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ABSTRACT

INVESTIGATION OF ACTIVE MICROPARTICLE MOTION AT
STRUCTURED OIL-AQUEOUS INTERFACES AND MICROCARGO
RELEASE VIA INTERFACIAL SHEAR

Din¢, Ramazan Umut
M.S., Department of Chemical Engineering

Supervisor: Assoc. Prof. Dr. Emre Biikiisoglu

August 2022, [125| pages

Microcargo release systems have been reported including liposome vesicles, micro-
capsules, and micro/nanospheres. Liquid crystal (LC) based systems offer an alterna-
tive to these release systems since they are easily fabricated and easy to use. Recently,
a new method using an LC-based system for microcargo delivery has been reported
that releases microcargo via the applied shear by the motile bacteria near LC/Aqueous
interface. In our study, we investigated two potential systems to release microcargo
on-demand by the application of interfacial shear applied with active particles. In the
first part of the study, we used Janus particles formed by anisotopic coating of TiOy
particles with gold, that possess diffusiophoretic motion upon UV light exposure.
We characterised Au-coated TiO, Janus particles and their active motion in different
Newtonian media. After these characterisations, we found that the active motions of
these Janus particles to cease significantly when positioned at the LC/Aqueous in-
terface because of the existing ionic medium. With calculations, we found that the
electric double layer thickness at LC/Aqueous interface is comparable with the size
of our Janus particles at zero salt concentration. In the second part of the study, we

used paramagnetic iron oxide particles to form magnetic microstirrer assemblies at



the LC/Aqueous interface upon magnetic field exposure that applies shear to release
microcargo within the water-in-LC emulsion. After characterising the paramagnetic
particles, we performed release studies using aqueous emulsion droplets loaded with
methylene blue (MB) formed in nematic LC. In this system, the external stimuli that
induced the internal flow were the shear forces caused by the rotational motion of the
microstirrers at the interface. We analysed the effects of the rotational speed of the
magnetic flux director and the interfacial concentration of the paramagnetic particles
on the release rate of the microcargo. Our experiments at different rotation speeds
revealed that the release rate of MB decreases from 100 ng/min to 25 ng/min as the
rotation speed decreases in one hour of microcargo release. In addition, we found
an intermediate interfacial concentration of the paramagnetic microparticles for the
maximum release rate is around 20000 particles/mm?. We also showed the micro-
scopic evidence that the rotation of the microstirrers changed the nematic director of

LC locally on the interface.

Keywords: Liquid Crystal, Active Particle, Microcargo Release, Electric Double
Layer
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_ YAPILANDIRILMIS YAG-SU ARAYUZEYLERINDE AKTIF
MIKROPARCACIK HAREKETLERININ INCELENMESI VE ARAYUZEY
KESME YOLUYLA MIKROKARGO SALIMI

Ding¢, Ramazan Umut
Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Yoneticisi: Do¢. Dr. Emre Biikiisoglu

Agustos 2022 ,[125]sayfa

Lipozom vezikiilleri, mikrokapsiiller ve mikro/nanokiireler dahil olmak iizere mik-
rokargo salma sistemleri literatiirde rapor edilmigtir. Siv1 kristal (LC) bazl sistem-
ler, kolay iiretilebilmeleri ve kullanimlar1 sebebiyle salim sistemlerine bir alternatif
sunmaktadir. Son zamanlarda, mikrokargo salimi i¢in LC tabanh bir sistem kullanan
yeni bir yontemde, LC/Su ara yiiziine yakin, hareketli bakteriler tarafindan uygula-
nan kesme yoluyla mikrokargo salimi yapilabildigi rapor edilmistir. Bu ¢alismada,
aktif parcaciklar ile uygulanan ara yiizey kesme uygulamasi ile talep iizerine mikro-
kargo salimi i¢in iki potansiyel sistemi arastirildi. Caligmanin ilk boliimiinde, TiOq
partikiillerinin altinla anizotopik kaplanmasiyla olusturulan ve UV 15181na maruz kal-
diginda difiizyonoforetik hareket gosteren Janus partikiilleri kullanildi. Au kapli TiO,
Janus parcaciklarini ve bunlarin farkli Newtonsal ortamlarinda aktif hareketleri tanim-
land1. Bu karakterizasyonlardan sonra, bu Janus parcaciklarinin aktif hareketlerinin,
mevcut 1yonik ortam nedeniyle LC/Su ara yiiziine yerlestirildiginde 6nemli ol¢iide

durdugu bulundu. Hesaplamalarla, LC/Su ara yiizeyindeki elektriksel ¢ift tabaka ka-
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linligimin, sifir tuz konsantrasyonundaki Janus partikiillerimizin boyutuyla karsilas-
tirllabilir oldugu belirlendi. Calismanin ikinci boliimiinde, LC iginde su emiilsiyonu
icindeki mikrokargoyu salmak iizere manyetik alana maruz birakildiginda LC/Su ara
yilizeyinde kesme ile mikrokargo salimi yapabilen manyetik mikro karistirict yapi-
lar olusturmak icin paramanyetik demir oksit parcaciklar1 kullanildi. Paramanyetik
partikiillerin karakterizasyonu sonrasinda, nematik LC igerisinde olusturulan metilen
mavisi (MB) yiiklii sulu emiilsiyon damlaciklarim1 kullanarak salim calismalart ya-
pildi. Bu caligmalarda, i¢ akis1 indiikleyen dis uyaranlar, ara yiizeydeki mikro karig-
tiricilarin donme hareketinin neden oldugu kesme kuvvetleriydi. Manyetik aki direk-
toriiniin donme hizinin ve paramanyetik parcaciklarin ara yiizey konsantrasyonunun
mikrokargonun salim hiz1 tizerindeki etkileri analiz edildi. Farkli doniig hizlarindaki
deneyler, bir saatlik mikrokargo saliminda doniis hiz1 azaldikga MB’nin salim hizinin
100 ng/dk’dan 25 ng/dk’ya diistiigiinii ortaya koydu. Ek olarak, maksimum salim hizi
icin paramanyetik partikiillerin ara yiizey konsantrasyonunun yaklagik 20000 partikii-
1/mm?2 oldugunu bulundu. Ayrica, mikro karistiricilarin rotasyonunun, arayiizde yerel
olarak LC’nin nematik direktoriinii degistirdigini gosteren mikroskobik kanitlar1 da

gosterildi.

Anahtar Kelimeler: Siv1 Kristal, Aktif Parcacik, Mikrokargo Salimi, Elektriksel Cift
Tabaka
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CHAPTER 1

INTRODUCTION

1.1 Motivation of This Study

In recent years, new methods have been introduced to the literature to release mi-
crocargo in a more controlled way by using microcapsules, microspheres and mi-
croparticles [4]. Among these studies, the oil-based assemblies had gotten attention
due to their high load capacity and biocompatibility. [1] However, some of the pro-
duction methods of these systems require special equipment for fabrication and are
too sophisticated and expensive to be employed in useful scales. For example, mi-
crosphere production for drug delivery systems generally requires nozzle production,
which makes mass production expensive due to equipment costs. Besides that, the
oil-based microcargo delivery systems generally lack thermal stability and have leak-
age of microcargo issues. Therefore, an alternative method that is simple to prepare,
easily attainable and affordable for commercial use should be introduced to the lit-
erature. For this purpose, using structured oil/water emulsions to create microcargo
vessels is a great choice. Kim et al. reported that using nematic liquid crystals, a type
of structured oil, can be an alternative for microcargo-carrying vessels. [2] Moreover,
as illustrated in Figure [I.1}a,-b,-c,-d they showed that with the help of the thermal
energy of the thumb, the liquid crystal could eject the aqueous droplets within itself.
In addition to this mechanism, it is possible to release microcargo within the liquid
crystal domain via mechanical shear stress generated by swimming Escherichia coli
(E. Coli) bacteria near the aqueous interface, shown in Figure [I.1fe. When there is
no bacteria or bacterial movement near the interface, the liquid crystal domain holds
the microcargo, Figure @-f,-h. However, when the motile bacteria move near the

interface, the bacteria movement enables the ejection of the microcargo, eventually



ceasing the bacterial movement.
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Figure 1.1: a-d) Thermotropic behaviour of LC to release substance within itself,
scale bar is 1 cm. e) Schematic illustration of microcargo release from liquid crystal
domain via shear stress by E.Coli bacteria. f-h) Real time images of the system, scale

bar 10 pm. Reprinted with permission, .Copyright 2018 Nature

1.2 Liquid Crystals

Liquid crystals (LCs) are condensed fluid phases that are thermodynamically stable
at a temperature range between crystalline solid and isotropic liquid phases. As the
temperature decreases for LCs, the long-range order increases as crystalline solids,
renouncing mobility. On the other hand, as the temperature increases, the mobility of
the LCs increases; however, the long-range order of the matter vanishes, Figure @-a.
There are two main types of liquid crystals, thermotropic and lyotropic, respectively.
Briefly, the system’s temperature can determine the phase behaviour alone for ther-
motropic liquid crystals; on the other hand, lyotropic liquid crystal systems require the

addition of a solvent to form a liquid crystal phase since these systems consist of more
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than one component. Liquid crystals consist of molecules, referred to as mesogens,
with many unique properties derived from their long-range ordering [18]]. Between
crystalline solid and isotropic liquid phase, the nematic phase exists. The nematic
phase is the LC phase in which the mesogens are aligned in the same direction but do
not exhibit long-range positional order on average. Thermotropic liquid crystals ex-
hibit an average orientation, which is often stated as nematic director, in the nematic
LC phase that is preserved over distances that are several orders of magnitude greater
than the mesogen dimensions [3]]. One of the rod-like liquid crystal mesogen that ex-
hibit nematic phase at room temperature, SCB (4 -Pentyl-4-biphenylcarbonitrile), is
shown in Figure[1.2}b. Besides SCB, one of the simplest and relatively long-studied
LCs, there are many exotic LC phases that have been discovered, classified as twist-
bend or heliconical nematic phases [19]. Even though the nematic and twist-bend
LCs phases arise from the properties and organisations of a single molecule, having
mixtures of molecules of different types of mesogens or mixtures of mesogens and
non-mesogen molecules gives a variety of intriguing LC phases. One famous ex-
ample is the addition of a chiral molecule Figure [I.2}c to a nematic LC phase. At
sufficiently high concentrations, the chiral dopant in the mixture gives the nematic LC
phase a twist that is orthogonal to the nematic director near nematic-isotropic tran-
sition temperature, Figure @-d, which is referred to as cholesteric LC. Due to this
twisted structure, self-assembled periodic 3D cylindrical structures could be formed
by these cholesteric LC phases, Figure @-e,-f, which is often referred to as blue

phase for historical reasons [20].
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Figure 1.2: a) Three phases of thermotropric liquid crystals, b) A rod-like shaped
liquid crystal mesogen: 5CB. c¢) An example of chiral dopant (S-811) that forms
cholesteric LC phase when added to a nematic LC. d) Schematic of cholesteric LC
phase. e) Double-twist cylinders of cholesteric LCs that form at high temperatures
and concentrations of chiral dopant. f) The cylinders in g, self-assemble into cubic
lattices characteristic of blue-phase LCs. Reprinted with permission, [3]].Copyright
2016 Annual Reviews

The examples described above show that there is wide chemical diversity of LC.
Nevertheless, having complete differences in chemistry, LC phases exhibit unani-
mous characteristics due to their ability to reorganise and communicate information
across mesogens with long-range order and mobility. Due to these features, they are

excellent candidates for active material-based systems.



1.2.1 Three Key Concepts of Liquid Crystals

In order to understand systems containing liquid crystals, three key concepts of liquid
crystals should be mentioned. These concepts underlie the colloidal and interfacial
phenomena between LCs. These concepts are the surface anchoring of LCs, the elas-

ticity of LCs and lastly, the formation of topological defects in LCs.

The surface anchoring term refers to the surface-induced ordering of LCs due to the
intermolecular interactions between mesogens and contacting interfaces. When there
is no external field, the lowest free energy state orientation of the nematic director is
called the easy axis, shown in Figure[I.3}a [21]]. Any disturbance to the orientation of
LC, such as applying external field, chemical gradient etc., that results in the deviation
from the easy axis (shown as "Surface Director" in Figure [1.3}a) leads to an increase

in the free energy of interface described by the following equation [22]

1
F,=Fy+ éwa sin? (05 — 0.) (1.1)

Where F; is the interfacial free energy, F is the free energy of the interface on the easy
axis, W, is the anchoring energy, and 6, and 6, are the angles defining the orientations

of the surface director and the easy axis, respectively.

The long-range orientational ordering of LC mesogens arises due to the elasticity of
LCs. There are three fundamental modes of strain in LCs, dubbed as twist, bend and
splay, respectively, shown in Figure [[.3}b. However, all LCs do not need to possess
all types of these strains. One of the simplest descriptions of these elastic strains of

LCs is the so-called Frank-Oseen equation for the free energy density [23]]

1 1 1 2
F. = SKi(V-0)'+ SKo(n Vo) + SKs | x (Vxo)| (12)
Where K;, K,, and K3 are the splay, twist and bend elastic constants respectively,
each having the typical order of 107!'N. [24]

The third fundamental concept of LCs is the topological defects in LC media, shown

in Figure [I.3}c. The topological defects are caused by the competence between the
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surface anchoring and elastic energy in LC when LC is confined in certain geome-
tries. Since LC cannot preserve its surface-induced orientation (due to 3D boundaries)
throughout a long continuous strain of the LCs, certain regions of LC are generated
in which the strain rate is sufficiently high that the LC locally melts in those regions.
These regions could be as small as 5 nm (shown in Figure @-c); however, their
effects are significant in LC systems compared to their size.

a Surface ordering b Elasticity of liquid crystals
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Figure 1.3: Three Key Concepts of Thermotropic Liquid Crystals. a) The surface
director of the liquid crystal (LC) and the easy axis. b) The three basic modes of
deformation in LC; splay, twist, bend respectively with Franks-Oseen free energy
density equation. ¢) Three types of topological defects resulting from the competition
between surface anchoring and elasticity of LC; from left to right, a point defect with
radially converging director field, cross-sections of line defects, i.e. disclinations.
The line defects were oriented orthogonally to the figure. Reprinted with permission,

[3].Copyright 2016 Annual Reviews

For our designed systems, the surface anchoring of liquid crystals is crucial since it
is one of the key concepts that entraps the aqueous microcargo droplets containing
CTAB into the liquid crystal domain [22]]. Normally, 5CB [[13] and E7 [25]] LC meso-
gens tend to maintain planar anchoring with an aqueous environment without addi-

tion of surfactant, type of anchoring in which the mesogens are parallel to the water
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molecules. However, with the addition of positively charged cetrimonium bromide
(CTAB) surfactant, the mesogens tend to have homeotropic anchoring [26], in which
the mesogens are perpendicular to the aqueous environment, in order to decrease the
free energy of the interface. In addition to the surface anchoring, the ability to contain
elastic strains in LCs is a complementary design parameter for our systems. Since the
surface anchoring with the microcargo carrying aqueous droplets in the liquid crys-
tals and the surface anchoring with the aqueous domain are different from each other,
there is an energy barrier for the microcargo carrying aqueous droplets to overcome
in order to be released into the aqueous domain. With this phenomenon, the liquid
crystal phase can engulf the microcargo carrying aqueous droplets and not present

their release without a demand.

We sought to design a release system that can be controlled by a few parameters and
works on demand. Firstly, the systems should not release any cargo without demand
as shown in Figure [I.4fa. Secondly, for these systems, we planned to synthesize
microparticles to replace the bacteria [[2] for mechanical shear stress generation at the
LC/Aqueous interface, which could be activated upon demand as shown in Figure
[1.4tb. The microparticles must also have rapid response and be fabricated easily.

Therefore, we have selected two active particle candidates to achieve this objective.

BaiCuC G D 0t S

F

net

Figure 1.4: a) Off demand representation of the release system, the elastic force is
acting in favour of keeping the microcargo in LC domain. b) On demand, the net
force is acting in favour of releasing the microcargo in LC domain via generated

mechanical shear by the active microparticles at the interface.

The first one, anatase TiO»-based Janus particles [27], makes an anisotropic motion
upon UV exposure. We designed microcargo release system based on LC, replacing

the moving bacteria with these Janus particles. As the anatase TiO, Janus particle is
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exposed to UV light, it moves anisotropically. This anisotropic movement generates
a flow at the LC/Aqueous interface. This flow might enable the microcargo-loaded

aqueous droplets to be released to the aqueous domain.

The second one, paramagnetic iron oxide microparticles [28]], can be moved on the in-
terface while changing the magnetic flux orientation. Using paramagnetic iron oxide
microparticles was a different method for microcargo release than mimicking bacte-
rial movement. These particles were designed to form microstirrers on the interface
and generate flow in a different fashion. These microstirrers were intended to be
aligned with the magnetic flux director as it changes its orientation. When the param-
agnetic microparticles move on the interface, they generate mechanical shear stress.
This shear stress enables the microcargo-loaded aqueous droplets to escape to the

aqueous domain via the generated internal flow within the LC phase.

1.3 Objectives of This Study

In order to design a microcargo release system based on the structured oil-water emul-
sion and mechanical shear generation via external stimuli, we need to achieve several

steps summarized below. These subtitles also summarize the objectives of this thesis.

e Synthesis and characterisation of active microparticles : We need to syn-
thesize active microparticles. The microparticles must be fabricated easily and
suitable for scale-up for applications. These microparticles’ actuation must be
rapid and robust without any time lag for on-demand purposes. Furthermore,

the particles should maintain significant activation over time.

e Characterisation of water-in-L.C emulsion and LC/Aqueous interface : In
order to understand the phenomena between the LC and contained microcargo
carrying aqueous droplets, the characteristics of emulsions should be addressed.
Moreover, since active microparticle movement at the interface strongly de-
pends on the surrounding’s physical and/or chemical properties, we need to

characterise the interface conditions for our designed system.

