capable of deeper tissue penetration compared to visible wavelengths.

The versatility of the shell construction process, in addition to the fact that it is a
solution-based one-step synthesis with high yield, allow incorporating these variations rel-
atively straightforward. Coupled with the accuracy of our calculations that allow us to map
the temperature changes with high precision, our self-assembled plasmon actuated capsules
provide a transformative platform for cargo delivery systems.
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6.5 Supplemental information

0.1 s 0.2 s 0.3 s 0.4 s

0.6 s 0.7 s 0.8 s 0.9 s

1.0 s 1.1 s

0.5 s

1.3 s 1.4 s

3 µm 0 s

1.2 s

Figure 6.14: Bright field images of plasmon-actuated optically induced shell disintegration
leading to encapsulated dye being released over 1.4 s of illumination at 2 mW of incident
power. Excitation wavelength is 514 nm.

0.5 s 1.0 s 1.5 s

2.0 s 2.5 s 3.0 s 3.5 s

4.0 s 4.5 s 5.0 s 5.5 s

3 µm 0 s

Figure 6.15: Bright field images of plasmon-actuated optically induced shell disintegration
leading to encapsulated dye being released over 5.5 s of illumination at 2 mW of incident
power. Excitation wavelength is 561 nm.
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Figure S6.  Synthesis of the mesogenic ligand. The rod-like arm S7 and the amine linker S4 are made 
from commercial starting materials in one step (see Figure S6 for details). The synthesis starts with 
Fischer esterification of S1 to give S2 in quantitative yield (S2 is also commercially available). S3 is 
prepared by selective Williamson etherification of S2. The amine linker S4 was then attached to S3 to 
afford S5. Base-mediated hydrolysis of ester S5 gave carboxylic acid S6 in excellent yield. Finally, this 
compound was coupled to the rod-like arm S7, and the product S8 was isolated by silica gel 
chromatography. Yields in the final step proved unpredictable: the ester and amine functional groups tend 
to react, leading to decomposition. 

 

 

 

 

 

 

 

 

 

 

Figure 6.16: Synthesis of the mesogenic ligand. The rod-like arm S7 and the amine linker
S4 are made from commercial starting materials in one step (see Figure 6.16 for details).
The synthesis starts with Fischer esterification of S1 to give S2 in quantitative yield (S2 is
also commercially available). S3 is prepared by selective Williamson Etherification of S2.
The amine linker S4 was then attached to S3 to afford S5. Base-mediated hydrolysis of
ester S5 gave carboxylic acid S6 in excellent yield. Finally, this compound was coupled to
the rod-like arm S7, and the product S8 was isolated by silica gel chromatography. Yields
in the final step proved unpredictable: the ester and amine functional groups tend to react,
leading to decomposition.

Methyl 2-hydroxy-4-(octyloxy)benzoate (S3).1H NMR (400 MHz, CDCl3): δ 10.95 (s,
1H), 7.72 (d, J = 9.6 Hz, 1H), 6.43 (s, 1H), 6.43–6.40 (m, 1H), 3.96 (t, J = 6.7 Hz, 2H), 3.91
(s, 3H), 1.78 (p, J = 8.2 Hz, 2H), 1.47-1.39 (m, 2H), 1.35-1.24 (m, 8H), 0.88 (t, J = 7.0 Hz,
3H); 13C NMR (100 MHz, CDCl3): δ 170.4 (CO), 165.2 (C), 163.7 (C), 131.1 (CH), 107.9
(CH), 105.2 (C), 101.1 (CH), 68.3 (CH2), 51.9 (CH3), 31.8 (CH2), 29.3 (CH2), 29.2 (CH2),
29.0 (CH2), 25.9 (CH2), 22.6 (CH2), 14.1 (CH3). ATR-FTIR (thin film): 3207, 2923, 2850,
1674, 1618, 1577, 1444, 1332, 1247, 1181 cm−1.

6-((tert-butoxycarbonyl)amino)hexyl methanesulfonate (S4). 1H NMR (400 MHz, CD-
Cl3): δ 4.51 (s, 1H), 4.22 (t, J = 6.5 Hz, 2H), 3.11 (q, J = 6.8 Hz, 2H), 3.00 (s, 3H), 1.75
(p, J = 6.5 Hz, 2H), 1.55-1.45 (m, 3H), 1.44 (s, 9H), 1.42-1.31 (m, 3H); 13C NMR (100
MHz, CDCl3): δ 156.0 (C), 79.1 (C), 69.9 (CH2), 40.4 (CH2), 37.4 (CH3), 29.9 (CH2),
29.0 (CH2), 28.4 (3CH3), 26.2 (CH2), 25.1 (CH2).