¢ Interfacial position of active microparticles : In order to actuate the mechan-



ical shear stress, the active microparticles must be localized onto the LC/Aque-

ous interface, and their distribution should be characterized.

e Activation characterisation of microparticles at LC/Aqueous interface :
After positioning the particles at the interface, the degree of activation charac-
terisation of these particles must be done to prove that the particles meet the

condition for enough mechanical shear generation.

e Characterisation of the microcargo release : After all the system parameters
are set, the characterisation of the release mechanism has to be done in order to

achieve controlled on-demand release criteria.






CHAPTER 2

LITERATURE SURVEY

2.1 Microcargo delivery methods

In the past decade, new methods for microcargo delivery systems have been intro-
duced to the literature. Generally, these methods were developed for drug delivery
systems. For any microcargo release methods, it was desired to have on-demand re-
lease with control. Moreover, for in vivo applications, the developed systems must

have high biocompatibility.

2.1.1 Microparticles, microspheres & microcapsules

The use of microparticles, microspheres and microcapsules, referred to as microcar-
riers, offers a wide study field for microcargo release. Due to their structural and
functional diversity, microcarriers have many advantages [29]. Depending on the
drug delivery method, they can be in the form of capsules, tablets, sachets, gels,
creams, pastes, solutions, suspensions and parenterals [4]]. Microsphere formations
can carry different types of microcargo, either dissolved or suspended [30]. On the
other hand, microcapsules act like a reservoir for the microcargo with a membrane

shell surrounding the core [31].

Shape and structure of microcarriers:  One advantage of these microcarriers is
their relatively bigger size compared to nanocarriers. The reason is that these micro-
carriers have sizes ranging from 1 pgm to 1000 pm, which cannot be transported by

the lymphatic system just like nanocarriers [[32]. Therefore, the effect of microcarri-
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ers can be localized. Depending on the application, these microcarriers’ construction
and structure may change. The shape of the microparticles can be spherical, or they
may be in other shapes, Figure 2.1l They may deliver cargo in homogeneous matrix,
shown in Figure 2.1}a,-b,-g, or in heterogeneous way, shown in Figure 2.1}c,-d,-e,-
f,-h. Some of these microparticle assemblies are classified as Janus particles which
have a certain shape and phase anisotropy, Figure 2.1th. While some of them are
classified as patchy particles, Figure 2.1}g,-i which are spherical geometries with
different shaped patches on the spherical surface [4]. The spherical shape is gener-
ally preferred since the further processing of the shape is easier compared to complex

shapes.

Spherical microparticle

Non-spherical microparticle

k. L m. n. o.
So)es

Figure 2.1: Illustrations of different microparticle/microcapsule structures. a) Single
core-shell, b) Multiwall-single core, ¢) Multiple core, d) Matrix, e) Coated polynu-
clear core, f) Coated matrix particle, g) Patch microparticle, h) Dual compartment
microcapsule, i) Colloidosome, j) Giant liposome, k) Irregular-shaped microparti-
cle, 1) Torus-shaped microparticle, m) Bullet-shaped microparticle, n) Microtablet, 0)

Cube-shaped microparticle. Reprinted with permission [4]. Copyright Scientia Phar-

maceutica 2019



Structure of microspheres and microcapsules: = The main difference between
microspheres and microcapsules is their way of construction. Microspheres are gen-
erally composed of matrix systems that the microcargo is homogeneously dissolved
or suspended. On the other side, microcapsules are heterogeneous particles having a
membrane shell surrounding the core reservoir. In Figure [2.2] microsphere, micro-

capsule and "Janus Particle" forms of calcium alginate microparticles are shown.

C

Figure 2.2: a) Microspheres of calcium alginate with homogeneous concent. b) Mi-
crocapsule made of Water/Oil/Water emulsion in core with calcium alginate shell. c)
Janus particle form of calcium alginate derived microcarrier. Reprinted with permis-

sion [4]. Copyright Scientia Pharmaceutica 2019

Many parameters can affect the drug delivery ability of microcarriers. The surface
charge of these microcarriers has great significance in terms of aggregation and inter-
action with their surroundings. Any aggregation may decrease the efficiency of the
administration of the microcarrier content. Moreover, the aggregation of the micro-
carriers may block the normal flow of blood in the body resulting in complications.
Besides surface charge, the porosity of the microcarrier can also affect microcargo

delivery ability [33].

Recently, the use of anisotropic microspheres and microcapsules got attention due to
their special properties. For example, Janus particles, Figure 2.1+h, can be synthe-
sised to contain both hydrophilic and hydrophobic matrices at the same time. This
structure simultaneously delivers different compounds, allowing a wide range of use
in imaging and sensing applications [34]]. Use of patchy particles, Figure 2.I}g,-i, is
another alternative for microcargo delivery. These particles can form clusters allow-
ing them to build supercolloidal architectures that can withstand drying forces or be
able to swell several times their original volume reversibly in a swelling agent [35].

Another widely studied microcarrier assembly is liposomes. Liposomes are con-
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structed by one or more amphiphilic phospholipid bilayers. Due to their versatility,
they have been used as a drug carriers in vivo applications. Moreover, since their
phospholipid bilayer can mimic the cell membrane, they can interact with cells via
several mechanisms such as interaction with the cell surface components, fusion with
the membrane, endocytosis via phagocytic cells, or swap by bilayer components. [4]
This allows liposome vesicles to be functionalised for a wide range of therapeutic

applications.

2.1.1.1 Microcargo delivery with microcarriers

The delivery of microcargo in the microcarriers can be divided into two; passive and

active delivery.

Passive delivery of microcargo:  Various phenomena and mechanisms can co-
occur in conventional passive delivery systems. Microcarriers can use dissolution/d-
iffusion, osmotic pressure, or erosion for passive delivery, Figure 2.3ta. Depending
on the application, even though these mechanisms take place side by side, one or the
other provides a greater role during the release [36]. When there is a polymer matrix,
the passive delivery of the microcargo can be done through the pores of the polymer

network, shown in Figure 2.3}b.
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Figure 2.3: a) Passive release phenomena of microcarriers. b) Passive release phe-

nomena when there is a polymer shell. Reprinted with permission [4]. Copyright

Scientia Pharmaceutica 2019

Active/Smart delivery of microcargo:  The active/smart delivery of microcargo
is triggered by an external stimulus. Depending on the application, more than one
stimulus can be integrated into active microcargo delivery systems for sequenced re-

lease. The stimulus may be internal or external and can be classified as physical and

chemical, as shown in Figure 2.4]
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Figure 2.4: Types of stimuli for active/smart microcargo delivery systems. Reprinted

with permission [4]. Copyright Scientia Pharmaceutica 2019

Due to their biocompatibility and wide range of options for functionalisation, liposome-
based microcargo delivery methods have been studied deeply over the years. Their
main advantage is that due to their phospholipid bilayer structure, they can mimic the
cell membrane and hence be suitable for in vivo microcargo/drug delivery systems.
Moreover, since their lipid bilayers can be functionalised with various ligands, they

are great candidates for active/smart microcargo delivery systems.

2.1.2 Liposome vesicles

Liposome vesicles were discovered in 1960 by haematologist Dr. Alec D. Bang-
ham et al. [37]. They are defined as the colloidal spherical structures formed by
the self-assembled amphiphilic lipid molecules in aqueous solutions. These liposo-
mal membranes can be composed of one or more lipid bilayers, so-called lamellas.
These lamellar structures can form vesicles via self-organisation by turning their po-
lar groups around an internal aqueous core and outer aqueous phase [38]]. Due to
their amphiphilic structure, liposome vesicles can carry hydrophilic microcargo in
their aqueous core. They also carry hydrophobic microcargo inside their bilayers, or

they can carry amphiphilic microcargo on their bilayers as shown in Figure 2.5]
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Figure 2.5: Schematic representation of a liposome vesicle and possible microcargo
carrying options. Reprinted with permission [1]. Copyright International Journal of

Pharmaceutics 2021

Design of liposome vesicles:  The design of a liposome vesicle for microcargo
delivery is a crucial step for the determination of the safety, stability and efficiency
of the application [39]]. Besides that, the microcargo carrying ability of the liposome
vesicles can be affected by the number and rigidity of lipid bilayers, size, surface
charge, lipid organisation and chemical surface modification of the liposome vesicles

[40].

Liposome structure: Liposome vesicles can be classified based on their size and
the number of lipid bilayers, Figure When there is only one bilayer, the liposome
vesicles are classified as unilamellar vesicles (ULV). In contrast, when there is more
than one bilayer, they are classified as multilamellar vesicles (MLV) and multivesic-
ular (MMYV). Unilamellar vesicles can also be subcategorized by their size into three.
Small unilamellar vesicles (SUV) are typically around 20-100 nm in size; whereas
large unilamellar vesicles (LUV) and giant unilamellar vesicles (GUV) are greater

than 100 nm and 1000 nm respectively [41].

Selection of lipid and properties: For the construction of liposome vesicles, glyc-
erophospholipids are used. These molecules are amphiphilic lipids composed of a
glycerol part bound to a phosphate group and two fatty acid chains that may be sat-
urated or unsaturated [42]. Glycerophospholipids can be either natural or synthetic.

In the literature, since they are abundant in plants and animals, the most used natural
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Figure 2.6: Liposome vesicle types. From left to right; small unilamellar vesicle
(SUV), large unilamellar vesicle (LUV), multilamellar vesicle (MLV), multivesicular
Vesicle (MMYV). Reprinted with permission [[I]. Copyright International Journal of
Pharmaceutics 2021.

phospholipids to produce liposome vesicles are phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE). [43]] Synthetic phospholipids, on the other hand, are also
derived from natural phospholipids by changing the head groups, aliphatic chains and
alcohols of natural phospholipids.

Due to their amphiphilic structure, glycerophospholipids can form stable bilayers
in aqueous media. Polar head groups, and phosphate groups, are attracted to each
other by hydrophilic interaction and water molecules are also connected to polar
head groups by hydrogen bonding. At the same time, the hydrocarbon chains are
attracted to each other by van der Waals forces. Moreover, since hydrocarbon chains
are hydrophobic, water molecules force glycerophospholipids to form self-assembled
closed bilayers of liposome vesicles [44]]. Depending on the charge of the phosphate

group, these liposome vesicles could be neutral, positively or negatively charged.

The selection of the parts of the glycerophospholipids can affect the stability of the li-
posome vesicles formed in the aqueous environment. The longer hydrocarbon chains,
low degrees of unsaturation or addition of ether linkages can promote better stabil-
ity [39]]. In recent years, different molecules have been used to increase the stability
of liposome vesicles based on glycerophospholipids. The most common molecules
are cholesterol, propylene glycol, polyethylene glycol (PEG) and chitosan. The ad-

ditional molecule can have different prolonged effects on healthy tissue and cells,
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even affecting the immune system [45]. Cholesterol can induce dense packing be-
tween the hydrophobic tails of the lipid bilayer of liposome vesicles due to their
hydrophobic character, promoting better stability by reducing the fluidity and per-
meability [46]. Propylene glycol can improve liposome vesicles’ flexibility for skin
delivery drugs [47]. On the other hand, for in vivo applications, the blood circulation
half-life is a critical design point. One of the major disadvantages of using conven-
tional liposome vesicles is the clearance of these vesicles from the bloodstream in
minutes by the reticuloendothelial system and ending up in the tissues or organs such
as the liver and spleen [48]]. The use of PEG molecules on the outer surface of li-
posome vesicles can improve the blood circulation half-life from a few minutes to
several hours [49]. Polymers such as chitosan can increase liposome vesicles’ stabil-

ity by providing a protective shell on the surface for microcargo delivery [50].

Phase transition temperature: Another design parameter for liposome vesicles is
the phase transition temperature of the liposome vesicle. The phase transition tem-
perature refers to the point where the lipid bilayers of liposome vesicles transit from
gel state to liquid crystalline state. [51] The transition temperature can be modified by
controlling the degree of saturation of the hydrocarbon chains, saturation degree, the
ionic interaction of the suspension medium and the characteristic of the polar head
group of the glycerophospholipids in the bilayers [52]]. The transition temperature
decides whether the liposome vesicle is more permeable in a specific site depending
on the temperature since, in its gel state, the lipid bilayers tend to be denser while rep-
resenting low fluidity. In contrast, the liposome vesicle molecules are highly mobile
with increased permeability when the temperature is higher than the phase transition
point. When the temperature is around phase transition temperature, the permeabil-
ity of the liposome vesicles highly increases due to the coexistence of gel and liquid

crystalline state domains with highly permeable interfacial regions [S3].

2.1.2.1 Liposome vesicle production and microcargo loading methods

Since liposome vesicles have been around for almost five decades, there are con-

ventional methods and some new novel methods for the production and microcargo
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loading of the liposome vesicles in the literature. The selected/designed production
method greatly affects the final product in terms of size, lamellarity, and encapsula-

tion efficiency [54].

Conventional methods: Over the years, the most common conventional liposome
vesicle production methods have been thin-film hydration, reverse phase evaporation,
solvent injection, and detergent removal [55] [56]. Generally, these methods consist
of 4 steps; dissolution of lipids in an organic solvent, removal of organic solvent,
further purification and isolation of liposome vesicles and lastly, the analysis of the

final product.

Thin film hydration: Primarily known as the Bangham method, the thin film hy-
dration method was firstly described by Bangham in 1967 [S7]. In this method, lipids
are generally dissolved in a strong organic solvent such as chloroform. The organic
solvent is evaporated to form a lipid at the bottom of the flask. The lipid film is then
hydrated using an aqueous solvent, and liposome vesicles are formed by shaking.
The final liposome vesicles differ depending on the aqueous solvent conditions and

shaking intensity.

Reverse phase evaporation: Just as in the thin-film hydration method, the lipids
are firstly dissolved in an organic solvent, and then the solvent is evaporated. After
the evaporation of the solvent, the resulting film at the bottom of the flask is firstly
introduced to another solvent to be re-dissolved, such as diethyl-ether and/or iso-
propyl ether. After that, an aqueous phase is introduced to form an oil-in-water emul-
sion [[54]. The mixture is then ultrasonicated to form homogeneous inverted liposome
vesicles. Lastly, the organic solvents evaporated under reduced pressure, which re-

sulted in a liposome vesicle containing suspension [38].

Solvent injection: In this method, the lipids dissolved in an organic solvent are
injected into an aqueous solution to form liposome vesicles. Generally, as the organic
solvent, ethanol has been selected due to its repeatability, quick production, easy

scale-up, and not causing lipid degradation [59].
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Detergent removal: The detergent removal method is another alternative to pro-
duce liposome vesicles. This method makes the phospholipids soluble in aqueous
media with detergent at critical micelle concentrations. The detergent in the me-
dia is then removed by various methods such as column chromatography and dialysis
with an aqueous media forcing the phospholipids to self-assemble into liposome vesi-

cles [54].

Novel methods: The conventional liposome vesicle production methods need new
approaches mostly due to a lack of scale-up ability for industrial production [54].
Some of these novel methods are improvements of the conventional methods. For ex-
ample, Wagner et al. have used cross-flow injection [60], and Charcosset et al. have
used membrane contractor technology [61]] to improve the ethanol injection method.
Moreover, ultrasonication of lipid layers after direct hydration is also introduced to
the literature to increase the number yield of liposome vesicle production [62]]. Since
the mentioned methods use an organic solvent, using supercritical fluids in the pro-
duction of liposome vesicles has also been studied widely to eliminate organic sol-
vent use. Supercritical fluid offers a cheap and environmentally friendly alternative
with more possible scale-up production [63|]. Karn et al. reported the most used
supercritical fluid methods as injection and decompression, rapid expansion of su-
percritical solution (RESS), gas antisolvent (GAS), supercritical antisolvent (SAS),
aerosol solvent extraction systems (ASES), and supercritical reverse-phase evapora-
tion (SCRPE) [56]]. Recently, other methods for liposome vesicle production were
also introduced to the literature, such as dual asymmetric centrifugation and the use
of microfluidic devices [53]], [[64]. Guimaraes et al. outlined these novel methods’

major positive and negative sides in the table below [1]].

21



Table 2.1: Main characteristics of the novel methods for liposome production.

Reprinted with permission [1]. Copyright International Journal of Pharmaceutics

2021

Method Main Characteristics

Cross-flow injection (Wagner) (+) Simple, scalable, continuous and sterile process.

(-) Residual organic solvents can creates stability

Membrane contractor (+) Simple, rapid, scalable and continuous process;
homogenous liposomes with higher encapsulation efficiency for lipophilic drugs.

(-) Less studied for hydrophilic drugs; high-cost material.

Cross-flow filtration (+) Rapid, scalable, sterile process;
homogeneous liposomes with high stability;

facility to removal of detergent. (—) Understudy method.

Injection and decompression (+) Sterile process; homogeneous liposomes by changing the nozzle diameter;
narrow liposome size distribution; small organic solvent consumption.
(=) Complex equipment with low yield; needs of high temperature and pressure;

more adequate for hydrophobic drugs; nozzle can stay clogged.

RESS (+) Simple fast and solvent-free process; liposomes with controllable size.

(-) Low yield and encapsulation efficiency.

GAS (+) Suitable for a wide range of drugs; liposomes with variable size; and moderate stability;
solvent-free and uncontaminated process.

(-) Require organic solvent and needs gas and solvent separation; batch process.

SAS (+) Simple, scalable; solvent-free and uncontaminated process; homogeneous, small and stable liposomes;
low use of organic solvent and moderate pressure and temperature.

(-) Require organic solvents and needs gas and solvent separation; difficult to optimize conditions.

ASES (+) Rapid, scalable and single step process; more adequate for dry liposomes; low organic residues.

(-) Heterogeneous and large liposomes; uses a nozzle; understudy method.

SCRPE (+) Simple, rapid and one-step process with scalable potential; no need for nozzles;
reduced or no use of solvent; stable liposomes.

(=) Understudy method; require high pressure; high cost material.

Dual asymmetric centrifugation (+) Simple, rapid and reproducible process; homogeneous and small liposomes;
high encapsulation efficiency for water soluble drugs. (=) Used only for small volumes;
only laboratory-scale, not adequate for scale-up production,

high pressure with agitation; understudy method.

Microfluidics (+) Scalable process and used for biological samples; liposomes with controllable size.
(-) Issues for thermolabile compounds; complex equipment;

not adequate for scale-up production; difficult to clean after liposome production.
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The synthesised liposome vesicles could be developed one step further to be used
in stimuli-responsive microcargo delivery methods. For this purpose, generally, two
distinct properties are desired for these smart delivery systems. Firstly, the liposome
vesicle should be able to interact with its surroundings with active targeting. The ac-
tive targeting can be achieved with the functionalisation of the liposome vesicle with
ligands [65]]. On the other hand, the stimuli-responsive delivery could be achieved
with different kinds of external stimuli such as thermal, light, change in pH, or ap-

plied magnetic field.

Literature example of thermo-responsive liposome vesicle : Since the surface
of liposome vesicles could be functionalised with ligands for active targeting, they
are generally used for on-site treatment of cancer variants. Recently, Dayyih et al.
investigated a method based on thermoresponsive liposome vesicle for encapsulat-
ing and delivering hypericin, an alternative type of substance for cancer treatment
to chemotherapy [5]. Due to its hydrophobic structure, hypericin has not been used
widely for treatment [66]]. However, hypericin is a great candidate for photodynamic
therapy, which is a selective and self-regulated therapy alternative for destroying can-
cer cells while not harming the adjacent cells. The reason is that hypericin could react
with molecular oxygen when stimulated, leading to the formation of singlet oxygen
or reactive oxygen species in cancer cells, eventually leading to necrosis, apoptosis,

and autophagy-associated cell death [67].

For the delivery of hypericin to the cancer cells, Dayyih et al. loaded hypericin be-
tween the bilayer of PEGlated liposome vesicle, Figure The release mechanism
is based on the thermal disintegration of the liposome vesicle by reaching its phase
transition temperature. They reported that the first change in phase transition temper-
ature was 37.5°C and a maximum of 41.1°C [5]]. When the intact liposome vesicle
reaches its maximum phase transition temperature, it cannot retain its bilayer struc-

ture and hence release the hypericin within itself, Figure 2.3
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Figure 2.7: The schematic representation of thermoresponsive liposome vesicle.
Reprinted with permission [5]. Copyright International Journal of Pharmaceutics

2021

Literature example of light-responsive liposome vesicle:  Light responsive li-
posome vesicles offer an excellent alternative for stimuli-responsive drug delivery
in vivo applications. For this concept, Yavlovich et al. designed a liposome vesicle
composed of dipalmitoyl phosphatidylcholine and diacetylene phospholipid to deliver
Doxorubicin. Doxorubicin is a type of chemotherapy drug which can be stimulated
via 514 nm laser. In this study, rather than stimulating the lipid bilayer, Yavlovich et
al. used the photoactivation of Doxorubicin for the photodestabilisation of diacety-
lene phospholipid in the liposome vesicle for the leakage of the drug to the environ-
ment [6]. They reported that, although the release mechanism was uncertain and un-
parallel to their previous studies, they did observe the release of Doxorubicin. There-
fore, they concluded that the release mechanism in their work is strongly coupled with
the photoactive load in the liposome vesicle rather than the photo-polymerisation of
diacetylene phospholipid. From Figure[2.8] it can be observed that the liposome vesi-
cles start releasing the drug to the environment upon laser activation near the cancer
cell. Afterwards, the Doxorubicin could enter the cancer cell via passive diffusion

and eventually kill it, Figure 2.8
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Figure 2.8: The schematic representation of mechanism of lightresponsive liposome
vesicle. Reprinted with permission [[6]. Copyright Biochimica et Biophysica Acta

2011

Literature example of pH-responsive liposome vesicle: In recent years, rather
than direct injection, encapsulation and release of drugs/microcargo got attention for
therapeutic application. For the targeted release, the encapsulated microcargo must
be activated upon external stimuli on site. pH-responsive liposome vesicles offer an
alternative way of transporting microcargo with pH-active ligands. Yoshizaki et al.
had taken one step further from using conventional liposome vesicles. In their work,
they have modified their liposome vesicle bilayers with pH-sensitive hyperbranched
polymer, 3-methyl-glutarylated hyperbranched poly(glycidol) [7]. They reported that
Cytotoxic T lymphocytes (CTLs), a type of white blood cell, can kill tumour cells di-
rectly. Therefore, the induction of these cells is crucial for immunotherapy. However,
the direct injection of short peptide solutions derived from ovalbumin to induce CTLs
is an inefficient way of activating these white blood cells, Figure[2.9] Thus, they have
used hyperbranched polymer modified liposome vesicles to deliver the short peptide
solutions. The upside of this mechanism is that the liposome vesicles can enter the
dendritic cells whose cytosol is weakly acidic around pH = 5. Yoshizaki et al. re-
ported that their liposome vesicles retain their form at pH = 7.4 and release their
cargo at pH = 5. Since the dendritic cells can enter lymphoid tissue and the short pep-
tides can be released in these dendritic cells, the CTLs can be activated more. This

greater activation results in a stronger therapeutic effect, Figure 2.9]
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Reprinted with permission . Copyright molecules 2016

Literature example of magneto-responsive liposome vesicle : A relatively new
way of using liposome vesicles for responsive release combines them with magnetic
properties. In this way, the liposome vesicles can be stimulated via magnetic fields.
Vlaslova et al. designed a magnetic liposome vesicle that can release microcargo
via low frequency alternating magnetic field. [8]. They used magnetic iron oxide
nanoparticles to dope different kinds of liposome vesicles. The nanoparticles were
surface functionalised to be hydrophobic in order to dope them into the lipid bilayer
of liposomes, Figure[2.10] In their work, unlike the thermoresponsive liposome vesi-
cles, applying the magnetic field at low frequencies did not increase the liposome
vesicle’s temperature. Therefore, they concluded that the disintegration of the lipid

bilayer of the vesicle was not caused by the rise of the temperature above the phase
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transition temperature. In fact, the disintegration of the lipid bilayer was caused by
the collective movement of magnetic nanoparticles in the lipid bilayer, as shown in
Figure 2.10l With the proposed mechanism, they successfully are able to release

calcein microcargo into the environment.
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Figure 2.10: Schematic representation of alternating magnetic field actuated magne-
toresponsive liposome vesicle. Reprinted with permission [8|]. Copyright Journal of

Colloid and Interface Science 2019

Even though liposome vesicles offer various application fields for active microcargo
delivery, they are restricted in some ways. Most of the production methods in Ta-
ble 2.1 are not suitable for industrial-scale production for three main reasons. The
first reason is that these production methods may require sophisticated equipment,
which requires great equipment investment at the industrial scale. Second reason is
that these ways of producing liposome vesicles are not suitable for industrial scale
and are underdeveloped. Third reason is that even the industrial scale production
was achieved, most liposome vesicles have stability issues, resulting in microcargo
leakage off demand. Therefore, it is desired to have an alternative way of highly
controllable on-demand release systems. For this purpose, active microparticles are
used to have microcargo release on demand. These particles are excellent candidates
for this topic since they are easily fabricated, the microcargo loading mechanisms are

simple, and the microparticles can be stimulated in various ways.
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2.1.3 Active microparticles

One other way to deliver and release microcargo is to use active microparticles. These
microparticles can be in different shapes and sizes. The microcargo can be loaded
with various methods such as physical adsorption, electrostatic interaction, and layer-
by-layer coating. The delivery of the active microparticles is generally done with the
use of magnetic fields. Besides magnetic fields, disease-related chemical gradients
can also be used to steer the active microparticles to a predetermined destination [68]].
The activation methods are generally referred to as follows. Magnetophoresis is the
use of an external applied magnetic field to stimulate movement. Electrophoresis
is the use of an applied electric field to stimulate movement. Diffusiophoresis is
the use of chemical gradients to move in a media. The particle motion could also
be triggered by creating a pressure gradient around the particle via ultrasonic waves.
The on-demand activation of the microparticle can vary depending on the application,

microparticle type, environmental conditions, requirements etc.

Literature example of microcargo release with active particle using difussio-
phoresis:  De Avila et al. used an active microparticle that uses magnesium as
fuel in the stomach’s acidic environment. They synthesized their active particle with
a layer-by-layer deposition approach shown in Figure 2.1T}a. Their motivation was
to effectively eliminate the bacterial infection in the stomach with these active par-
ticles. The inner core of the particle was made of Mg, which reacts with HCI and
produces H, gases as product, Figure 2.1T}b. With this reaction, De Avila et al.
made the microparticle move anisotropically in the stomach’s acidic fluid while de-
livering the drug CLR, loaded in polylactic-co-glycolic acid (PLGA), Figure 2.11}-g.
The Mg core was coated with TiO,. This coating ensures the anisotropic movement
since the only contact point for the gastric fluid, and the Mg core was the surface that
was in contact with the glass slide in the production of the particles. On top of TiOy
layer, a third layer of CLR+PLGA was coated. Lastly, they covered the particle with
chitosan polymer layer to deliver the microparticles to the stomach more efficiently.
They reported that this polymer layer ensures efficient electrostatic adhesion of the
active microparticle to the mucosal layer on the stomach wall while protecting the

CLR-loaded PLGA layer. With this method, they report a successful reduction of
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infection [9]].
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Figure 2.11: a) Schematic representation of layer-by-layer production process. b) The
schematic of the working principle of the active microparticle. ¢) Real micrographs
of the particle in pH = 1.3 acidic media. d) Layers of the microparticle. e-f) SEM
image and EDX analysis of the particle respectively; pink is for Mg and green is
for TiO,. h-k) Optical and fluorescence images of dye loaded active microparticle.
i- is for PLGA layer, j- is for chitosan layer, and k- is for both layers respectively.
Reprinted with permission [9]. Copyright Nature Communications 2017

Literature example of microcargo release with active particle using electrophore-
sis:  Even though the diffusiophoretic motion of active microparticles offers a wide
range of application areas, they are limited by their reaction’s efficiency. Furthermore,
these microparticles need certain media to be used as microcargo carriers. Therefore,
there are alternatives to these particles in which the external stimuli cause physi-
cal phenomena rather than chemical reactions. One of these alternatives is using
electrical fields to move the microparticles. Kim et al. synthesized multisegmented

Au/Ni/Au nanowires ranging from 0.8 pym to 10 pum in length, acting as rotors. In
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order to anchor these microrotors into designated positions, they have used patterned
nanomagnets ranging from 0.2 ym to 2 ym in diameter, Figure 2.12}b. For the ini-
tiation of the movement, they have used quadruple microelectrodes acting as stators
as shown in Figure[2.12}-a [10]. In order to dope the microcargo, the multisegmented
nanowires were coated with mesoporous SiOy and the microcargo, Nile blue, was
loaded with physical deposition. They reported that they could precisely control the

release rate by adjusting these nanowire assemblies’ rotation speed, Figure2.12}c,-d.
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Figure 2.12: a) Schematic representation of the designed system working under ap-
plied electric field. b) Schematic representation of the nanowire assembly on top
of magnetic anchor. c¢) Micrographs of rotating nanowire at different time intervals,
scale bar is 10 ym. d) Release rate of Nile bule with respect to rorating speed of

nanowires. Reprinted with permission . Copyright Nature Communications 2014

Literature example of microcargo release with active particle using ultrasonic
waves:  Another promising way of delivering microcargo is to use ultrasonic waves
to move the microparticles since the ultrasonic waves can penetrate human tissue.
Any microparticle that can be actuated with ultrasonic waves is an alternative for
therapeutic applications. Wu et al. designed a red blood cell-based microparticle
that can move upon ultrasonic wave actuation [11]]. For testing the drug-carrying
characteristics, they doped the microparticle with an anticancer drug, doxorubicin.

The micromotor is also functionalised with magnetic nanoparticles. The existence
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of these magnetic nanoparticles allows the steering of the drug-loaded microparticle
under ultrasonic wave actuation as shown in Figure 2.13}a,-b. They reported that it
is possible to control the velocity of the microparticles by adjusting the transducer
voltage for the ultrasonic wave generation, Figure 2.13}c. Wu et al. tested the mi-
croparticle’s drug carrying capacity by comparing it to a free drug case. The reason
is that therapeutic drugs such as doxorubicin can also damage the healthy cells along
with killing cancer tissue. Therefore, the targeted release of these drugs is crucial. Wu
et al. reported that they observed three folds increase in the viability of the cells when

the doxorubicin was carried with microparticle as compared to the free doxorubicin
case, Figure 2.13}d.
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Figure 2.13: a) Red blood cell based magnetic nanoparticle loaded microparticle. b)
Red Blood Cell based magnetic nanoparticle, doxorubicin and quantum dots loaded
microparticle under ultrasonic wave actuation with applied magnetic field. Scale bars
are 20 pm for both image. c) The velocities of microparticles under different trans-
ducer voltages. d) The viability study of Human Umbilical Vein Endothelial Cells at
the vicinity of the microparticles and free quantum dots, doxorubicin and the mixture
of two. Reprinted with permission [11]. Copyright The Royal Society of Chemistry
2015
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Literature example of microcargo release with active particle magnetophoresis:

Magnetic fields can also be used to trigger the release of microcargo besides the
guidance of the microparticle to the dedicated designation. The movement of the
microparticle can be done with the help of the irregular-shaped design of the parti-
cle to mimic the swimming behaviour of microorganisms. Liu et al. synthesized a
worm-like microparticle to actuate the microparticle and release the microcargo with
the help of a magnetic field. The main frame of these microparticles is the assembly
of mesoporous silica nanotubes. These nanotubes are designed to both adsorb the
CoFe;0,4 magnetic nanoparticles and 6-carboxyfluorescein as the drug onto them-
selves, shown in Figure @-a. Even the 6-carboxyfluoresceins molecules are re-
leased by free diffusion, the release rate can be controlled by adjusting the alternating

magnetic field frequency, shown in Figure 2.14}b,-c.
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Figure 2.14: a) The schematic representation of working principle of magnetically
driven mesoporous silica micromotors carrying 6-carboxyfluorescein as drug. b) The
real-time fluorescence spectrum collected in the 6-carboxyfluorescein releasing pro-
cess. ¢) Plot of fluorescence at 518 nm against the exposure time in different fre-
quency magnetic fields. Reprinted with permission [12]. Copyright ACS Applied
Materials and Interfaces 2015
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The microcargo release via active microparticles is an excellent alternative to the cur-
rent microcargo release since these particles can be actuated with external stimuli and
targeted for specific locations. However, some of these activation methods are not
suitable for a wide range of applications. For example, the diffusiophoretic motion
of these particles using H,O- fuel is not desired in vivo applications since the high
concentration of H,O, potentially damages the cells. Moreover, the direct drug load-
ing of these microparticles limits the amount of microcargo release. Therefore, we
intended to design a system that takes advantage of the encapsulation efficiency of
oil structures as liposomes beside the controllable on-demand actuation of micropar-

ticles.

2.2 Microcargo release with liquid crystals

There are many studies that use liquid crystal assemblies to fabricate stimuli-responsive
microcargo release systems. [69]], [70], [71], [[72], [[73]. In order to further compre-
hend the included mechanism for microcargo release, the interactions between liquid

crystal and other substances should be investigated.

2.2.1 Aqueous-Liquid crystal interfaces

Even though the liquid crystal-based systems are designed with chemically function-
alized solids, recent studies of liquid crystal systems designed with free interfaces
have been reported. [22] [[74] [75] [76] [[77] Among these studies, the aqueous-liquid
crystal interface has several characteristic differences from solid-liquid crystal in-
terfaces. Firstly, unlike solid interfaces, aqueous interfaces are soft and deformable,
which makes the interface more dynamic. Secondly, any adsorbate can be transported
to the aqueous-liquid crystal interface through the aqueous domain. These molecules
adsorbed on the interface are going to be highly mobile compared to solid interfaces.
The last point is critical since this high mobility at the interface allows the LC to

reorganize itself in response to any elastic stresses rapidly.

When there are no adsorbates, the average nematic LC orientation is typically pla-

nar but azimuthally degenerate, e.g. on the same plane as the interface plane but not
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always on the same direction. On the other hand, when an amphiphilic adsorbate is
introduced to the LC/aqueous interface, these adsorbates are located between liquid
crystal mesogens and water molecules while interacting with both closely. Hence,
due to the steric interaction between LC mesogens and amphiphilic adsorbates, the
nematic LC orientation deviates from planar anchoring [26]]. As a result, one can get
cross-polarized optical feedback from this versatile interaction. For example, Gupta
and Abbott used a positively charged surfactant, dodecyltrimethylammonium bro-
mide (DTAB), to trigger continuous optical feedback meaning a continuous tilting
of the LCs at the aqueous-liquid crystal interface [13]]. From Figure 2.15]it can be
observed that as the DTAB concentration goes from 0 ym to 50 um , the appearance
of the liquid crystal goes from colourful, which indicates planar anchoring with az-
imuthal degeneration, to black which indicates homeotropic anchoring, since the LC
mesogens are perpendicular to the orthogonal polarized filters located at the bottom
and the top of the sample. It is also noticeable that in Figure as the liquid crystal
amount increases, as the depth of the sample increases from 5pm to 40 pm, more
DTAB was needed to convert whole LC layer from planar anchoring to homeotropic

anchoring.

0 uM

30 uM
35 uM| [
40 M| B

45 pM | =

50 uM

Figure 2.15: Cross-polarized microscopy micrographs of aqueous-liquid crystal in-
terface at different DTAB bulk concentrations for 5-,20-, & 40-pm liquid crystal film
respectively. Reprinted with permission, [13[]. Copyright 2009 Langmuir

34



From this study, one can deduct that in the absence of any surfactant, the liquid crys-
tal mesogens at the aqueous interface maintain planar anchoring, which was crucial
for our designed systems to work since this planar anchoring has an essential role
in keeping the aqueous microcargo loaded droplets in LC domain with creating an
elastic energy barrier. On the other hand, one can also deduct from Figure that
with the presence of a positively charged surfactant, such as DTAB, the LC anchoring
turns entirely to homeotropic after 50 M for all three liquid crystal thicknesses. This
information is vital for our designed system since the aqueous microcargo droplets
must also be loaded with a surfactant above the threshold value for homeotropic an-
choring. This way, there would be a disagreement between the LC mesogens around
the aqueous microcargo droplets and at the aqueous interface. Therefore the micro-

cargo droplets could remain in the LC domain without external stimuli, shown in

Figure [1.4]

The physical interaction at LC/Aqueous interface with optical feedback is not re-
stricted to surfactant molecules. Wang et al. reported that with the help of selective
binding, they could confirm the existence of cocaine in urine samples by investigating
the optical feedback of a liquid crystal-based system. In their design, they have used

an aptamer on the liquid crystal/aqueous interface to have homeotropic anchoring.