Methyl 2-((6-((tert-butoxycarbonyl)amino)hexyl)oxy)-4-(octyloxy) benzoate (S5). The
spectral data matched those reported by Hirst and coworkers. 1H NMR (400 MHz, CDCl3):
δ 7.82 (d, J = 8.6 Hz, 1H), 6.68-6.43 (m, 2H), 4.57 (br s, 1H), 3.98 (q, J = 6.4 Hz, 4H),
3.84 (s, 3H), 3.16-3.06 (m, 2H), 1.89-1.72 (m, 4H), 1.53-1.45 (m, 5H), 1.43 (s, 9H), 1.37-
1.22 (m, 11H), 0.88 (t, J = 7.0, 3H); 13C NMR (100 MHz, CDCl3): δ 166.3 (C), 163.7 (C),
160.8 (C), 156.0 (C), 133.8 (CH), 112.2 (C), 105.1 (CH), 100.3 (CH), 77.2 (C), 68.7 (CH2),
68.2 (CH2), 51.6 (CH3), 40.5 (CH2), 31.8 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 29.0
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Figure S7. All steps involved in the synthesis of the mesogenic ligand. 

S2, S9, S10, S11, and S12 are commercially available from chemical suppliers. 

Methyl 2-hydroxy-4-(octyloxy)benzoate (S3). 1H NMR (400 MHz, CDCl3): δ 10.95 (s, 1H), 7.72 (d, J = 
9.6 Hz, 1H), 6.43 (s, 1H), 6.43–6.40 (m, 1H), 3.96 (t, J = 6.7 Hz, 2H), 3.91 (s, 3H), 1.78 (p, J = 8.2 Hz, 
2H), 1.47–1.39 (m, 2H), 1.35–1.24 (m, 8H), 0.88 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 
170.4 (CO), 165.2 (C), 163.7 (C), 131.1 (CH), 107.9 (CH), 105.2 (C), 101.1 (CH), 68.3 (CH2), 51.9 
(CH3), 31.8 (CH2), 29.3 (CH2), 29.2 (CH2), 29.0 (CH2), 25.9 (CH2), 22.6 (CH2), 14.1 (CH3). ATR-FTIR 
(thin film): 3207, 2923, 2850, 1674, 1618, 1577, 1444, 1332, 1247, 1181 cm-1. 

Figure 6.17: All steps involved in the synthesis of the mesogenic ligand. S2, S9, S10, S11,
and S12 are commercially available from chemical suppliers.

(CH2), 28.8 (CH2), 28.4 (3CH3), 26.4 (CH2), 26.0 (CH2), 25.7 (CH2), 22.6 (CH2), 14.1
(CH3). ATR-FTIR (neat): 3375, 2927, 2856, 1704, 1608, 1506, 1250, 1175 cm−1.

2-((6-((tert-butoxycarbonyl)amino)hexyl)oxy)-4-(octyloxy)benzoic acid (S6). 1HNMR
(400 MHz, CDCl3): δ 10.72 (br s, 1H), 8.10 (d, J = 8.7 Hz, 1H), 6.61 (dd, J = 8.8, 2.3 Hz,
1H), 6.48 (d, J = 2.3 Hz, 1H), 4.53 (br s, 1H), 4.19 (t, J = 6.7 Hz, 2H), 4.00 (t, J = 6.7 Hz,
2H), 3.16–3.07 (m, 2H), 1.91 (p, J = 7.8 Hz, 2H), 1.79 (p, J = 8.2 Hz, 2H), 1.56-1.45 (m,
5H), 1.43 (s, 9H), 1.42-1.24 (m, 11H), 0.88 (t, J = 6.6, 3H); 13C NMR (100 MHz, CDCl3):
δ 165.3 (C), 164.6 (C), 158.9 (C), 156.0 (C), 135.4 (CH), 110.2 (C), 107.1 (CH), 99.8 (CH),
79.1 (C), 70.0 (CH2), 68.6 (CH2), 40.3 (CH2), 31.8 (CH2), 29.9 (CH2), 29.3 (CH2), 29.2
(CH2), 29.0 (CH2), 28.8 (CH2), 28.4 (3CH3), 26.3 (CH2), 25.9 (CH2), 25.6 (CH2), 22.6
(CH2), 14.1 (CH3). ATR-FTIR (neat): 3303, 2927, 1608, 1533, 1439, 1267, 1197, 1126
cm−1. HRMS (ESI) m/z calculated for C26H43NO6 [M]+: 466.3163, found: 466.3117.

4’-Hydroxy-[1,1’-biphenyl]-4-yl 4-(octyloxy)benzoate (S7). 1H NMR (400 MHz, CD-
Cl3): δ 8.16 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 8.7 Hz, 2H), 7.45 (d, J = 8.7 Hz, 2H), 7.24
(d, J = 8.7 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 4.05 (t, J = 6.8 Hz,
2H), 1.83 (p, J = 6.8 Hz, 2H), 1.48 (p, J = 6.8 Hz, 2H), 1.38-1.26 (m, 8H), 0.89 (t, J = 6.7
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Hz, 3H): 13C NMR (100 MHz, CDCl3): δ 165.1 (C), 163.5 (C), 155.1 (C), 150.0 (C), 138.4
(C), 133.2 (C), 132.3 (2CH), 128.4 (2CH), 127.7 (2CH), 122.0 (2CH), 121.5 (C), 115.6
(2CH), 114.3 (2CH), 68.3 (CH2), 31.8 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 26.0
(CH2), 22.6 (CH2), 14.1 (CH3). ATR-FTIR (neat): 3458, 2920, 2853, 1748, 1606, 1497,
1254, 1166 cm−1.