2.2.2 Colloidal interactions in liquid crystals

The ratio of \;qx = K/W,, is the average elastic constant to the anchoring coefficient
has dimensions of length, and it is called de Gennes-Kleman length. This ratio is
typically around 0.1 pm to 10 um for K = 10 pN and W, ~ 107 to 1073 J/m? [14].
Notice that the ratio size is in a few micrometers and leads to interesting features re-
garding colloidal interactions in LCs. When colloids or microparticles are in liquid
crystals, the liquid crystal mesogens in the vicinity of these colloids typically deviate
from their average nematic orientation set by the far-field nematic director. The rea-
son for this deviation could be explained by the two key concepts of liquid crystals;
surface anchoring and elasticity of liquid crystals, respectively. When a colloidal par-
ticle is introduced to the nematic LC phase, there should be a balance between surface

anchoring force due to newly introduced surface of the colloid and elastic energy dis-
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tortion force due to the existence of the colloid. The surface anchoring energy and
the elastic energy of the distortions could be estimated with ~ W,R? and ~ KR, re-
spectively, where R is the particle radius. Assume a colloidal particle with radius, R,
having perpendicular surface anchoring on its surface. Two possibilities occur when
this colloidal particle is introduced to the nematic LC phase. If R < K/W, , the par-
ticle does not disturb the nematic director mostly, shown in Figure @-a. However,

if R > K/W, the particle distort nematic director in its vicinity, Figure 2.16}b,-c.

a b c

R<<K/W, R>>K/W,

Figure 2.16: a) Colloidal particle in nematic LC phase with R < K/W,,. b-¢) Colloidal
particle in nematic LC phase with Saturn Ring and hyperbolic hedgehog respectively,
when R > K/W,,. Reprinted with permission, [14]].Copyright 2014 Soft Matter

In Figure two common and one specific condition LC nematic director profiles
around microparticles were presented for R > K/W,. Tangential anchoring, just like
planar anchoring, produces quadrupolar distortions in LC with two diametrically op-
posed surface defects, so-called boojums [[78] shown in Figure[2.17}a. Figure2.17+b
represents the homeotropic surface anchoring with dipolar symmetry, so-called hy-
perbolic hedgehog point defect. The homeotropic anchoring in Figure 2.17}c is

usually unstable and the disclination line turns into a point defect to from Figure

2.7+ [79).
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Figure 2.17: a) Tangential surface anchoring of LC around spherical particle. b)
Homeotropic surface anchoring of LC around spherical particle with hyperbolic
hedgehog defect above. c) Special case of homeotropic anchoring, a particle with
homeotropic anchoring with Saturn defect loop around it. a- Reprinted with per-
mission, [3[].Copyright 2016 Annual Reviews. b-,c- Reprinted with permission,

[15].Copyright 2006 Science

The topological defects around these colloidal particles play a crucial role in design-
ing self-assembled systems. Musevic et al. used the topological defect concept in
nematic LCs by introducing colloidal particles. They constructed 2D self-assembled
structures in nematic LC phases [15]. They used silica microparticles, d= 2.32 £
0.02 pm, having homeotropic surface anchoring. These particles are positioned in
LC-filled sandwich cells via laser tweezers. The cells’ glass surfaces were chemically
treated, so that parallel surface anchoring occurs in the rubbing direction. When the
thickness of the cells were greater than 3.5 £ 0.1 um, the resulting elastic distortion
around the particles generates a repulsive force between the walls of the cell and the
colloid, stabilizing the colloids in the middle of the nematic layer. In Figure 2.18}a
one can observe a colloidal particle with dipolar hyperbolic hedgehog defect located
along rubbing direction. They reported that these particles spontaneously assembled
into chains oriented along rubbing direction, Figure 2.18b. When the cell thick-
ness was smaller than the critical value reported above, the dipolar fields around the
particles were affected by the cell walls. The symmetry of the distortion around the
particles becomes a quadrupolar Saturn ring, shown in Figure 2.18c. Interestingly,
these particles spontaneously assembled into kinked chains oriented perpendicular to
the rubbing direction. They also reported that the binding energies of additional col-
loid were ~ 800 kpT and 4500 kpT along the chain direction for quadrupolar and

dipolar defects, respectively. This result also emphasizes the effect of topological de-

37



fects in LC-based systems even though the defect sizes are around a few nanometers.

a Spm

c 5um d g 5_p.m
oo™
.. =
Rubbing -
direction m

Figure 2.18: a) Colloidal particle with hyperbolic hedgehog defect. b) Chain forma-
tions of colloids along rubbing direction due to hyperbolic hedgehog defects. ¢) Same
colloidal particle in part a, with Saturn ring disclination around equator. d) Kinked
chain formations perpendicular to rubbing direction due to Saturn ring disclinations.

Reprinted with permission, [[15].Copyright 2006 Science

2.2.3 Interfacial behaviour of colloids and molecular adsorbates on liquid crys-

tals

Just as chemically functionalized solid surfaces can determine the surface ordering of
LC, the change in surface ordering in LC can control the organization of interfacial
adsorbates. The latter case is a promising principle for designing responsive materials

that can be actively controlled.

A great example for a responsive material design based on colloid interactions on
LC/Aqueous interface can be given from the study [16] shown in Figure 2.19] The
nematic LC they have used, SCB, adapts planar anchoring having a parallel flat inter-
face to water, Figure[2.19}a. When they introduced silica microparticles, d = 2.3 um,
having homeotropic anchoring on their surface, the particles far enough from other
particles sedimented near point defects, shown in Figure 2.19}a,-b. When the parti-

cles were close enough, the attractive force between particles created dendritic struc-
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tures due to the presence of attractive dipolar interaction between particles, shown in
Figure 2.19c. Interestingly, when sodium dodecylsulfate (SDS) was introduced to
the system, the attractive dipolar interaction between the particle pairs was changed
to repulsive due to the rotation of the topological dipole of the LC by SDS. The point
defect near the particle was relocated below the particle as the SDS concentration
increases, shown in Figure 2.19%d,-e. Meanwhile, the magnitude of the repulsive
interaction between the particles also increases, resulting in the change in the mi-
croparticle assembly patterns from chain-like structures to hexagonal arrays, Figure
2.19}g. The study provides proof of concept for the design of chemo-responsive ar-

rays of colloids at the LC/Aqueous interface.
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Figure 2.19: a,b) Silica microparticle sedimented on LC/Aqueous interface with
homeotropic anchoring near a topological defect. The interface has planar anchoring.
c¢) Self-assembled dendritic structures on the LC/Aqueous interface formed by attrac-
tive interaction between silica microparticles. d,e) Topological defect relocated below
silica microparticle. f) Homeotropic surface anchoring at LC/Aqueous interface due
to presence of SDS. g) Microparticle patterns as a function of SDS concentration at

the LC/Aqueous interface. Reprinted with permission, .Copyright 2010 PNAS

Literature example of microcargo release from liquid crystal emulsions via me-
chanical shear : Water-in-LC emulsions can be constructed with the help of simple
surfactant molecules. Kim et al. reported that they could eject the aqueous micro-
droplets with red tracer from the water-in-LC emulsion by interfacial stress [2]. The
aqueous microdroplets were trapped in the LC with 2mM DTAB surfactant. They

observed that with the application of the interfacial shear, LCs could be reoriented
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as shown in Figure 2.20}a-d. They reported that when there is no external applied
shear, the microdroplets in the emulsion should stay in the emulsion at equilibrium.
However, when they introduced approximately 10 N/m~2 via a magnetic stirrer lo-
cated near their emulsion, the interfacial stress caused by the aqueous environment
triggered the ejection of the droplets as shown in Figure 2.20}g,-h. They supported
their experimental observation with theoretical calculations about the change in the

net force balance with the introduction of interfacial stress, Figure 2.20}e,-f.

g .

-4

Figure 2.20: a-d) Cross-polarized optical response of LC films in 40 ym TEM grid
with chemically treated substrate and the overlying aqueous phase. Scale bar is 200
pm a,b) Initially homeotropic anchoring at the LC/Aqueous interface, before and after
applied interfacial stress. c¢,d) Initially planar anchoring at LC/Aqueous interface, be-
fore and after applied interfacial stress. e,f) Calculated Fgpy, (red lines) and F (blue
lines) and Fy.; (black lines) for an aqueous microdroplet (R = 1.5 pgm). Planar and
homeotropic orientations were represented with solid and dashed lines respectively.
g,h) Photographs of the ejection of the microdroplets from water-in-LC emulsion, be-
fore and after stirring the overlying the aqueous phase with magnetic bar. Scale bar is

1 cm. Reprinted with permission, [2].Copyright 2018 Nature
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Literature example of microcargo release from liquid crystal emulsions via poly-
electrolytes : The electrostatic interaction between LC and aqueous phases can be
tuned to construct microcargo release systems. Tsuei et al. used this concept to
construct a liquid crystal-based microcargo release system with the help of interfa-
cial polyelectrolytes [17]]. The constructed water-in-liquid crystal emulsion entraps
the aqueous microcargo droplets in the absence of external stimuli, Figure 2.21}a.
When adsorption of poly(diallyldimethylammonium chloride) (PDDA) to the inter-
face takes place, the surface anchoring of the liquid crystal changes resulting in the
change in the direction of the net force acting on the aqueous droplets in liquid crystal

and eventually resulting in microcargo release, Figure 2.21}c.
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Figure 2.21: a) Aqueous microcargo droplet entrapped in liquid crystal domain. b)
The positions of aqueous microcargo droplets. ¢) Release of aqueous microdroplets
from LC media upon adsorption of surfactant PDDA. Reprinted with permission,

[17].Copyright 2022 Langmuir

Liquid crystal assemblies offer great versatility due to their encapsulation efficiency, a
broad range of surface modifications for targeted applications and stimuli-responsive
characteristics for microcargo release applications. We planned to combine the exter-
nal stimuli property of active microparticles with water-in-liquid crystal emulsions to
construct a microcargo release system that works with contact-free external stimuli

with rapid response and ease of fabrication.
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CHAPTER 3

MATERIALS & METHODS

3.1 Materials

4-cyano-4’-pentylbiphenyl(S5CB) and E7 were purchased from HCCH Jiangsu Hecheng
Chemical Materials Co. Figure[3.1} Ltd. Dimethyloctadecyl[3-(trimethoxysilyl)propyl]
ammonium chloride (DMOAP), polyvinyl alcohol (PVA), N,N-Dimethylformamide
(DMF), sodium dodecylsulphate (SDS), cetyltrimethyl ammoniumbromide (CTAB),
trisodium citrate, titanium(I'V) butoxide, SYLGARD® 184 Polydimethylsiloxane
(PDMS) were obtained from Sigma-Aldrich. Iron(IIl) chloride hexahydrate, Abso-
lute ethyl alcohol(99.99%) were purchased from ISOLAB Laborgeridte GmbH. Glass
slides and cover slips were obtained from Marienfeld (Germany). Ethylene glycol
was purchased from Merck. 995 fineness gold was purchased from goldsmith. Ap-
proximately 20 pum thick PVC cling film and fast curing epoxy were purchased com-

mercially.
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Figure 3.1: Molecules of E7 liquid crystal mixture.

3.2 Synthesis of TiO, microparticle

We have synthesized our TiOy microparticles via solvent evaporation/extraction method.
Titanium butoxide, Ti(BuO),, was chosen as the titanium precursor for this proce-
dure [27]. For a typical synthesis, we have set the precursor — ethanol ratio to 1 :
40. We firstly take 40 mL of absolute ethanol (99.9v%) into a glass flask. While the
magnetic stirrer was operating around 500 RPM, we slowly added 1 mL of Ti(BuO),
to the ethanol and seal the flask with parafilm. After 10 min of stirring, the flask was
taken to a Ny environment and incubated for 3 hours at room temperature in dark. In
the first 5 minutes of incubation, the white precipitate formation should be observed.
Later, the white precipitate was sedimented with centrifugation, at 10000 rpm for 10
min. After each sedimentation, the sediment washed with absolute ethanol and ultra-
pure water (18.2 M(2-cm) three times subsequently. Between each centrifugation step,
the white precipitate was vortexed at 3000 rpm for 1 min and ultrasonicated at least
20 min until the homogeneous appearance was achieved. Lastly, the precipitate was
taken to a quartz cell and dried at 60°C in a furnace at atmospheric pressure overnight.
In order to achieve anatase crystal structure, which was chosen due to lower energy
requirements compared to rutile structure [80]], we calcinated the sample at 400°C

and atmospheric pressure for 2 h with ramp up temperature, AT, of 2°C/min.
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3.3 Synthesis paramagnetic iron oxide microparticle

We have selected a synthesis that can be scaled up easily. [28] In a typical synthesis,
firstly we added 60 mL ethylene glycol to a flask. Then, 3.25 g of FeCl3.6 H,O was
added and the flask was stirred at 500 RPM until the appearance was homogeneous.
Subsequently, 0.72 g trisodium citrate and 3.60 g sodium acetate were added to the
mixture. The mixture continued to be stirred until homogeneous appearance was
achieved. The mixture was then divided into two teflon autoclaves. The autoclaves
were closed and tightened mechanically. The samples autoclaved at 200°C for 10
hours. After incubation, the samples were cooled to room temperature via cold water
bath. The obtained product appeared to be black. The product was transferred to
another flask. The magnetic particles were collected via magnet. The solution media
of the flask contents was changed to absolute ethanol after collecting the particles with
magnet three times and then it was changed to ultrapure water (UP) (18M().cm) with
the same procedure. The particles again were collected on a watch glass and dried at
30°C in oven. Since the atmosphere was not controlled, the particles oxidized further

and got brown appearance.

3.4 Size & surface characterisation of microparticles via SEM imaging

After synthesis, 0.5 mg of particles were dispersed in 1 mL ultrapure water. The dis-
persion was achieved via ultrasonication for 30 minutes and vortex at 3000 RPM for
I minute. Scanning electron microscopy (SEM) stubs were covered with commer-
cial aluminium foil and the contact between foil and stubs were achieved via carbon
tape. 4 droplets, 30 uL each, of the prepared samples were dropped onto stubs. Nat-
ural sedimentation of particles were allowed and the water was evaporated at room
temperature by free convection. SEM images of the samples were taken at different
elevations to reveal the average diameter and the surface morphology of the synthe-
ses. For noble metal functionalized particles, backscattering images were also taken
to reveal the anisotropic doping of noble metal on the hemispheres. Additional EDX

area analysis was done for noble metal loaded TiO, microparticles.
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3.5 Monolayer coverage of TiO, microparticles on glass substrate for noble

metal loading

In order to coat one of the hemispheres of TiO, microparticles, monolayer coverage
of the glass substrate has to be achieved. Therefore, we have examined the micro-
graphs of aqueous TiO, solutions in order to find the optimum particle areal density.
For monolayer coverage of the glass substrate, we have dropped 0.3 mg/mL TiOy
aqueous solutions of TiO, to glass substrates and let the water evaporate by slow

natural convection.

3.6 Noble metal loading on TiO, microparticle hemisphere, Janus particle func-

tionalisation

To have anisotropic motion, the TiO, microparticles were functionalised as Janus par-
ticles. The functionalisation was planned with Au coating. Firstly, we have dispersed
the TiO, particles in aqueous media. The concentration of particles was set to 0.3
mg/mL to have monolayer on glass slides. Then, we used ultrasonic bath for 15 min
to separate the TiO, aggregates. The dispersed particles were transferred onto a glass
substrate and water is slowly evaporated to achieve monolayer of TiO, microparticles
on the surface. We checked the prepared glass slide samples for coating with opti-
cal microscopy for monolayer coverage. Before loading of the Au cap, each glass

substrate was UV-Ozone treated to clean the surfaces from organic content.

3.6.1 Au coating of TiO, hemispheres via ion sputtering

Au coating was done with directional ion-sputtering with Pd support. The Pd sup-
ported Au cap thickness was chosen as approximately 30 nm, 1-2 wt.%, to have
electron-sink for the electrons that are generated by UV illumination of the bare TiO,

side of the Janus particle’s electron-hole pairs [81].
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3.6.2 Au coating of TiO, hemispheres via thermal coating

We have used another noble metal loading method since the catalytic activity of these
particles strongly coupled with the coating method [82]. Monolayer coverage of TiO,
microparticles was achieved on glass slides as previously mentioned. The glass slide
samples were ozone-UV treated before the thermal coating step in order to cleanse
the particles & glass surface from any organic impurities. First, 10 nm Cr interlayer
directionally coated on the half side of TiO, microparticles and 30 nm Au coating
was directionally coated on the same hemisphere. The particles were dispersed in

aqueous media via gentle ultrasonication and pipette pumping.

3.7 Preparation of sandwich cell for mean square displacement (MSD) analysis

For viscosity calculations, we have prepared glass slide sandwich cells as follows.
On a glass slide, approximately 40um spacers were placed on both sides as shown
in Figure [3.2la. On top of the spacers, we placed a glass coverslip and aligned
the corners of the cell. We used two paper clamps to fix the cell, Figure [3.2}b.
After fixing, we fix the corners of the cell with epoxy. When the epoxy droplets at
the corners are cured, the paper clamps can be removed, Figure 3.2kc. We filled
the sandwich cells with the media we aimed to calculate its viscosity, containing
microparticles. Lastly, we sealed the edges of the sandwich cells with epoxy to make

a closed system for mean square displacement calculations, Figure 3.2}d.
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Figure 3.2: Sandwich glass cell preparation steps. a) Placing the cover glass onto

spacers. b) Fixing the sandwich cell with paper clips and dropping epoxy to the
corners of the cell. ¢) Removing of the paper clips after epoxy curing. d) Filling the

sandwich cell with fluid and sealing the cell edges with epoxy.

3.8 DMOAP, PVA, and PI coating of glass sandwich cells

In order to align the liquid crystal nematic director in the sandwich cell, we used
three surface modifications. Firstly, to have homeotropic anchoring on the glass sur-
face, we coated the cell walls with DMOAP. The coating was done by immersing
glass slides and coverslips into a 1v% aqueous DMOAP solution in a challet. The
challet was ultrasonicated for 30 minutes at room temperature. We rinsed the glasses
with ultrapure water and dried them with N to prepare the glasses for sandwich cell
preparation. Secondly, we coated the sandwich cell walls with PVA or PI to have pla-
nar anchoring on the glass surface. The coatings for PVA and PI were done exactly
by spin coating method. The glass slides were put on the spin coater and fixed in
place with a gentle vacuum. On top of glass slides or cover glasses, a few drops of
Swt.% aqueous PVA solution were dropped. We spin the glasses at 1000 RPM for 120
sec with a 500 RPM start. After PVA coating we gently scratched the coated surface
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a few times with microfiber cloth in one direction. The PVA-coated sandwich cells
were constructed with two coated surfaces that were scratched in the same direction.
For PI-coated sandwich cells 2wt.% PI in DMF solution was used. For PI coating,
after spin coating, the glass substrates were heated to 230°C by a hot template for two

and a half hours for PI curing.

3.9 Real time microparticle tracking via optical microscopy & mean square

displacement (MSD) analysis

We recorded the real time displacements of microparticles in various media for mean
square displacement calculations. The prepared sandwich cells were placed under op-
tical microscope. The transmission, polarized and polarized & retarded recordings of
the particle motions were captured via integrated camera. The recording were taken at
640x480, 1280x960, or 2560x1920 pixel resolution and from 9 fps to 50 fps depend-
ing on the media. We processed the real time recordings in an open source computer
program called FiJi [83]]. The software included build in plugins for particle position
tracking. We used two of the plugins called MOSAIC [84] & TrackMate [[85]] for mi-
croparticle position tracking. We analysed these positional trajectories and analysed
the mean square displacements with custom MATLAB codes. The MATLAB codes
can be found in Appendix [E| As a rule of thumb, for each microparticle, at least
2500 position data was analysed to calculate mean square displacement at different
time intervals to have statistical reliability. Each sandwich cell sample contained at
least 25 alone microparticles. For each viscosity media, at least two independent sets

of experiments were done, each set containing three independent samples.

3.10 Preparation of water-in-liquid crystal emulsion for microcargo release ex-

periments

The water-in-liquid crystal(LC) emulsions for the microcargo release experiments
were prepared in three parts. In the first part, 20 mM of aqueous CTAB solution
was prepared. The CTAB was dissolved in water via ultrasonication for 30 minutes

between 25-35°C for complete dissolution. Meanwhile, 20 mg/mL aqueous methy-
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lene blue (MB) solution was also prepared with ultrasonication. These two solutions
were mixed together with a 1:9 ratio for CTAB and MB solutions, respectively. The
final mixture should have 2 mM CTAB and 18 mg/mL MB, respectively. Afterwards,
this aqueous mixture was introduced to the liquid crystal to have 2.5v.% water-in-LC
emulsion. The water microdroplets in the emulsion were prepared as follows. Firstly,
the emulsion was vortexed at 3000 RPM for 1 min. After the vortex, the emulsion
was ultrasonicated for 10 min. Lastly, it was vortexed at 3000 RPM for 1 min. before

it was introduced to the experimental setup.

3.11 Particle tracking at L.C/Aqueous interface experimental setup

In a typical experimental setup, we placed a 20 pm thick TEM grid on a surface modi-
fied glass substrate as shown in Figure[3.3}a. The liquid crystals had different surface
anchoring depending on the surface modification of the glass substrate. In our experi-
ments, we used DMOAP for homeotropic surface anchoring and PI for planar surface
anchoring. The TEM grid was filled with LC. In order to achieve a flat surface, the ex-
cess amount of LC was taken from the TEM grid via 1 pL. microcapillary until a black
appearance was achieved under the cross-polarized microscopy under air exposure.
A few hundred pm thick PDMS film was put around the LC-filled TEM grid on the
surface modified glass substrate as shown in Figure 3.3tb. The aqueous media was
introduced on the LC-filled TEM grid carefully without disturbing the LC filling until
PDMS mould borders, Figure @-c. After that, the aqueous solution of AuCr@TiO,
JPs directly dropped onto the TEM grid. The aqueous media might contain salt de-
pending on the designed experiment. When the salt was present to eliminate the
electrical double layer, after the sedimentation of particles, the salt solution was re-
placed with a pure aqueous environment via micropumps for at least three volumes of
the experimental setup. When the experimental setup was constructed, a cover glass
was put onto the sample to have a better view under polarized optical microscopy for

recording purposes, as shown in Figure [3.3}d.
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Figure 3.3: Particle tracking at LC/Aqueous interface sample preparation. a) LC

filling of TEM grid. b) Complete filling of TEM grid and PDMS mould placing

3.12 Preparation samples for microcargo release experiments

The samples for the microcargo release through interfacial shear experiment were pre-
pared as follows. A PDMS mould was placed at the bottom of a UV-Vis cuvette. Rest
of the cuvette was filled with 3 mL 0.3 M NaCl aqueous solution as shown in Figure
B.4ta. Depending on the experiment, the paramagnetic particle concentration in the
aqueous solution might differ from 10,000 particles/mm? to 40,000 particles/mm?.
Subsequently, approximately 20 pL 2.5v.% water-in-LC emulsion was introduced
into the PDMS well via micropipette, Figure 3.4kb. The particles in the aqueous
solution above the water-in-LC emulsion were force sedimented by a neodymium
magnet while its magnetic poles were parallel to the LC/Aqueous interface, Figure
B.4kc,-d. After 30 minutes, the NaCl content and the small amount of released mass
from the water-in-LC emulsion were cleaned via cross-flow micropumping, Figure
B.4ke. The UP water was introduced to the system from well above the LC/Aque-
ous interface while the intake was near the LC/Aqueous interface. In order to not
disturb the LC/Aqueous interface, the flowrate of the cross-flow micropumping was
set around 200 pL/min. The micropumping was continued for at least three volumes
of the initial aqueous solution volume. When the UV-Vis reading of the sample was
equal to the initial reference state, the sample was closed, and the experiment was

started, Figure 3.4H.
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Figure 3.4: Sample preparation steps for microcargo release through interfacial shear
experiments. a) PDMS well is at the bottom of UV-Vis cuvette and the cuvette is
filled with aqueous media. b) Water-in-LC emulsion is introduced to the PDMS well
via micropipette. c¢) Force sedimentation of paramagnetic particles via neodymium
magnet, magnet is positioned below the sample having the poles parallel to the inter-
face. Dark Red curves indicate the magnetic flux. d) Force sedimentation after a time
interval. e) The cleaning of the aqueous media from salt and/or released microcargo
in part b via cross-flow micropumping. f) The sealed sample ready for microcargo

release.

3.13 Measurements of UV-Vis absorbance for microcargo release

In order to determine the rate of microcargo release, we used methylene blue (MB),
rose bengal (RB) and natural red (NR) as microcargo since they have distinct ab-
sorbance peaks at 664 nm [86]], 546 nm [87]] and 504 nm in water, respectively. We
constructed a calibration curve for each dye at different concentrations of aqueous
solutions with respect to 664 nm, 546 nm and 504 nm absorbance values. We used
these calibration curves to calculate the amount of released mass to the aqueous do-
main in our experiments. In each experiment, the reference state was taken as the

pure aqueous environment before release.
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CHAPTER 4

RESULTS & DISCUSSION

4.1 Release studies with self-propelled Au@TiO, Janus particles

Kim et al. reported that in order to change the nematic director orientation at the
interface for 1 Nm~2 interfacial shear, 10 pm/s directed velocity was sufficient [2].
In our first system, we planned to use active Au@TiO, Janus particles to generate
mechanical shear on LC/Aqueous interface. When exposed to UV light, a chemical
reaction takes place on the surface of these Janus particles. The chemical reaction
uses the HyO, in the aqueous phase as fuel and produces a H" chemical gradient
between the hemispheres of the Janus Particle. Therefore, these particles can make
directed diffusiophoretic motion on the LC/Aqueous interface and hence may change

the nematic director of liquid crystals on their path shown in Figure 4.1]
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Figure 4.1: Sketch of liquid crystal based microcargo release method replacing motile

bacteria with micromotor (active microparticle)

In order to understand the release mechanism of our designed system, we wanted to

understand the forces acting on the microcargo-loaded droplets. When we can un-
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derstand the forces, we can reveal release mechanism steps. Therefore, we calculated
each force acting on these microcargo droplets while in liquid crystal domain near in-
terface as shown in Figured.2| where electric double layer and buoyancy forces acting
in favour of release in +z-direction whereas the elastic repulsion force opposes in -
z-direction. The cetrimonium bromide (CTAB) molecules on the aqueous methylene
blue (MB) carrying droplet were overdrawn to emphasize the homeotropic anchoring.

The h is defined as the distance from the interface in the LC domain.

FEDL F

Buoancy

Figure 4.2: Schematic of three forces acting on the aqueous droplet near the

LC/Aqueous interface.

In our original system, the LC/Aqueous interface was charged negatively. Besides the
interface, the microcargo-loaded droplets contain CTAB, a positively charged surfac-
tant. Therefore, the electric double layer at the interface should attract the microcargo
holding droplets to itself. However, as the microdroplets approach to the interface,
the elastic repulsion force was also increasing, which tends to force the droplets to
remain in LC domain. Moreover, since E7 or SCB LCs are denser than water, pscp =
1.010 g/cm~* [88]], and pr7 = 1.057 g/em™! [2], buoyancy force, Fp, will act besides
electric double layer force opposing elastic repulsion force. The elastic repulsion

force, Fg [89];

Fy~+A’BrK(R/(h+ R)) 4.1)

where A =2.04 for microdroplets whose radius, R, is greater than K/W with homeotropic

anchoring [89]. For our case we take R as 1, 2.5, 5 yum and K and W values are K7
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=14.4pN [90] and W ~ 1*#10~6 Jm~! [91]], where B = 3/4 and B = 1/2 for planar and
homeotropic anchoring respectively, at the boundaries of nematic LCs [[18]]. Lastly, h

is the distance between aqueous microcargo droplet and LC/Aqueous interface.

The electric double layer force, Frpy, can be expressed as [92];

FEDL = —47T5E750R/i(kBT/e)szYie*h“ (42)

where g7 and ¢ are the relative electric permittivity of E7 and electric permittivity
of vacuum, respectively. R, x, e, kp and T are the radius of microdroplets, Debye-
Hiickel parameter, elementary electric charge, Boltzmann constant and absolute tem-
perature, respectively. The values for Y, and Y; can be calculated from the following

equations;

8tanh (D(e/kpT)
Y, = 4.3)
1+ /1~ (2Rs +1/(Rr + 1)2) tanh?(DGye/kT)
Y, = 4tanh (DQe/kBT) 4.4)

where D is a numerical factor has been chosen as 1 just as surface potential is equal to
zeta potential. However, even if it is a false claim, it does not invalidate the equation
for Fgpy, in the region of h >> 1/k which is valid for our calculation. ¢; and (,, are

the LC/Aqueous interface and microdroplet zeta potentials, respectively.
The buoyancy force, Fp can be written as;
4 3
Fp = §7TR 9(PET = Pag) (4.5)

Lastly the net force acting on the microcargo loaded aqueous droplets can be found

as;

Fret = Fepr + Fp — Fg (4.6)
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We performed a net force analysis acting on different sizes of microdroplets at dif-
ferent distances from LC/Aqueous interface. For our calculations, the distance h =
0 is the LC/Aqueous interface and h> 0 is in the water-in-LC emulsion. Droplets
smaller than 5.0 pym radius are in close proximity to the LC/Aqueous interface which
are less than 5 ym when F ., = 0. However, droplets greater than 5.0 ym radius are
far away from the LC/Aqueous interface as shown in Figure[d.3] As shown in Figure
4.3] we can also deduce that the time required to release the bigger droplets would
be greater since a greater distance has to be covered before reaching the LC/Aqueous
interface. It should be noted that F,,.; calculation depends on the salt concentration
of the media. The results in Figure 4.3 are at 0.01 mM salt concentration. How-
ever, when we increase the salt concentration to 1.0 mM, since the Fgp;, is decreased
by the increased salt concentration, the droplets whose radius are greater than 1 ym
would be far away from the interface as the Fy dominates as compared to 0.01 mM
case. Moreover, we can also observe that the droplets whose radius around 0.1 ym
cannot be contained below the LC/Aqueous interface since Fy.;> 0. Therefore, the
presence of salt in the aqueous medium would drastically decrease the release rate of
the aqueous droplets in the LC domain. The results for 1.0 mM salt concentrated case

are shown in Appendix [A]

Fret(PN)

—— R=0.1 ym—— R=0.5 pm
——R=1.0 ym—— R=2.5 ym
———R=5.0 ym R=10.0 um

0I5|10I15I20 25 30 35 40I45
h (um)

Figure 4.3: Net force acting on different sizes of microdroplets at various distances.

NaCl salt concentration is set to 0.01 mM for calculation purposes. R represents

the radius of water droplet carrying microcargo while h represent the distance to the

interface.
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In order to determine the crystal structure of the synthesized microparticles, we have
carried out a phase analysis with X-ray diffraction. The XRD analysis of the calci-
nated microparticles showed strong diffraction peaks of 101, 121, 103, 004, 112, 200,
105, 211 and 204 planes at 26 = 25.3°, 30.9°, 37.0°, 38.0°, 39.0°, 48.1°, 54.4°, 55.1°
and 63.1° respectively as shown in Figure 4.4, The XRD results were consistent
with the literature for anatase (ICDD 21-1272) TiO, crystal structure [93]] especially
since we have two distinct peaks at 25.3° and 48.1° which are the indicative peaks
for anatase crystal structure. We also observed one additional peak around 30.9° that
might indicate an additional brookite phase [94]. Even though the existence of the
brookite phase (ICDD 21-1360) might impact our design, since our particles have
strong peaks for anatase phase we continued to use these microparticles in our exper-
iments. We also noticed that there was broadening in our XRD analysis of the TiOy
samples which may indicate that existence of polymorphic structure in our synthesis.
However, since we have observed activation in our AuCr@TiO, Janus particles, we
deduced that we have the crystal structure at the outer radius of the Janus particles

which is required for the anisotropic motion of these particles.

8 Anatase: ICDD 21-1276
- Brookite: ICDD 21-1360
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Figure 4.4: XRD Spectrum of TiO, Microparticles
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The characterisations of shape and diameter of the synthesis are crucial for our de-
sign. In our design, the spherical particles are required to be big enough to generate
mechanical shear on the LC/aqueous interface. Therefore, in order to determine the
average diameter and the shape of the synthesis, we have taken the scanning electron
microscopy (SEM) images of the synthesised samples. As shown in Figure d.5}a, we
observed that the particles mostly have smooth surface & sphere-like round shapes.
In addition to our observation, we have conducted an image processing analysis for
the average diameter of the particles. For 375 separate particles, we found out that the
average diameter of the microparticles was 1.010 + 0.141 pm, Figure 4.5}b ranging
from 0.5 ym to 1.5 pm, Figure d.5}c. The Escherichia coli (E.Coli) bacteria in the
study of Kim et al. [2]] typically have sizes of 1.0-2.0 xm in length and 0.5 pm in

diameter respectively [95]. Therefore, we concluded that the particles are big enough

to generate mechanical shear.
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Figure 4.5: TiO, core particle characterisation. a) SEM images of anatase TiO, 5 ym
scale bar. b) SEM image processing result for average diameter of TiO, particles. c)

histogram for TiO, particle diameter.

The anisotropic character of the particles was achieved with half-coating of the TiOy
microparticles with Au cap. We have performed the coating of Au with two methods.

In the first approach, we coated the particles with Au via directional ion-sputtering
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with Pd support. Since the amount of Au on the TiOy microparticle affects the pho-
tocatalytic efficiency, we have chosen the Pd supported Au cap thickness as approxi-
mately 30 nm, 1-2 wt.% to have the maximum efficiency. [81]]. The SEM images in
the Figure[d.6}a , with backscattering mode on the right, of AuPd@TiO, Janus parti-
cles revealed that the directional coating of Au cap is achieved. A secondary image is
shown in Figure @-b, also reveals the two distinct hemispheres of an AuPd@TiO,

Janus particle, where TiO- is shown as dark grey, and Au is shown as light grey.

Figure 4.6: AuPd@TiO; Janus particles — a) AuPd@TiO, Particle Cluster b) Single
AuPd@TiO, Particle - SEM image with backscatter mode (right) respectively. c)
EDX analysis of a single AuCr@TiO, Janus particle. Red is for Ti and light brown
is for Au respectively. d-e) Single AuCr@TiO, Janus Particle, Left — SEM image,
Right — Backscatter mode. Scale bars are 1 um for particles and 200 nm for coloured

EDX analyses.

Even though we have fabricated Janus particles, we observed that the activity of
AuPd@TiO, Janus particles decreased over time even with the presence of higher
concentration of H,O, fuel concentration. We suspected that the ultrasonication step
for dispersion before each activation experiment might result in the loss of some part
of the Au cap on the microparticles, resulting in low anisotropic activity under UV
illumination. In order to resolve this issue, we have decided to apply an interlayer

of Cr base before Au coating. In addition, we have also changed the coating process
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since the Au@TiO, photocatalytic activity strongly depends on the coating method
of Au on the TiO, surface [[82]. We have chosen thermal coating for Janus parti-
cle functionalisation for the new coating method. The EDX analysis of AuCr@TiO,
shown in Figure @-c revealed that the TiO5 core, coloured with red, was half-coated
with Au, coloured with light brown. In addition to EDX results, the SEM images also
support directional coating of Au as shown in Figure [4.6}d,-e. We did not observe
a significant decrease in the activation of the particles due to the deformation of the

AuCr@TiO, Janus particles during our experiments.