4’-((4-(Octyloxy)benzoyl)oxy) -[1,1’-biphenyl]-4-yl 2-((6-aminohexyl)oxy) -4-(octyl-
oxy)benzoate (S8). 1H NMR (400 MHz, CDCl3): δ 8.16 (d, J = 8.8 Hz, 2H), 8.05 (d, J =
9.1 Hz, 1H), 7.61 (d, J = 8.6 Hz, 2H), 7.60 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 8.6 Hz, 2H),
7.26 (d, J = 8.4 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 6.53 (dd, J = 9.0, 6.5 Hz, 1H), 6.49 (d,
J = 2.5 Hz, 1H), 4.05 (t, J = 6.5 Hz, 2H), 4.02 (t, J = 6.5 Hz, 2H), 4.01 (t, J = 6.5 Hz, 2H),
2.81 (br s, 2H), 2.67 (t, J = 6.4 Hz, 2H), 1.91–1.77 (m, 6H), 1.57-1.43 (m, 9H), 1.41-1.26
(m, 17H), 0.91 (t, J = 6.5 Hz, 3H), 0.90 (t, J = 6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3):
δ 167.9 (C), 167.3 (C), 166.8 (C), 166.3 (C), 164.5 (C), 153.2 (C), 153.1 (C), 140.7 (C),
140.3 (C), 137.1 (CH), 135.0 (2CH), 130.9 (4CH), 125.0 (2CH), 124.8 (2CH), 124.0 (C),
117.0 (2CH), 113.3 (C), 108.2 (CH), 102.8 (CH), 71.4 (CH2), 71.0 (2CH2), 42.6 (CH2),
34.5 (CH2), 32.0 (2CH2), 31.9 (2CH2), 31.8 (CH2), 31.7 (CH2), 31.3 (CH2), 29.7 (CH2),
28.7 (2CH2), 28.6 (CH2), 28.0 (CH2), 26.8 (CH2), 25.3 (2CH2), 16.8 (2CH3). ATR-FTIR
(neat): 2923, 2854, 1726, 1605, 1251, 1196, 1162 cm−1. HRMS (ESI) m/z calculated for
C48H63NO7 [M]+: 766.4677, found: 766.4659.
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Chapter 7

Nano-assembled gold microcapsules in
nanobiotechnology applications

In the following chapter, I introduce the potential directions for the future development
of our research. I describe the potential to direct further the nano-assembled gold mi-
croshells (AuNAMs) into a new type of engineering platform that harnesses microscale
control-release biocapsule delivery technologies. The primary application of our biocap-
sule unique design is to engineer a new type of delivery system. These capsules can also
be utilized to deliver growth factors for cells, stem cells, or prokaryotes as well could pro-
mote further chemical reagent transport and development. We are planing to exploit our
AuNAMs photo-thermally activation to introduce with precision this biocapsule in the de-
velopment of delivery technologies based on biologically inspired methods such as targeted
drug delivery, controlled-release delivery, live-cell/microbiota delivery, and growth-factor
delivery systems.

7.1 Introduction
Targeted “cargo” delivery systems with controlled release mechanisms have been the sub-
ject of extensive research. Early efforts were centered on polymer-based capsules sensitive
to thermal gradients and pH [188, 189], and the latter remains the present-day release ba-
sis of orally ingested medicinal products. With advances in nanotechnology, incorporating
nanomaterials of varied compositions and morphologies in polymer or gel-based matrices
has led to the development of structures that offer additional advantages [163–170]. One
such advantage is the ability to remotely control the release process using stimuli such as
electric and magnetic fields, as well as optical excitation. Another advantage is multifunc-
tionality, wherein the nanocomposites combine drug delivery operations with therapeutic
capabilities, such as hyperthermia for destruction of cancerous tissues and cells. Opti-
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cal actuation of “cargo” delivery capsules allows rapid release at specific locations, and
typically uses the photothermal effect to drive the structural changes needed to unload con-
tents. The power, wavelength, and duration of incident light required is strongly dependent
on the components used for construction of the capsules. The most popular approach in-
volves temperature-sensitive gels and polymers with embedded semiconducting, metallic,
or metal-oxide nanostructures [164–166]. Light absorbed by the structures heats the crystal
lattice, which transfers the heat to the host medium and causes conformational changes that
disrupt the structure of the capsule. Appropriately sized metallic nanoparticles are particu-
larly efficient absorbers of incident radiation since they support plasmon resonances. Gold
nanoparticles (AuNPs) are ideal candidates, with the localized surface plasmon resonance
(LSPR) lying in the visible and near infra-red regions of the electromagnetic spectrum [26].
The efficacy of stimulated drug delivery systems depends strongly on robust leakage-free
containment.

Recently, we developed our successful application, a microscale cargo delivery system.
Our application is constructed from gold nanoparticles (AuNPs) that are processed to form
a microshell cavity. These gold microshells can encapsulate organic material, and the ma-
terial does not interact with external substances outside of the shells. Captured material
can later be controllably released with a low-power resonant light. An application of our
microshells unique design could be to engineer a new type of “cargo” delivery system, or
biocapsules system, that is photo-thermally controlled. This will help localize and control
the release of not only medicines and therapies but also living cells into specific tissues in
a host. Our most recent experimental results have shown that microorganism, Escherichia
coli, can remain inside of our microshells for several hours without noticeable viability
damage. This platform can greatly enhance the process of controlling cell differentiation
and growth rates by encapsulation of stem cells or microorganism in our microshells and
can be utilized to controllably activate cell-cell interactions by releasing captured live cells
into new biological environment.

7.2 Experimental methods

7.2.1 Encapsulation of fluorescent microbeads
This project used 0.2 µm fluorescent microbeads (Thermo Fisher Scientific), carboxylate
coupling to the surface of the micro-spheres, with emission of 515 nm, were used. The
fluorescent micro-spheres were diluted in deionized water (1:1000), then added to a LC-
AuNP mixture to obtain a composite with a dilution of 1:5000. Following the sonication
and shell formation procedure outlined in the Chapter 5, encapsulated fluorescent micro-
spheres AuNAMs were formed (Figure 7.1). The resulting micro-capsules were spun down
with a centrifuge (5000 rpm for 10 min), the supernatant discarded, and the AuNAMs were
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re-suspended in fluorescent-free LC (5CB). Repeat this process for several times, then the
sample was imaged using epifluorescence microscopy (Nikon) after each centrifugation
step to ensure that the shells remained undamaged.

7.2.2 Bacteria cultures
Green fluorescent protein (GFP) labeled or non-GPF-labeled Escherichia coli (E. coli) on
Lysogeny broth (LB) agar plates were incubated overnight at 37 0C, then incubated with LB
media culture at 37 0C for 24 hours in a shaking incubator. After the cultures were grown,
they were subcultured (1:500) into fresh LB media, and 0.5 mL of stational or exponential-
phase cultures were pelleted by centrifugation (5,000×g) for 2 min at room temperature.
Finally, these pellets were re-suspended in 2 mL fresh LB media.

7.2.3 Viability of Escherichia coli in liquid crystal medium
After preparing E. coli culture, the culture was diluted (1:500) into fresh LB. Adding differ-
ent amount of LC in LB media, we prepared 11 different LC concentration samples. These
sample solution was added into 0.2 µL LB-E. coli media and mixed them until forming ho-
mogeneous mixture solution. Concentrations of these 11 LC-LB-E.coil mixture were from
0 to 95 vol% LC. Each mixture solution was pipetted in 96-well plates and measured their
optical density (OD) by using SpectraMax Plus spectrophotometer (Molecular Devices).

7.2.4 Encapsulation of Escherichia coli
After culturing E. coli and re-suspending the pellets into LB media, the E. coli pellets-LB
solution (85 µL) was then added to a 5 hours sonicated LC-AuNP mixture (15 µL), and the
resulting mixture was sonicated for 20 more minutes at 40 0C. Following the procedure of
shell formation introduced in the Chapter 5, we captured E. coli inside of our AuNAMs.
The AuNAMs with E. coli were spun down with a centrifuge (6000 rpm for 30 min), the
supernatant (un-captured E. coli) was discarded. We re-suspend the AuNAMs in 100 %
LB media. The process was repeated at least two times until removing all remaining LC
solution in the media.

7.2.5 C2C12 cell culture
C2C12 myoblasts were seeded into 12 well rectangular plates at a density of 4×104 cells
per well, with 1 mL of growth medium comprising Dulbecco’s Modified Eagle’s Med- ium
(DMEM); 25 mM glucose (Invitrogen), supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. This was maintained in an incubator at 37 0C under a 5% CO2

atmosphere. Growth media was replaced every every 24 hours.
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7.2.6 Live-dead assay
The cultured C2C12 cells were incubated in phosphate buffered saline (PBS), supple-
mented with 1 nM calcein-AM and 6 nM ethidium homodimer, at 37 0C and 5% CO2

for 30 minutes. Each stained cell suspension sample was transferred to a well in a 24
wells-plate and 8 random spots per well were imaged (Nikon epifluorescent microscopy).
Live (green) and dead (red) cells were counted daily. For each sample, population of live
cells was recorded. All measurements were subsequently corrected by setting the control
environment, such as measured at the same time and the same temperature.

7.2.7 Cell counting
Added 1 mL of 0.05 % trypsin-0.53 mM EDTA solution (Thermo fisher scientific) to each
well plate, and observed cells under an optical microscopy (Nikon) until cell aspect changed
to round. Aspirated the majority of the trypsin-EDTA solution and let stand for an addi-
tional 1-2 minutes, then pipetted 10 µL of the C2C12 cell suspension to hemocytometer.
Used an optical microscopy (Nikon) and counted the number of cells on the hemacytome-
ter. Cell count data was representative of eight independent experiments.