Particle tracking is a crucial step in the quantitative analysis of real-time-lapse mi-
croscopy image data. Since manual localizing and tracing of each “particle” is an
inefficient way of interpreting data, and generally large number of independent mea-
surements should be taken to be consistent statistically for each experiment, auto-
mated computational methods have been developed for these “systems” by many
groups [96] [97] [98] [99]. Unfortunately, no “one fit for all” method is known for
particle tracking method since each system may differ significantly and have different
requirements for stable, robust, and reliable data analysis [100]. We used a java-based
platform (FiJi) with an integrated plugin called “Trackmate” [85]] to interpret the tra-
jectories of our microparticles. We have performed 2D single microparticle trajectory
analyses with a rule of thumb; each particle must be far from one another, at least 20

body lengths, to eliminate the interaction between the particles.

To justify our equipment’s capability, we first measured the Brownian (passive) mo-
tion of 1 ;um average diameter SiO, microparticles in various media. The 2D random
motion of a SiO, microparticle is shown in Figure d.7}a. We have tracked at least
120 different particles for each media, which were Newtonian fluids, and real time-
lapse vs. position data of each particle was analysed with a custom MATLAB code
for mean square displacement (MSD) [101]. We have deduced the viscosity infor-
mation of the media via the Stokes-Einstein relationship for the Brownian motion of
the particles, D=(kgT)/(3 7 fiqp, Dp). Where D is the diffusion coefficient of the
particle, kp is the Boltzmann constant, T is the medium absolute temperature, fiqy,
is the apparent viscosity of the media around the particle, and Dp is the particle di-
ameter, respectively. To get the diffusion coefficient of the particle, we have used the

following relation: MSD = nDAt, in which MSD is for mean squared displacement,
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n is the dimension number of the analysis, D is the diffusion coefficient of the par-
ticle, and At is the observation time scale for the analysis, respectively. The mean
squared displacement is defined as MSD = <|z — x(|?> where x is the position of
the particle at time t and X is the reference position at t-At. We have decided that the
microparticles undergo a Brownian motion by analysing the MSD with respect to At.
The MSD of the particle shown in Figured.7}a analysed with respect to At revealing
the linear relationship for Brownian motion in Figure [4.7kb. We have calculated the
apparent viscosities around SiO; microparticles and compared them with their true
values as shown in Figure 4.7kc. We have found that we could attain the viscosity
information with an error range between 5% to 15% for isotropic Newtonian fluids.
There are couple of possible reasons for the relative error in our calculations. The
first and probably main reason is the digitalisation of the particle’s position. When
we assume the number of position data is constant and the pixel size is smaller than
the average displacement of the particle, the accuracy of the calculations for the vis-
cosity increases. On the other hand, for the same calculation, when the pixel size is
comparable to or greater than the particle’s average displacement, the viscosity cal-
culation accuracy decreases due to the pixel binning process and more data points
are required for greater accuracy. We also analysed the MSD of x and y directions
separately to reveal the isotropic characteristic of the analysed Newtonian fluids. The
Figure[d.7-d shows the ratio of x and y direction MSD data being around 1.0, which

is the indication of isotropic media.
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Figure 4.7: a) Brownian Motion Trajectory of a SiO, Particle. 2 pm scale bar. b)
The mean square displacement (MSD) of the same particle over time. c) Viscosity
measurements of different Newtonian fluids with respect to their true viscosities. d)
Mean square displacement ratios of perpendicular dimensions indicating the isotropic

motion.

The active propulsion of the microparticles can be explained with the Equation 4.7]
given below. On the right side, the first part of the equation holds for the Brown-
ian motion of the particle while the second part gives information about the active
propulsion [[101]]. In Equation [4.7] the tg is the rotational diffusion constant such
that t;'=(kpT)/(87 ftapp RS). Where At is the observation time interval and V is the

active propulsion velocity. The equation can represent 2D motion of a particle, and
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it has two limiting forms. When At << tg, the equation becomes MSD = 4DAt
+VZ At? and when At >> tg, MSD = (4D + V2 tz) At. When a particle is moving
in a media with known viscosity, one can make the MSD analysis in the sufficiently
small At region such that the At << tg condition holds for each At and hence the
need of tr information can be resolved. We have recorded the passive and active
trajectories of our Au capped TiO, Janus particles both under visible light and UV
illumination with H,O- presence in the media we were analysing. When we com-
pare the particle trajectories at the same time interval from Figure[4.8}a, for the same
Au capped Janus particle, the passive motion under visible light (orange) has shorter
trajectory whereas the active propulsion under UV illumination has longer trajectory

(turquoise), meaning a greater distance covered in the same time interval in active

propulsion.
MSD = 4DAt + (V*2/2)((2At /t ) + e(724Ytr) _ 1) (4.7)
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Figure 4.8: a) Particle trajectory over the same time interval, Brownian and active
motion of the same AuCr@TiO, Janus particle, scale bar is 10 ym. b) The MSD vs

At analysis of the Brownian and active motion of the same particle.

We have analysed the MSD of each particle’s trajectories under visible and UV light
exposure to classify the motions as active propulsion or passive motion. For example,

for a AuCr@TiO, Janus Particle with 1 pym diameter, in 1 mPa.s viscosity media
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at 298.15 K, the rotational diffusion time is, tp = 763 ms. In Figure @.8}b, it is
shown that the MSD vs At of a particle has these conditions. We have observed that,
when the At value is sufficiently smaller than tg, the equation MSD = (4D + V? t)
At fits MSD vs At data with R? up to 0.99. From Figure 4.8b, active propulsion
data, we could also deduce that as the At = ¢p, the condition At << tp loses its
validity and the calculation starts to lose accuracy since rotational diffusion leads to a
randomisation of the direction of the propulsion and the particle goes under random
walk [[101]]. For Brownian motion, the equation MSD = 4D At fits the data with R up
to 0.99.

We have calculated the velocities of each active Janus particle under different H,O,
concentrations from MSD vs At data to find the effect of fuel concentration on ac-
tive propulsion. We have set the maximum H5O, concentration to Swt.% since the
anisotropic motion of Janus particles increases drastically after Swt.% concentration
so that the Janus particles exit out of focus of our microscopy due to 3D movement
in the constructed cell. This 3D movement results in difficulty in interpretation of
the particle position data and the 2D analysis may be misleading. We deduced that,
from Figure @[, as the H,O, fuel concentration increases, the particles move with
increased velocities under UV illumination. Besides that, we have also observed that
some particles could exit from the focus plane and re-enter due to 3D active propul-

sion under UV illumination.
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Figure 4.9: Velocities of AuCr@TiO; Janus particles under different fuel concentra-

tions.
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In our trajectory recordings, we have observed some particles exiting and entering
the microscope’s focal plane. In order to have such a movement, we calculated the
maximum achievable velocity to overcome the drag and gravitational force, both of
which acts in the negative z-direction with respect to Figure 4.10] The calculation
details are shown in Appendix We can observe the microscopy images of a
single AuCr@TiO, Janus Particle from Figure @-a-d. Moreover, we deduced that
as the particle exits the focus plane, the microscopy image becomes blurred, Figure
4.10}b,-c. We have calculated the minimum required velocity as 2.42 pm/s for 1
pm AuCr@TiO, Janus particles to be able to suspend in the aqueous media. The
minimum velocity calculation is shown in Appendix[B.2] When we inspect the Janus
particles undergoing out-of-focus motion, we revealed that as the particles start to
exit from the focus plane or as they reenter it, each particle has greater velocity to
overcome the gravitational and drag force. However, when a particle moves in the
z-direction only, the particle’s velocities in the xy plane could be zero. This type of
motion could increase our calculations’ error since the particle undergoes 3D motion.
Therefore, we did not include these particles in our average velocity calculations even

though having great velocities up to 20 pum/s.

/
z v

i, i’

Figure 4.10: a-d) Microscopy images of a AuCr@TiO, Janus Particle having 3D

motion. b,c) Exiting from and re-entering to focus plane respectively. e-f) Out of
focus motion sketch of the same micrographs. Red dashed lines represent the focus

plane thickness of the microscopy.
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The reactions on AuCr@TiO, Janus particles are strongly coupled with the ionic con-
centration of the environment. In order to investigate this coupling effect, we have
analyzed the activation velocities of the same batch of Janus particles at the same
H>O- fuel concentration, 3 wt.%, within different ionic concentrated environments,
Figure We have observed that the activation and hence the active velocities of
the particles were decreasing with increasing salt concentration from zero salt, ul-
trapure (UP) water, to 1 mM NaCl. We can also observe from Figure [4.11] that the
average velocities of the Janus particles were greater than 10 pym/s with a wide stan-
dard deviation about approximately 4 pm/s in a medium free of salt. The particles
having greater velocity above 10 pum/s are expected to provide sufficient energy to
generate mechanical shear when they are located on LC/Aqueous interface, which is
a good starting point for our designed system. We concluded that, even though the
particle sedimentation would be easier with salt concentration (more information will
be given in zeta potential measurements section) the system must be cleansed from
any salt existence in order to increase the degree of activation as much as possible at
the LC/Aqueous interface. Moreover, we observed that even with 0.1 mM NaCl salt
concentration, the degree of activation would be insufficient for generating mechan-
ical shear stress at the interface since the average velocities of these Janus particles
were less than 10 pm/s. Furthermore, we have concluded that the activation of the
particles ceased around 1 mM NaCl solution since the average velocities of the parti-
cles were almost equal to the passive (Brownian) motion of the particles. In the light
of these results, we have decided to use pure water media in order to activate Janus

particles as much as possible in our design.
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Figure 4.11: Active velocities of AuCr@TiO, JPs at different NaCl concentrations

After synthesizing TiO, core, modifying them with Au cap to have AuCr@TiO, Janus
particles and characterizing the activation of these particles, we planned to sediment
the Janus particles onto the LC/Aqueous interface with natural sedimentation from
the aqueous phase. However, after equilibrating for 1 hour, which was sufficient
enough to sediment a 1 ym diameter AuCr@TiO, Janus particle, the particles over
SCB layer continued to undergo Brownian motion similar to in water media. We
thought the particles might be levitating on the liquid crystal layer due to electrostatic
repulsion. In order to prove our hypothesis, we recorded the passive Janus Particle
motion. We analysed these recordings to reveal the apparent viscosities in x and y-
directions around each particle, Figure 4.12] From Figure 4.12] we speculated that
these particles might be positioned above the liquid crystal/Aqueous interface since
the calculated apparent viscosities around the particles were around 1.6 mPa.s to 26.8
mPa.s for most of the particles in both directions. These viscosity values were sig-
nificantly smaller than the reported SCB viscosity values [102] in the literature in
terms of order of magnitude. We suspected that due to ionic repulsion, the particles
might be levitating. Therefore, we measured zeta potential of the liquid crystal and
AuCr@TiO, JPs in different salt concentrations to choose the appropriate salt con-

centration to eliminate the ionic repulsion between JPs and SCB liquid crystal layer.
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Figure 4.12: a) Apparent viscosity histogram around AuCr@TiO, JPs above
LC/Aqueous interface in x-direction. b) Apparent viscosity histogram around

AuCr@TiO, JPs above LC/Aqueous interface in y-direction

The zeta potentials of 5CB and AuCr@TiO, JPs are measured in 1-, 10-, 100-, and
300-mM salt concentrations, respectively. We have used NaCl for the reconstruction
of ionic media. From Figured.13|we observed that as the salt concentration increases
the zeta potentials of SCB and AuCr@TiO; changes from -73.1 mV to -15.1 mV and
-47.4 mV to -0.109 mV respectively. Since the absolute zeta potentials for SCB and
AuCr@TiO, are the smallest at 300 mM, we have selected 300 mM NaCl concen-
tration to sediment the Janus particles onto SCB liquid crystal layer in our interface

experiments.
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Figure 4.13: Zeta potential measurements for SCB Liquid Crystal and AuCr@TiO,

JPs in various NaCl concentrations

In order to observe the effect of NaCl on the natural sedimentation of AuCr@TiO9
JPs at the LC/Aqueous interface, we have constructed the same experiment with two
modifications. Firstly, the glass substrate had been coated with polyimide (PI), and it
was scratched with a microfiber cloth in the x-direction. Polyimide provides the pla-
nar anchoring with 5CB liquid crystal. [[103] The polyimide coated, and x-direction
scratched base provides a uniform anisotropy at the LC/Aqueous interface as shown
in Figure d.14}a. This uniform anisotropy allows us to deduce the directed interac-
tion between LC/Aqueous interface and AuCr@TiO, Janus particles when the parti-
cles are in contact with the liquid crystal plane, Figure 4.14}b. Secondly, before the
activation experiment, we used 300 mM NaCl aqueous solution for natural sedimen-
tation of the AuCr@TiO, Janus particles. As mentioned, this was done to eliminate
the electrostatic repulsion effect between SCB and AuCr@TiO, Janus particles at the

interface.
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Figure 4.14: a) Schematic representation of designed system for the experiment with
a passive motion trajectory of a AuCr@TiO; Janus Particle at LC/Aqueous interface,
4 um scale bar. b) MSD analysis of the same particle in part a; indicating anisotropic

interaction of the particle at the interface.

After equilibrating the system for 30 minutes, we observed that, when we recorded
the passive particle motions, the particles covered less ground in the same time in-
terval compared to the previous experiments. We analysed the passive JP trajectories
to calculate apparent viscosities around the particles. We have observed that the av-
erage apparent viscosities increased compared to the previous case, Figure @.12] for
both x and y direction as shown in Figure We also observed that due to the
uniform anisotropy along the x-direction, the particles were able to move easily in
the x-direction due to less resistance, Figure a. On the other hand, in the y-
direction, the same particles must move perpendicularly to the mesogens of SCB that
are oriented in the x-direction, and hence the calculated viscosity value increases,
Figure d.15}b. Therefore, we also deduced that from Figure [4.14}b, the anisotropic
interaction of AuCr@TiO, particles at the interface also indicates that the JPs were
actually in contact with SCB. Therefore, we changed our procedure to first sediment
AuCr@TiO, Janus particles with 0.3 M NaCl salt concentrated media, then cleanse

the aqueous environment from NaCl salt before the activation experiment.
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Figure 4.15: Apparent viscosity histograms around AuCr@TiO, JPs at LC/Aque-
ous interface in 300 mM NaCl aqueous solution. a) Along x-direction b) Along y-

direction

We have constructed the same setup for activation of AuCr@TiO, JPs on LC/Aque-
ous interface under UV illumination. After sedimentation of AuCr@TiO4 JPs, the
NaCl in the aqueous solution was replaced with a salt-free aqueous solution via cross-
flow micropumping for at least three system volumes before activation. The reason
was that even though NaCl in the media helps the natural sedimentation, the Janus
particles could not have an active motion in the presence of such salt concentration
as shown in Figure 4.11] Furthermore, we wanted to regenerate the electric double
layer between LC and the aqueous environment to its original state to see its possi-
ble effects of it. Since the SCB was oriented along x-direction with PI coated glass
substrate, we expected that the particles would have greater active motion along the

x-direction. For the activation, we have set the fuel H,O, concentration to 5 wt.%.
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We have observed 4 types of activation under UV illumination. Some particles were
not activated since the MSD data shows a linear trendline as shown in Figure
a. These particles were classified as "passive". From Figure we observe that
even though we had UV illumination on, these particles were not activated. The ac-
tivation mechanism of these particles could explain the reason for that. In order to
move anisotropically, these Janus particles should simultaneously have at least some
of both hemispheres exposed to the aqueous environment. The passive state parti-
cles in Figure might have an interaction with LC such that one of the hemi-
spheres fully embedded into LC layer and hence could not complete the activation
steps for anisotropic motion. The activation condition was set to have a 2" order
polynomial relationship between MSD and At. Interestingly, some particles moved
along y-direction as shown in Figure d.16tb. We did not expect such movement
since the LC layer had been oriented along the x-axis, and the LC layer must have
greater viscosity along the y-axis; hence it must show greater resistance to the mo-
tion of the particles. Therefore, we thought these y-directed particles should lack
interaction with the LC layer. These particles were classified as "y-directed". Some
particles showed activation in both direction, Figure d.16}c, and classified as "x- and
y-directed". Lastly, some particles were activated along x-direction and classified as
"x-directed" as shown in Figure 4.16fd. Regardless of the activation direction, we
observed that the Janus particle velocities decreased around 1-3 pm/s, which are al-
most 10 folds less compared to the previous activation results shown in Figure [4.11]

for pure water media.
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Figure 4.16: MSD data of the AuCr@TiO, Janus particles under UV illumination. a)
Passive particle. b) y-directed. c) x- and y-directed. d) x-directed. The scale bars
are 5 pum for each trajectory image. Nematic director of the LC is directed along

x-direction as shown with two headed red arrow.

We also observed that for the particles activated in both directions and y-direction, the
average velocities are greater than the samples’ averages. Besides that, these particle
trajectories were covered after a local movement of the particles. These additional
observations might indicate that these particles may interact more with LC/Aqueous
interface at the first incident of UV light exposure. After a time interval, these par-
ticles may move along the z-direction to continue their motion more in the aqueous
domain. In Figure 4.17}b the activation directions of the Janus particles under UV
illumination and the passive motion directions under visible light, Figure a, are

shown.
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Figure 4.17: Active & passive motions of the same microparticles under a) Visible
& b) UV light respectively. XD: x-directed, XD & YD : No specific direction, YD:

y-directed, P: Passive.

Our first observation was that the activation of the JPs ceased drastically. First, we
suspected that since the apparent viscosity of 5CB i1s much higher than water, the
velocities of the Janus particles were decreased at the interface. However, when we
analysed MSD data of the particles, Figure [4.16, we observed that the degree of
activation of the particles was decreased. Our second hypothesis was that the regen-
eration of the electric double layer between SCB and water might cause a disturbance
in the activation steps of the JPs on the interface. To test hypotheses, we modelled
a 1D model in COMSOL for the electric double layer thickness between SCB and

water, which will be investigated in the following sections.