7.2.8 Sterilization of AuNPs and LC
Dry AuNPs were dispersed into ethyl alcohol (≥ 99.5 %, Sigma Aldrich) in glass vials for
3 hours, removed the ethyl alcohol solvent by a rotary evaporator (BUCHI). The AuNPs in
the glass vials are then heated in the VWR 1400E vacuum oven at 150 0C with 20 psi for 5
hours. Similarly, LC solution in the glass vials is heated up in the vacuum oven at 150 0C
with 20 psi for 8 hours.

7.3 Preliminary results

7.3.1 Encapsulated micron-sized 3D objects in AuNAMs
Microencapsulation of bio-related active agents such as enzymes [190], drug [191], mi-
croorganism [192–194], and cells [195, 196] has shown potential improvement in medical,
pharmaceutical, and bio-engineering fields. In previous study, we reported our AuNAMs
can encapsulate organic dye molecules. Now, we plan to develop microencapsulation tech-
niques with improved performance. We observe that these AuNAMs are capable of encap-
sulating 0.2 µm diameter fluorescent beads (Figure 7.1), monitored emitted light from the
several microbeads by using a fluorescence microscope, and this emission proves that our
micro-assemblies has high possibility to capture micron-sized 3D objects. Additionally,
the AuNAMs with fluorescent microbeads can be made to disintegrate by low power light,
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2 mW within several seconds. The results was pretty similar to our previous experimental
results. Thus we are confident that our results exhibiting the capture and optically regulated
release of encapsulated micron-scale objects. Additionally, it can be exploited to enhance a
controlled releasing system of inner materials, as well as providing a method of controlled
heating for specific regions within a given embedding micron-sized material.

3 µm

(a) (b)

3 µm

Figure 7.1: The encapsulation of 0.2 µm diameter fluorescence beads in a AuNAM. Images
exhibit a optical microscopy (bright field) (a) and fluorescence microscopy image (b).

7.3.2 Biocapsules for microorganism
Robust biocapsule cargo delivery systems pose a significant design challenge. Major chal-
lenges associated with biocapsules through variety of microorganism or live cell encapsu-
lation techniques. Forming our AuNAMs, Escherichia coli (E. coli) need to be added to the
liquid crystal (LC)-gold nanoparticles (AuNPs) mixture solution, and sonicate the mixture
with E. coli for at least 30 minutes. However, the toxicity level of LC and sonication on E.
coli cells are still lacked solid supporting evidence. Thus, we need to investigate the effect
of the ultrasonic irradiation time on the inactivation capability of E. coli and the viability
of E. coli with various LC volume in LB medium before capturing microorganism within
the AuNAMs. In microbiology, growth dynamics of bacterial cells is usually examined by
optical density (OD) measurements using a spectrophotometer. OD is a light scattered by
the bacteria suspension, and it manifests itself as absorbance. Spectra of OD correlates di-
rectly with the cell concentration [196], thus the spectra is often interpreted as a cell growth
characteristics. We grew E. coli bacteria in LB media overnight at 37 0C. We also prepared
3.8 µL of 11 different vol% LC solution in LB media with 0.2 µL of 500:1 diluted LB-E.
col solution. The solution was pipetted in a 96-well plate for the spectrophotometer mea-
surement. Investigating E. coli viability, OD was monitored in 11 different wells derived
from the same starting amount of E. coli population. Growth curve in Figure 7.2 conforms
that viability of E. coli is truly depend on LC concentration since high concentration on LC
reduces population of live E. coli, most likely associated with apototic effects or sever cell
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growth inhibition. That is, damaged cells have a long lag period, since they must repair
themselves before they can engage in reproduction.

Similarly, we tested E. coli viability treated with ultrasound with a fixed frequency of
40 kHz at different time duration. 0.2 µL of diluted LB-E. coli with 3.8 µL LB media was
prepared in each Eppendorf tube and placed in the sonication bath. During the experiment,
the temperature was controlled by a water bath and was kept constant at 37 ± 1 0C. The
water bath level inside the sonicator (Branson) was 16 cm, and the tip of Eppendorf tube
was positioned in the middle of the water bath. A series of experiments were performed
with different ultrasonic duration between 0 and 90 minutes. Each sonicated sample was
then pipetted into a 96-well plate and OD was measured by spectrophotometer over 18
hours periods.
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Figure 7.2: Growth curves of E. coli in LB broth in the presence of different concentrations
of liquid crystal (LC). Higher concentration of LC in the sample makes longer time to enter
the exponential growth phase. 0 vol% LC means E. coli bacteria are in 100 % LB media.

Figure 7.3 illustrates that as the ultrasonic duration increases, the longer time to enter
the exponential growth phase due to reducing cell population caused by lysing. This is
because the value of OD spectra is linearly proportional to the concentration of bacteria
cell in the suspension and each E. coli bacterium has roughly a doubling time of 20 min.
Thus, longer response time for entering exponential phase, which means staying low OD
intensity for longer duration, represents smaller number of E. coli cells survived in higher
LC concentration or longer ultrasonic irradiation time environment. Collectively, these re-
sults indicate that we are still able to use LC-LB solution up to 25 vol% LC in LB media
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with maximum 60 minutes ultrasonic duration for capturing E. coli in the AuNAMs. Hav-
ing confirmed that the invention AuNAMs stably encapsulate a substrate for substantial
periods of time, the mesogenic ligand functionalized AuNPs ability to encapsulate green
fluorescent protein (GFP) labeled E. coli was investigated.
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Figure 7.3: Effect of sonication time on E. coli population. Longer duration of ultrason-
ication causes a long lag period. This represents that the cell population was reduced by
sonication and the population size became smaller when the sample was sonicated loner
time.