We also calculated the levitation distance due to electrostatic repulsion between SCB
and our Janus particles as a function of NaCl concentration before adsorption onto
5CB. In theory, when there was no salt, the equilibrium distance between SCB surface
and Janus particle must be the greatest. Our calculation revealed that, when there is
no salt, the particles must be over 5CB layer more that 3.4 ym rather than interacting

with. The calculation results are shown in Appendix [C|
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In order to calculate the thickness of the electric double layer between the LC and
aqueous media, we need to find the surface charge density (SCD) of the LC while
in contact with water. However, it is not an easy task since any measurement taken
from near the surface will also affect the surface charge density of the LC/Aqueous
interface simply because we introduce a new "surface" near the interface. Therefore,
instead of directly measuring the SCD of the LC, we can measure the zeta poten-
tials of LC at different salt-concentrated aqueous media to reveal the SCD of the LC
surrounded by salt-concentrated media by Equation [104]

sinh (%)
1 8lncosh(ze(/4kT)
(ka)® sinh®(zeC/2kT)

2e,e0kkT
ze

1 2

SCD = il
ka cosh?(zeC /4kT)

(4.8)

1
2

where ¢, and ¢, are relative and vacuum electric permittivity and ~, k, T, z, e, a
and ( stands for Debye-Hiickel parameter, Boltzmann constant, absolute tempera-
ture, valance electron number of the salt, elementary electric charge, a hydrodynamic
radius of the colloid and zeta potential respectively. From Equation 4.8 assuming
that the SCB droplets are 0.5 pm in radius, we have calculated the SCD of 5CB at
different NaCl salt concentrations. The results of the SCD calculation of 5CB are

shown in Table 4.1 below.

Table 4.1: Surface charge densities of SCB in various aqueous NaCl solutions
NaCl Conc. (mM) | Debye Length (nm) | SCD (e/nm?)
300 0.6 0.1424
100 1 0.0462
10 3.0 0.0349
1 9.6 0.0466
0.1 30.3 0.0108

We observed from Table 4.1 that when the NaCl concentration increases the Debye
length, which is the inverse of Debye-Hiickel parameter, decreases since the sys-

tem has more ions in total. On the contrary, the SCD value has increased with the
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increasing salt concentration of aqueous media. These results might also be a com-
plementary reason for the ceased activation of AuCr@TiO, JPs at the interface at
high salt-concentrated media since the AuCr@TiO, JPs might not be activated near a

highly charged surface.

As we have suspected that the regenerated electric double layer between SCB and
aqueous media might interrupt the concentration gradient around AuCr@TiO, Janus
particles, which enables these particles to move anisotropically under UV illumi-
nation, we have simulated a similar SCB aqueous interface electric double layer in
COMSOL. Since COMSOL uses an iterative numerical approach to solve the mathe-
matical equations for physical phenomena, we have selected the salt concentration in
the environment to 0.1 and 1 mM, respectively. Since direct measurement of surface
charge density (SCD) of SCB was not possible, we have used the SCD values from
zeta potential measurements. The COMSOL simulation uses the coupled physics of
electrostatics and the transport of diluted species for the electrostatic interaction of
ions at the interface between SCB and water. Our simulation revealed that, from Fig-
ure with the 1 mM salt concentration, the electric potential at the SCB/aqueous
interface did not cease until 0.06 ym even without any Janus particle interaction. It
also revealed that when the salt concentration was increased to only 1 mM, the electric
double layer thickness increases more than 4 times, around 0.21 pm. This parameter
change also underlies the significant effect of salt concentration on the thickness of
the electric double layer. Besides that, since Janus particles also possess a charge-
dense region around themselves in aqueous media, the region between LC and Janus
particles would have greater charge-dense space in reality. Therefore, the disturbance
of the generation of the concentration gradient step on activation of Janus particles
is highly possible. In addition, since the simulation was done for salt concentrated
media, contrary to our original designed system, the electric double layer thickness
would be much higher, which negatively impacts the active motion of AuCr@TiO,
JPs. For instance, assuming a linear relationship between the salt concentration and
the electric potential decrease distance, decreasing the salt concentration from 1 mM
to 0 mM increases the electric potential decrease distance to around 0.8 pm that it

becomes comparable with our Janus particles’ dimensions.
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Figure 4.18: COMSOL 1D simulation results for electric potential between SCB &

Aqueous media

We thought that even considerably dilute concentrations of salt concentration, orders
of magnitude of millimolar (mM), could alter the activation behaviour of our Janus
particles. Therefore, we wanted to investigate further the thickness of the possible
electric double layer between; LC flat surface & aqueous media and our Janus parti-
cles & aqueous media, respectively. We calculated the electric double layer until the
surface charge density value had decreased to 99% of its value to include all the ions
in the interface region. [105]. From Table 4.2, we observed that since AuCr@TiO,
particles are in micrometer size region, the effect of geometry did not change the
calculated EDL thickness significantly at low concentrations of NaCl, 0.1 and 1 mM
respectively. However, in Table 4.2 we observe that as the salt concentration de-
creases from 300 mM to 1 mM, the electric double layer thickness (EDL) increases
significantly. This alternative approach to calculating the EDL thickness gave similar

results to our COMSOL simulation in magnitude.
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Table 4.2: Calculation of Debye-Hiickel parameter, Debye length and EDL of 5CB

& AuCr@TiOs in various aqueous NaCl solutions

NaCl Conc. (mM) | k (nm~?!) | Debye Length (nm) | EDL-5CB (nm) | EDL-AuCr@TiO, (nm)
300 1.81 0.6 2.0 2.0
100 1.04 1.0 35 35
10 0.33 3 11.2 11.2
1 0.10 9.6 354 353
0.1 0.03 30.3 111.9 111.6

For AuCr@TiO, Janus particles to move actively, it is necessary to make electrons mi-
grate from TiO, hemisphere to Au capped hemisphere. When there are concentrated
ions in the space, such as salt concentrated media or the presence of LC/Aqueous
interface, the migration of electrons could be interrupted by the environment; hence
we saw a decrease in the activation of the AuCr@TiO, Janus particles. Therefore, we
concluded that any particle that requires electron gradient on themselves to move ac-
tively would be affected by the generated EDL between the LC/Aqueous interface and
these particles are not suitable for generating mechanical shear on the LC/Aqueous

interface since they cannot achieve high velocities by UV activation.

4.2 Microcargo Release via Interfacial Microstirrers

We designed a different microcargo release system based on LCl/Aqueous interface
and paramagnetic iron oxide particles. In this system, as shown in Figure 4.19] the
paramagnetic iron oxide microparticles (PIM) were sedimented and aligned on the
LC(E7)/Aqueous interface with the help of magnetic flux. The sedimentation of the
particles was done in 0.3 M NaCl aqueous solution to eliminate the electrostatic repul-
sion effects. Before each activation experiment, the NaCl in the media was cleansed
with at least 6 times the sample volume to regenerate the electrical double layer at
the LC/Aqueous interface. The regeneration of the electrical double layer is crucial
for our release experiments since the electrical double layer force acts in favour of re-
leasing the aqueous droplets from LC domain. The aqueous MB loaded droplets were

designed as before, having a homeotropic anchoring due to 2mM CTAB concentra-
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tion which entraps the aqueous droplets beneath the LC/Aqueous interface. When
idle, the paramagnetic microparticles form microstirrers parallel to the magnetic flux.
In order to release microcargo, these interfacial rod-shaped aggregates (microstirrers)
should move at the interface while generating enough energy to induce an internal

flow for the release of the droplets.
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o Paramagnetic Microparticle
® Aqueous Microcargo Droplet
...................... Liquid Crystal Nematic Director

Liquid Crystal Domain

Aqueous Domain

Figure 4.19: Sketch of liquid crystal based microcargo release method replacing

motile bacteria with paramagnetic microparticle based microstirrers.

In Figure 4.20}a, the SEM images revealed that the iron oxide particles have round
shapes and smooth surfaces. It was also noticeable that the particles have distinct sur-
face regions, indicating that the crystal structure on the surface was not homogeneous
after the autoclave step. We have analysed the SEM images for average diameter and
found the average diameter as 797 & 103 nm. We also observed some larger iron
oxide particles, Figure 4.20kb, that were generally merged with each other. In the
average diameter calculations, these particles were omitted since their number was
insignificant. We did not separate these big particles from the batch since they were

also magnetic and could enhance the microcargo release rate due to their size.
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Figure 4.20: a) Average particle shape & surface morphology of iron oxide particles.

b) Big particles merged each other. Scale bars are 2 pm.

The micrographs of the interfacial microstirrers show the linear assembly of the mi-
croparticles in Figure [4.21}a at idle state. For each micrograph, the red arrow shows
the direction of the magnetic flux. The microstirrer assemblies were able to follow
the magnetic flux direction as the magnetic flux orientation was changed from Figure
4.21}a to Figure 4.21}b. The double-headed arrows in Figure @.21}b,-c,-d,-e show
the polarized filter directions. In these directions, the polarized micrograph should
give a dark appearence. The polarized micrograph in Figure 4.21}c shows that the
particles did not alter the nematic director orientation as they were idle since the liquid
crystal layer has been directed along x-direction parallel to one of the polarized filters.
However, when the magnetic flux director altered, the microstirrer assemblies could
change the nematic director orientation locally, as appear in Figure[d.21}d with bright
regions. The nematic director orientation change could also be observed in Figure
4.21}e,-f with polarized and retarded micrographs. The bright regions in Figure d.21}
f showed the local changes in nematic director orientation when the applied magnetic

field direction was changed.
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Figure 4.21: a-b) Bright field micrographs of interfacial microstirrers under applied
magnetic field. ¢) Polarized micrograph of the same region when the interfacial mi-
crostirrers were idle. d) Polarized micrograph of the same region in part ¢ with ori-
entation change of magnetic field resulting in local nematic director change in the
sample, appeared as bright regions. e-f) Same configurations in part ¢ and d respec-
tively with additional retarder lens positioned 45° with respect to the polarized filters.
Red arrow shows the applied magnetic flux direction. The scale bars are 50 yum for

all parts.

For our microcargo release system, it is desired to have on-demand release. There-
fore, the ability to be activated upon applied magnetic flux over cycles is important.
For this reason, we tested our iron oxide microparticles in terms of paramagnetism
with vibrating sample magnetometer (VSM). In Figure[d.22] the VSM measurements
showed that our synthesis resulted in a type of magnetic particles that could be classi-
fied as paramagnetic since the VSM analysis also showed magnetic excitement upon
the applied magnetic field. We also noticed that the particles do not show any lag
in magnetism since there is no hysteresis in Figure 4.22] This result indicates that

the particles could be excited on demand without any time lag, which is a good
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property for on-demand release systems. In addition, the particles have high para-
magnetism that could be further classified as superparamagnetic since the particles
showed great magnetic susceptibility, between 40 and -40 emu/g, upon the applied
magnetic field. [106]]
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Figure 4.22: VSM analysis of superparamagnetic iron oxide microparticles. The

curves show no hysteresis attests to no lag of the magnetic excitement.

After the characterisation of the paramagnetic iron oxide microparticles (PIM) we
have constructed the same system shown in Figure 4.19] First, we dispersed the
PIMs in 0.3 M NaCl solution to sediment the particles. Different from the previous
method, we have used forced sedimentation with the applied magnetic field below
our system. The applied magnetic field was parallel to the LC/Aqueous interface to
generate rod-shaped assemblies that could be spun like microstirrers upon shifting the
magnetic field orientation, Figure 4.23] When the magnetic stirrer was idle, denoted
as time <0 in Figure [4.23] the particles were aligned but did not apply mechanical
shear to the liquid crystal layer as shown in Figure [4.2T}a. After time >0, when the
release was demanded, the magnetic stirrer started to spin at a predetermined RPM
value. As time increases, the aqueous droplets loaded with MB were released to
the aqueous domain via the mechanical shear generated by the interfacial magnetic

microstirrers, Figure .23 For our system, the initial aqueous droplet size ranges
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from a few micrometers to 20 pm.

Figure 4.23: Representative sketch of working mechanism of microcargo release

method based on liquid crystal and paramagnetic microstirrers

We have used a magnetic stirrer to shift the magnetic flux director on the interface.
For this parameter, we have selected 3 different rotation speed values as 250, 500
and 1000 RPM, respectively. The designed experiment had two parts. Firstly, we
wanted to test the on demand response of the system. Thus, we included a time
interval between 60" and 120"" minutes when we did not want to release any mass
from liquid crystal domain to aqueous environment. Secondly, we wanted to see the
effect of possible release patterns on the overall microcargo release rate. The area
concentration for these experiments were set to be 20.000 particles/mm?. The PDMS
well was filled with approximately 20 pL. water-in-liquid crystal emulsion which had
2.5v% water droplets containing 18 pg/puL MB and 2 mM CTAB, Figured.23| On top
of the liquid crystal layer, there was aqueous domain clear of methylene blue initially.
As we made the particles to release methylene blue containing droplets which were
available at the liquid crystal/aqueous interface, the aqueous domain turned to blue
slowly, Figure d.23]and we measured the UV-Vis peak at 664 nm for the presence of
the MB.

The PDMS wells contain approximately 20 pL volume. Since the water-in-LC emul-
sion contains 2.5v%, 18 ug/ul. aqueous MB droplets, the total available MB to be
released was approximately 9 ug per sample. At the beginning of each release event,

between 0" and 60" minutes, there was a rapid release as shown in Figure for
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250, 500, and 100 RPM experiment. In the first hour of the release experiments, the
samples at 250, 500 and 1000 RPM released approximately 17%, 28%, and 60% of
the available microcargo, respectively. The increase in the release rate as the rota-
tional speed increases could be explained by two reasons. Firstly, as the rotational
speed increases, the microstirrers would have more rotational energy to cause greater
internal flow in LC domain. Secondly, the microstirrers would be smaller as the rota-
tional speed increases, but the area percentage they cover would increase. More de-
tails will be given following sections. There is a rapid release in each rotational speed
experiments. We speculated that these rapid releases might result from the number
of available droplets to be released near the interface at the beginning of the exper-
iments. On the other hand, depending on the RPM value, even if the sedimentation
times for the iron oxide microparticles were the same, the initial release rate differed
from each other at the start of the experiments, Figure d.24, We hypothesized that,
as we increased the shifting rate of the magnetic flux director orientation, the possi-
bility of the interfacial microstirrers releasing the microcargo carrying droplets to the
aqueous domain increases. Each spin on the interface would apply mechanical shear
on their path, large enough to change the nematic order of the liquid crystal locally as

shown in Figure [4.21}-e,-f.
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Figure 4.24: MB release via interfacial microstirrers on LC/Aqueous interface at dif-

ferent RPMs.
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After 1 hour of release, between 60" and 120" minutes, the magnetic stirrer be-
neath the samples was turned off. This way, the magnetic flux director did not shift
for one hour. As a result, since there was no shear due to paramagnetic microstirrer
movement on the surface, the system released no mass regardless of the RPM value,
Figure After this interval, when we started the magnetic stirrers, the samples
again started to release MB. However, we observed that the release ceased. When
we assume linear release rate, the release rates decreased from roughly 100 ng/min,
42 ng/min, and 25 ng/min to 25 ng/min, 17 ng/min, and 12 ng/min for 1000, 500
and 250 RPM, respectively. We speculated that there might be three main reasons
for the decrease in release rate. Firstly, as we continued to release mass to the aque-
ous domain, the number of water droplets available beneath the interface decreased.
Therefore, there should be a time interval for the lower level water droplets to get near
the LC/Aqueous interface to be released. Secondly, as time increases, the MB-loaded
water droplets might tend to form bigger droplets in LC or they might form of smaller
droplet clusters via topological defects. These clusters could not cross the available
release regions due to their sizes. Lastly, as time passes, the particles on the interface
might form a swarm of microstirrers that spin on the interface due to the application
strategy of magnetic flux. As a result, since the whole interface was not fully cov-
ered, the available release locations differ at any instant, which results in a slower
release rate compared to the start of the experiment. Moreover, we also observed that
our control over the release might decrease as we increase the RPM value since the
samples for higher RPM value have more standard deviation, Figure 4.24] Lastly, to
prove the need for shifting magnetic flux on the system for microcargo release, we
have constructed the same setup; however we did not turn on the magnetic stirrers.
As a result, the system did not release any mass, as shown in Figure 4.24] with grey
squares, which was the indication of the requirement of shifting of magnetic flux in

order to generate mechanical shear on the interface resulting in microcargo release.

Another parameter that affects the release rate of the microcargo is the area concentra-
tion of the magnetic particles at the interface. To observe the impact of this effect, we
have constructed the same experiment replacing the water-in-liquid crystal emulsion
with olive oil to have a better view of the interface. At 250 RPM, we could observe

the interfacial microstirrer movements on olive oil clearly. From Figured.25|-a,-b,-c,
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when the particle number concentration was 10,000 Particles/mm?, the microstirrers
were bigger, and there were fewer aggregates on the oil/aqueous interface. However,
when the particle number concentration was increased to 40,000 Particles/mm?, there
were more aggregates at the same time intervals with smaller microstirrers, Figure
-d,-e,-f. Moreover, since the particles were force sedimentated, the required
time for the microstirrer assemblies to form increased as the particle area concen-
tration increased. We also noticed that the magnetic stirrer’s position beneath the
sample greatly impacts the distribution of the magnetic microstirrers on the oil/Aque-
ous interface. These observations may also indicate the decrease in the release rate

discussed below.

— PR

Figure 4.25: Magnetic particles at 250 RPM on the olive oil/Aqueous interface form-
ing interfacial microstirrers at t=0, t= 9 and t= 18 min. a,b,c) 10,000 Particle/mm?.

d,e,f) 40,000 Particle/mm?. The scale bars are 1 mm for each image.