5 nm AuNPs with mesogenic ligands in chloroform solution (1.2 wt%) were dispersed
into nematic LC (5CB, Sigma Aldrich) and the LC-AuNPs mixture was then sonicated in a
40 0C bath for 5 h in an Eppendorf tube, allowing chloroform slowly to be evaporated from
the LC solution. Added 15 vol% LC in LB-E. coli media to the LC-AuNPs solution and
sonicated for 20 more minutes. As the mixture was cooled into the nematic phase (cooling
rate 0.3 0C/s), E. coli were captured in the AuNAMs. We spun down the AuNAMs with a
centrifuge (6000 rpm for 15 min), discarded the supernatant, and re-suspended the fresh LB
media. We repeated the process at least two times until removing remained LC solution. We
imaged the sample using optical (Figure7.4 (a)) and epifluorescence microscopy (Nikon),
which is shown in Figure 7.4 (b). We observed moving AuNAMs for 4 hours under the
optical microscopy. Switching the microscopy setting to fluorescence image setting, we
monitored GFP emission from E. coli located in the AuNAMs and followed the movement
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of the AuNAMs (Figure 7.4 (a,b)). E. coli remains stably encapsulated in the AuNAM and
their motion was last at least 6 hours, evidencing to the great capability of microorganism
biocapsule. GFP intensity from line cuts along single E. coli bacterium (Figure 7.4 (c))
and encapsulated E. coli (Figure 7.4 (b)) in the AuNAM is shown in Figure 7.4 (d). We
approximated GFP fluorescent signals, integrated intensity, from single bacterium cell, and
the integrated intensity value was defined as one E. coli population. This method allows
for a quantification of bacteria population in the AuNAM. We calculated the integrated
intensity from single and multiple E. coli bacteria in NAMs by using both graphs from
Figure 7.4 (d). The ratio between these integrated intensity values shows roughly 3 times
the single bacteria signal. We thus conclude that each AuNAM is able to capture more than
one E. coli bacterium.
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Figure 7.4: The encapsulation of E. coli in AuNAM. Image (a) exhibits a optical mi-
croscopy image. (b) A fluorescence image of GFP labeled E. coli bacteria captured (b)
and un-captured (c) within AuNAM. (d) Fluorescent signal of E. coli-GFP strain. Line-
cuts of the emission signal of single cell bacterium (blue) and bacteria in AuNAMs (red)
are represent as their intensity values. Integrated intensity value of single bacterium was
defined as one E. coli bacterium.
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7.3.3 Biocapsules for stem cells
Escherichia coli bacteria were successfully captured in AuNAMs first time in the laboratory
settings. Our most recent experimental results showed that live bacteria can survive inside
of the AuNAMs for several hours. To test this with stem cells, we were first required
to examine the viability of the stem cells when we introduced major components of our
AuNAMs into their biological environment. Cell viability assays were carried out to assess
the cytotoxicity of AuNPs and LC (5CB) on C2C12 mouse myoblast cell line. We used the
most common viability (live/death) assay kit. The assay kit generally provides a precise
time and concentration evaluation of the process of cell death following exposure to a
toxic substance. The live/death assay kit, contains chemical compounds calcein-AM and
ethidium homodimer (Figure 7.5 (a,b)).

Calcein-AM

Calcein

Nucleus

DNA

Green fluorescence

Viable cell

Ethidium homodimer

=

NucleusDNABinding to 
DNA

Damaged cell 
membrane

Red fluorescence

Dead cell

(a)

(b)

Figure 7.5: Assay system to determine viable cells (a) and dead cells (b).
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Calcein-AM is converted from a non-fluorescent compound into a highly fluorescent
green fluorophore. It can be transported through the cell membrane into live cells. After
calcein-AM enter the cells, intracellular esterases eliminates the acetomethoxy group and
produces calcein. (Figure 7.5 (a)). This calcein molecule is trapped inside the cells and
emits strong green fluorescence [196]. For dead cells, there is no active esterases process
[196], thus we only observe green fluorescence from live cells. On the other hand, ethidium
homodimer is a membrane-impermeable fluorescent red fluorophore, which binds to DNA
[197]. When cells die, the cell membrane of those cells is damaged. Thus, ethidium ho-
modimer is able to enter those cells and bind to their DNA (Figure 7.5 (b)). Since live cells
don’t have a disrupted membrane, the ethidium homodimer cannot enter inside of the cells
[197]. Based on above information, this method allowed us to examine which cells were
alive and died simultaneously when C2C12 cells were exposed to the toxic or non-toxic
substance.

The cytotoxicity of AuNPs and LC was assessed on C2C12 myoblast cells by using
a live/dead assay kit (Thermo fisher scientific). C2C12 cells (4 × 104) grown in 12-well
plates were treated with varying size of AuNPs, concentrations of AuNPs or amount LC in
the cell media for 24, 48, 72 hours at 37 0C and 5 % CO2 environment. Cell morphology
and viability test were examined daily with a optical and fluorescence microscopy. Each
sample, varying incubation periods, was collected and re-incubated in phosphate buffered
saline (PBS) supplemented with 1 nM calcein-AM and 6 nM ethidium homodimer at 37
0C and 5% CO2 for 30 minutes. Each stained cell suspension sample was washed with
C2C12 media. Eight random spots per well were then imaged by acquiring two-channel
settings (Nikon fluorescent microscopy), where green (515 nm) and red (635 nm) fluores-
cent cells indicated live and dead cells, respectively (Figure 7.5 (a,b)). After the imaging,
the myotubes of stained cells were specifically detached from the surface of the well plates
by mild trypsinization and it made cell aspect changed to round shape.

Based on the color differences, live cells (green) were counted on a hemocytometer.
The results of cell viability were plotted as live cell population. Figure 7.6 (d) and

Figure 7.7 (d) showed that high concentration and large size of AuNPs induced the low-
est live cell population. This indicated that these conditions might create minor stressful
environment to the C2C12 cells, thus we observed lowering the reproductive rate than the
others (Figure 7.6 (e) and Figure 7.7 (e)). Although growth inhibition was noticed at higher
concentration and larger size of AuNPs, as confirmed by cell counts, our experimental re-
sults demonstrated that all test samples increase their total cell population on daily basis.
(Figure 7.6 (a-e) and Figure 7.7 (a-e)). Hence, C2C12 cells in high density of gold in media
eventually could complete mitosis and segregate their daughter cells normally.
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Figure 7.6: Live/dead images of cells incubated with (a) no AuNPs (b) 1×108 AuNPs/well,
(c) 4×108 AuNPs/well, and (d) 8×108 AuNPs/well. All AuNPs are 60 nm-diameter size.
(e) Live cell population curve for different number of AuNPs in well.
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Figure 7.7: Live/dead images of cells incubated with (a) no AuNPs, (b) 5 nm diameter
AuNPs, (c) 60 nm diameter AuNPs, (d) 100 nm diameter AuNPs at a density 4×108

AuNPs/well. (e) Live cell population curve for different size of AuNPs in well.

On the contrary, the cell viability was dramatically reduced in a dose-dependent manner
in the cytotoxicity of LC (Figure 7.8). Especially, we observed at higher concentrations of
LC samples. More than 0.1 vol% of LC in media caused cell death and cell growth inhibi-
tion result in large red fluorescence emission area, as shown in Figure 7.8 (c,d). Chemical
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structure of LC, 5CB, contains cyano (-C≡N−) group and the group might cause cell death
or strongly critical cell growth inhibitions. In fact, several studies show that chemical com-
pounds with cyano group trigger cell death or inhibit cell growth, even damage to cancerous
cells [198, 199]. Even though existence of LC created severe negative impacts to cell sur-
vivability, the low LC concentration , such as 0.05 vol% LC, could sustain more than their
initial cell population (Figure 7.8 (b)). This experimental result probed that we might in-
troduce LC solution up to 0.05 vol% in the cell media without causing severe cell growth
inhibition or inducing negative cell growth rate (Figure 7.8 (e)). However, additional in-
vestigations are necessary to fully define this effect.
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Figure 7.8: Live/dead images of cells incubated with (a) no LC (b) 0.05 vol% LC, (c) 0.1
vol% LC, and (d) 0.2 vol% LC per well. (d) Live cell population curve for different vol %
LC per well.

7.4 Future directions
Our self-assembled encapsulation system and methods to control the release of encapsu-
lated material without damaging biological systems are needed to be modified simultane-
ously. Our Future work will comprise three stages.

7.4.1 Material functionalization of the NAMs
To use our AuNAMs for biological applications, we need to extract and disperse the shells
in an aqueous solution. AuNAMs need to retain encapsulated cells without causing any
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thermal damage when we release them via light excitation and introduce the captured cells
and other components into a new environment. Our current mesogen-functionalized lig-
ands (Figure 6.2) that create the formation of the shells are hydrophobic and require a high
local thermal gradient,4T ≈ 50 0C, when we apply 2 mW of optical power to disintegrate
them (Figure 6.9). We need to design new organic ligands, which have low melting points,
but still allow them to form AuNAMs at room temperature. Additionally, the AuNAMs
with new ligands disintegrate their structure around 40 0C using low optical excitation. The
hydrophobicity of our current ligands presents a significant challenge for dispersing and re-
suspending our biomicrocapsules. Adding polar or charge substituents such as phosphate
substrates to ligand structure will give us solubility benefits for our system. Thus, modify-
ing hydrophilic ligands with low melting temperature are essential for our application.

7.4.2 Encapsulate living organisms
The condition of encapsulated living cells is affected by a selection of appropriate prepa-
ration methods. After the material modification of the ligands, we need to investigate how
our new organic ligands affect the survivability of C2C12 cells. Our most recent exper-
imental results have shown that live bacteria can survive inside of the NAMs for several
hours (Figure 7.4 (a,b)). To test this with living cells, we will use a live/dead assay kit like
we did before and investigate the population of live and dead cells based on their differ-
ent fluorescent colors. Our AuNAMs must sustain growth of cells, which is essential for
encapsulation. We need to monitor that our AuNAMs with new ligands do not cause any
major issues or deformities of the cells. If small quantities of our new ligands inhibit cell
divisions, we will then seek to modify and design new non-toxic ligands.

7.4.3 Break open the NAM shell and check after condition of
encapsulated material

It is very important to know how plasmonic heating affects the chemical structure of encap-
sulated substrates since excited gold micro-shell raises can generate high localized temper-
atures that eventually causes them to break. If plasmonic heating has the ability to change
encapsulated chemical compounds, we will establish a new type of a chemical activation
trigger system controlled by heat. We can capture an inactivated chemical compounds
inside of the capsules, then utilized heat to create activated the chemicals by changing
the chemical structure when the shells are arrived at targets. We will make sure that our
activated chemical compounds have desired molecular geometry and structure by using
Nuclear Magnetic Resonance (NMR). This inactivated-activated system will open a new
door of medical procedure for chemotherapy and pain treatments and eliminate off target
effects in the host. On the other hand, if heating does not affect any chemical structures
of inner materials, we are successfully able to introduce our AuNAMs as a safe delivering
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applications using active cargo. In both cases, we need to investigate further, specifically
the magnitude of the excitation light and the amount of heat generated.

7.5 Conclusion
Micro-scale technology is a powerful tool for addressing many challenges in field of engi-
neering. We developed layer-by-layer three-dimensional nano-assembled gold microcap-
sules (AuNAMs). Appreciably, we are currently optimizing to use AuNAMs for biological
and chemical engineering applications. AuNAMs can capture multicellular prokaryotes,
chemicals, and micron-sized abiotic 3D objects such as microspheres. Theoretically, we
can use the thermal driven disassembly properties of the AuNAMs as an alternative and
simple approach for controlling the release of their cargo at precise locations and desired
time. AuNAMs research will open a new door for live cell encapsulation technology, such
as controlling cell growth or inhibiting cell differentiation, while a cell is in the AuNAMs.

In addition, Our bio-capsules will have the potential to revolutionize targeted cancer
therapy as well as pain management solutions currently in use today in medical facilities
around the world. Implementing this goal is important as it fills a need in the current market
for controllable drug delivery systems that are non-invasive and can easily be activated at
the doctors’ office or at home within a few minutes. Moreover, these systems often face
difficulties for controlled release in a specific location and desired time, while minimizing
damage to healthy tissues.

Our biomicrocapsules have encapsulation efficiency, controlled-release capabilities, and
highly localized thermal heating in the area within microns. Therefore, our multifunc-
tional biomicrocapsules can be useful for therapeutic or biotechnological devices such as
controlled-release drug delivery, targeted medicine, heat-activated biochemical release, and
live cell/microbiota encapsulation/transportation systems. Especially the microbiota en-
capsulation and transportation application can be implemented as an alternative to fecal
bacterial transplants or may also be utilized for laboratory use in studies of bacterial inter-
actions with both antibiotics or bacteria-bacteria interactions. We believe that this system
will usher in a new era of novel treatment strategies that are targeted and tailored to the
host to both the treatment facility and consumer in the future.
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143. Álvarez-Puebla, R. A. & Liz-Marzán, L. M. SERS-based diagnosis and biodetec-
tion. Small 6 5, 604–10 (2010).

144. De, M., Ghosh, P. S. & Rotello, V. M. Applications of Nanoparticles in Biology.
Advanced Materials 20, 4225–4241. ISSN: 1521-4095 (2008).

145. Dey, P. et al. SERS-based detection of barcoded gold nanoparticle assemblies from
within animal tissue. Journal of Raman Spectroscopy 44. JRS-13-0179.R1, 1659–
1665. ISSN: 1097-4555 (2013).

146. Atwater, H. A. & Polman, A. Plasmonics for improved photovoltaic devices. Nature
Materials 9, 205 EP - (Feb. 2010).

147. Mubeen, S. et al. On the Plasmonic Photovoltaic. ACS Nano 8. PMID: 24861280,
6066–6073 (2014).

148. Cushing, S. K. & Wu, N. Progress and Perspectives of Plasmon-Enhanced Solar
Energy Conversion. The Journal of Physical Chemistry Letters 7. PMID: 26817500,
666–675 (2016).

149. Xu, J. et al. Mechanical Nanosprings: Induced Coiling and Uncoiling of Ultrathin
Au Nanowires. Journal of the American Chemical Society 132. PMID: 20698533,
11920–11922 (2010).

150. An, C., Peng, S. & Sun, Y. Facile Synthesis of Sunlight-Driven AgCl:Ag Plasmonic
Nanophotocatalyst. Advanced Materials 22, 2570–2574. ISSN: 1521-4095 (2010).



BIBLIOGRAPHY 129
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