To find the optimal area concentration of paramagnetic particles to form interfacial
microstirrers on the LC/Aqueous interface, we repeated the microcargo release ex-
periments at 250 RPM for a 3-hour continuous release. We have selected area num-
ber concentrations 10,000, 20,000, and 40,000 particles/mm?. From Figure [4.26, we
have seen that as particle number concentration was 10,000 Particles/mm?, the system
release rate was limited by the number of available release regions since there was a
slight decrease on the rate of release over time. However, when we increased the par-
ticle concentration to 20,000 Particles/mm?, there was a greater decrease in the initial
release rate. We thought that in the 20,000 Particles/mm? setup, the rate-limiting part

was not the available release regions but available water droplets beneath the inter-
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face. Over time, most of these microcargo-loaded water droplets were released to the
aqueous media and new water droplets at lower levels need time to reach the interface.
Interestingly, when we increased the particle concentration from 20,000 particles/cm?
to 40,000 particles/cm?, the release rate decreased roughly 3 folds from 100 ng/min
to 33 ng/min, as shown in Figure We thought that the area concentration of
the particles might be so high that there was crowding on the interface, which did
not let the water droplets escape to the aqueous domain. For example, assuming 1
pm diameter for each particle, a 50 pm microstirrer consists of 25 consecutive par-
ticles. This microstirrer could cover approximately 1963 pm? as it spins. Thus, to
cover a | mm? area, only 13,000 particles are needed. In the real case, the particles
could overlap, and the microstirrers are not uniformly distributed in size. Therefore,
the optimal particle concentration for the maximum release rate could be higher than

13,000 Particless/mm?. This calculation also gives a similar outcome as the release

results in Figure
7
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Figure 4.26: MB release via paramagnetic microstirrers on LC/Aqueous interface at

different area concentrations.

When we compare the experimental results in Figure and Figure 4.26, and
theoretical calculation results, Figure 4.3, we can say that the outcomes are parallel

to each other. When there was no shear, 0 RPM, the particles do not apply shear to the
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liquid crystal interface to disturb the net force balance. Thus, no mass was released
from the liquid crystal domain since the droplets cannot overcome the elastic energy
barrier. Therefore, we can conclude that in order to have on-demand microcargo

release from LC domain we need three conditions:

e The microcargo-loaded droplets must be in relationship with the interface in an

attractive fashion.

e The elastic energy barrier must be high enough to entrap the microcargo droplets

in LC domain.

e The paramagnetic microparticles must be applying mechanical shear on de-

mand onto LC/Aqueous interface, which favours the release of microcargo.
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CHAPTER 5

CONCLUSION

We aimed to design an alternative microcargo release method derived from the bacte-
rial movement on the surface of liquid crystals. To achieve this objective, we have car-
ried out a literature survey about the microparticles which replace the bacteria in our
systems for controlled, on-demand release. We have selected two possible candidates
for active migration on LC/Aqueous interface. We first selected, AuCr@TiO, Janus
particles, to replicate the anisotropic movement of bacteria. The second microparti-
cle, paramagnetic ironoxide, was selected to form microstirrers on the LC/Aqueous
interface and induce internal flow as the magnetic field was applied, which was a

different approach than simply replicating the translational motion of the bacteria.

We propose an alternative method for microcargo release using interfacial magnetic
microstirrers with water-in-liquid crystal emulsion. Simple making of the struc-
tured oil and aqueous microcargo emulsion with the desired amount of paramagnetic
ironoxide particles can be further investigated and used in the future for on-demand,

controlled release at nanograms/min level.

In our study, we proved that AuCr@TiO, Janus particles and any other microparticle
that uses concentration gradient on themselves to move anisotropically are not suit-
able to be used in both salt concentrated media and SCB/Aqueous interface. We also
proved that the microparticles that we have worked with would not sediment on the
5CB while in contact with pure water because of electrostatic repulsion and need a
sedimentation step. Therefore, we have found a way to adsorb different kinds of mi-
croparticles on SCB contact with aqueous media. We have proved that EDL thickness
is comparable with our Janus particle sizes and hence may disturb the required elec-

tron migration step for anisotropic motion of AuCr@TiO, Janus particles. We have
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designed an alternative microcargo release system with paramagnetic iron oxide mi-
croparticles on structured oil/water emulsion. We showed that the release rate of our
design system can be tuned by changing the magnetic flux rotation speed or changing

the area concentration of microparticles.
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APPENDIX A

NET FORCE ACTING ON MICRODROPLETS IN LC DOMAIN, 1 MM
SALT CONCENTRATION

When the aqueous phase has 1 mM NaCl salt concentration, since the electric double

layer at the LC/Aqueous interface is hindered, the Fgpy, is also decreased. Therefore,

the aqueous droplets in the LC phase were located further away from LC/Aqueous

interface as compared to 0.01 mM NaCl concentration case, Figure[A.1] Please no-

tice that the water-in-LC emulsion cannot keep droplets whose radius is less or equal

to 0.1 pm within itself since Fy.; > 0 for these droplets below the LC/Aqueous in-

terface.
2
=z
£
g 4 ) o
0 (
—— R=0.1 ym—R=0.5 uym
——R=1.0 ym—R=2.5 um
R=5.0 ym R=10.0 ym
1 T T | I
20 25 30 35 40 45
h (um)

Figure A.1: Net force acting on different sizes of microdroplets at various distances.

NaCl salt concentration is set to 1 mM. R represents the radius of water droplet car-

rying microcargo while h represent the distance to the interface.
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APPENDIX B

CALCULATIONS FOR THE OUT OF FOCUS BEHAVIOUR OF THE
JANUS PARTICLES

B.1 Kinetic energy calculation for out of focus behavior of Janus particles

We have used the instantaneous kinetic energies in x- and y-direction to calculate the
theoretical velocity in z-direction. We assume that the particles do not lose energy at
the instant as they move in the z-direction after moving in xy-plane. the kinetic ener-
gies in x- and y- directions were calculated with the instantaneous velocities retrieved
from image processing data. The maximum achievable velocity in z-direction can be

found as, Equation [B.1]

E}, and Ey, can be found as,
1
Ey; = EmJPUi (B.2)

Where m ;p is the mass of the Janus particle and v; is the velocity of the x or y

direction.

B.2 Minimum velocity to suspend a 1 ym Janus particle in aqueous media

In order to find the minimum velocity to suspend the microparticles, we have calcu-

lated the gravitational, buoyancy and drag force, respectively. When net force balance
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is zero, the particles would suspend in the aqueous media. The gravitational force,

F,, acting on the Janus particle can be calculated as Equation

4
Fy= pJP§7TRp3.g (B.3)

Where p;p, 1%, and g are the density, radius of the Janus particle and gravitational
acceleration, respectively. For this calculation, p;p and R, are taken as 3840.5 kg/m?

and 0.5*%1076 m, respectively. The buoyancy force, Fp, acting on the particle can be
found as, Equation

4
FB = gﬂRpgpwaterg (B4)

Where pyazer is taken as 997 kg/m3. Lastly, the drag force, Fp can be calculated as ,
Equation B.5|

FD = 671—,uwateerD (BS)

Where jiyqzer is taken as 0.8891%10° Pa.s. The drag velocity, v can be found from
the following force balance shown in Equation

Fp+Fp—Fy=F,; =0 (B.6)
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APPENDIX C

ELECTROSTATIC REPULSIVE DISTANCE BETWEEN LC & AQUEOUS
MEDIA

In Figure @, our calculation revealed that, when there is no salt, the particles must
be over SCB layer more that 3.4 pm rather than interacting with. Also in Figure
[C.] as the salt concentration reduces from near 0 to 300 mM, the levitation distance
goes to a few nanometers. This also explains that when there was salt in the aqueous

media, the particles could sediment naturally.

1000
__g y = 3.6304[NaCl]-0.496 [NaCl] Conc. (mM) |Distance (nm)|
§ 100 % - RZ = 0.999 0.001 3435
® . 0.010 1096
A e 0.100 350
I 1.000 109
2 10 ". 10.000 36
g_ 100.000 12
g 300.000 6
1
0.001 0.01 0.1 1

[NaCl] (M)

Figure C.1: Equilibrium distance between 5CB flat surface & AuCr@TiO, JPs as a

function of NaCl concentration
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APPENDIX D

REAL-TIME PARTICLE TRACKING WITH F1JI AND INTEGRATED
PLUGINS FOR PARTICLE TRAJECTORY

There is no "one-fit-for-all" microparticle trajectory method since each system has
different equipment and requirements for their purposes. Therefore, we also have
developed our method for microparticle tracking in order to reveal the information
that was sought. In our method, the samples containing the particles were constructed
as closed systems. That is important since any external disturbance may lead errors in
the calculation of MSD. The recording settings of the particles would be dependent
on the surrounding media. When the viscosity of the media increases, one should
take higher resolution recordings since the displacement of the particles decreases.
The lower resolution recording may amplify the errors in the displacement data due
to "pixel binning". If the higher resolution recording was not possible, to decrease
the errors in the displacement, one should take longer recordings of the particles with
higher frame rate. Both of the settings would end up greater file sizes which require
more computational power. Therefore, one should find the optimum settings between
resolution, frame rate and recording time for the MSD analysis. The recordings of
the particles can be imported to the FiJi. In the FiJi, one should know the conversion
factor of the pixel to system dimensions before particle analysis, e.g. 1 um = 2.35
px. In the particle plugins, there are many settings for the optimisation of the particle
trajectory analysis. One should check the guidelines for "MOSAIC" and "TrackMate"
for detailed information [[84], [85]].

In the example below, a particle tracking was done of an active AuCr@TiO, Janus
particle. The FPS of the recording and the resolution were set to 33.3 FPS and
1280x960 pixels. The conversion factor of this recording was 1 pm = 2.35 px. Firstly
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the recording was imported by FiJi. It is recommended to use virtual stack to save
memory. Before the tracking, the scale of the image sequence should be given to FiJi.
For this sample, "distance in pixels", "known distance", "pixel aspect ratio", "unit of
length" were set to 2.35, 1, 1, and "um" (stands for um), respectively, Figure m[
After giving scale, the particles should be made "bright" as the particle trajectory al-
gorithm takes bright spots as the particle locations. Therefore, the image sequence
was inverted to have bright particle spots. The black and contrast settings were ad-
justed with respect to the recording. As a rule of thumb, making the background as
much as possible and increasing the contrast between the particle and the background

is a good starting point.

[4' (Fiji Is Just) Image)

File Edit Image Process [ENEI74Y Plugins Window Help [
Egg © ﬁﬁ 44 Measure Ctrl+M Jﬂ wr, ﬁﬂﬂ > 1/996 (0.03 s); 25.53x100.85 ym (60x237); 8-bit; 14MB
ext tool (double-click to configure| Analyze Particles. 4 5
& Summarize
11996 (0.03 5); 60x237 pixels; 8-bit; | Distribution. B setscale X s . 0
1 Label Kl | i
CeaiResis Distance in pixels: [§ &l M'"'"j"m ]
Set Measurements...
i i Known distance: |0.00 o Maxxjum o
‘4 »
Pixel aspectratio: 1.0 Brightness
Calibrate. Al D
Histogram Ctri+H Unit of length:  |pixel Contrast
[FElFELS CEER Click to Remove Scale L ]
Surface Plot [ Globa
obal
Gels 4
Tools » Scale: <no scale>
3D Objects Counter 3
OK Cancel | Hel
3D OC Options —l —, _p,
Skeleton 4
Colocalization 4
> ] | Color Histogram > |
Directionality
Shape Index Map
Helmholtz Analysis

3D Surface Plot
Classification
Local Thickness
Multi Kymograph
Optic Flow
QuickPALM
TopoJ

Figure D.1: FiJi program, scale settings and signal corrections

Later, the plugin called "TrackMate" was opened while the image was open as shown
in Figure[D.2] After checking the dimensions, the particle tracking algorithm could

be selected.
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[ (Fiji Is Just) Image)

File Edit Image Process Analyze g5}

B olc|o| /<N Alo|@ Lawmars

'and (tracing) tool

03
1/396 (0.03 5); 25.53x100.85 um (60x237); 8-bit, 14MB

T

LOCI
LSM Toolbox

Measure And Label
MorphoLibJ

Mosaic

Multiview Reconstruction
NTA

Non-local Means Denoising
Optic Flow

Process

Registration

Ridge Detection

SPIM Registration
Scripting

Segmentation

Shape Filter

Shape Smoothing
Skeleton

Stacks

Stitching

Time Lapse

Tralectory classifier

»
»
»
»

Transform
Utilities
Volume Viewer
adaptiveThr

Debug
Sandbox
AutoRun
Kymograph

»

»

»
»
»
»

Manual Tracking
ToAST

Load a TrackMate file
Manual tracking with TrackMate
TrackMate CSV importer

@ TrackMate on ActiveParticleE..  — [m] X

Plesse note that TrackMate is available through Fiji, and is based

on a publication. If you use it successfully for your research plesse

be so kind to cite our work:

Ershov, D., Phan, MS., Pylvininen, JW., Rigaud S.U. etal.,
7 ing state-of-th i it

into tracking pipelines. Nat Methods (2022)

htps://doi.org/10.1038/541592-022-01507-1

link to paper

Target image: ActiveParticleExample

Calibration settings:

Pixel width 0,426 pm
Pixel height 0,428 um
Voxel depth 0,426 um

Time interval 1 frame

Crop settings (in pixels, 0-based)

X 0 to
Y 0 to
z 0 to 0
T 0 to 995
Refresh ROI
7
e | [ © -

Figure D.2: FiJi TrackMate plugin

For this example "LoG" detector was selected. Later on, the estimated particle di-

ameter was given to the detector with a quality threshold. The threshold determines

the minimum level for particle identification signal value. This step is special to the

recording settings of the sample, a trial and error method was performed to find the

best fitting diameter. The set diameter for the image sequence could be previewed

with "Preview" button. For this example, the settings for the LoG detector were "3"

pm estimated object diameter and "10" quality threshold, respectively. After the cal-

culation the number of spots in the image sequence could be attained, Figure [D.3]|
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@ TrackMate on ActivePa

Select a detector

LoG detector v

This detector applies a LoG (Laplacian of Gaussian) filter to the
image, with a sigma suited to the blob estimated size. Calculations
are made in the Fourier space. The maxima in the filtered image are
searched for, and maxima too close from each other are suppressed.
A quadratic fitting scheme allows to do sub-pixel localization.

|- Save (@) #

@ TrackMate on ActiveParti

Settings for detector

LoG detector

This detector applies a LoG (Laplacian of Gaussian) filter to the
image, with a sigma suited to the blob estimated size. Calculations
are made in the Fourier space. The maxima in the filtered image are
searched for, and maxima too close from each other are suppressed.
A quadratic fitting scheme allows to do sub-pixel localization.

Estimsted object diameter: E] um
Quality threshold: 10
Pre-process with median filter:
Sub-pixel locslization:
& Preview
[ save (@) P =

@ TrackMate on ActiveParticl

merges, N complex, Lgst gap. ~
- Track duration provides: Durstion, Track start, Track stop, Track
disp.

- Track index provides: Index, ID.

- Track location provides: Track X, Track Y, Track Z.

- Track speed provides: Mean sp., Msx speed, Min speed, Med.
speed, Std speed.

- Track quality provides: Mean Q

- Track motility anslysis provides: Total dist., Mex dist., Cfn

ratio, Mn. v. line, Fwd. progr., Mn. y rate.

Image region of interest:

Image dats

For the image named: Active Particle Example.tif.

Matching file Active Particle Example.tif in folder: C:

\Users\Msi\Desktop\Particle Tracking\

Geometry:
X= 0-

59, dx = 0,425532

Configured detector LoG detector with settings:
- target channel: 1
- threshold: 10.0
- do median filtening: true
-radius: 1.5
- do subpixel localization: true

Starting detection process using § threads.
Detection processes 8 frames simultaneously and allocates 1

thread per frame.
10 .

Found 997 spots
Detection done in 2.8 s.

\E Save

© F

Figure D.3: TrackMate spot finding

After spot finding, filtering could be done to the spots. From Figure [D.4] initially

the algorithm had found 997 spots for the image sequence. However, the sequence

should have 996 spots since the image sequence has one spot (particle) in each frame.

Therefore, necessary filtering was done before continue. Then, the tracker was set

for the image sequence. for this example "simple LAP tracker" was selected, Figure

D.4

Initial thresholding

Set here a threshold on the quality feature fo restrict the number
of spots before calculating other features and rendering. This
step can help save time in the case of a very large number of
spots.

Waming: the spot filtered here will be discarded: they will not be
saved and cannot be retrieved by any other means than re-doing
the detection step.

Qualty

Below

Selected spots: 996 out of 997

@ TrackMate on ActiveParticleE...

Set filters on spots

Mean intensity ch1 B

@ Above (O Below Auto

v
Qe Keep 996 spots out of 996,
Color spots by: | Uniform color v
suto min| 0 max 1‘ 2
[ save (1] 2 -~

@ TrackMate on A
Select a tracker

Simple LAP tracker v

This tracker ie identical to the sparse LAP tracker present in thie
trackmate, except that it proposes fewer tuning options. Namely,
only gap closing is allowed, based solely on a distance and time
condition. Track splitting and merging are not allowed, resulting in
having non-branching tracks.

Figure D.4: |

112

nitial thresholding and spot filtering.



The maximum linking distance between two images, the gap-closing maximum dis-
tance for the "poorly observed" particles and the gap-closing maximum distance for
the particles reappearing in the image sequence were set. For this example, the set-
tings were 10.0 ym, 10.0 ym and 20 frames, respectively, Figure [D.5] The number
of tracks could be attained after this step. For this example since the image sequence

had one particle trajectory, the tracker have found only one trajectory in the sequence.

@ TrackMate on ActiveParticleE..  — (m] X 0]

@ TrackMate on ActiveParticleE..  — O X

Initial thresholding with a quality threshold above 39,0 A
Starting initisl filtering process.
Retained 998 spots out of 997

Settings for tracker 5/996 (0.15 s); 25.53x100.85 um (60x237); 8-bit; 14MB

Simple LAP tracker 1 5

Calculating spot features.

Calculating features done in 0.4 s.
This tracker is identical to the sparse LAP tracker present in this

trackmate, except that it proposes fewer tuning options. Namely,
only gap closing is allowed, based solely on a distance and time
condition. Track splitting and merging are not allowed, resulting
in having non-branching tracks.

Performing spot filtering on the following festures
- on Mesn intensity ch1 above 3.2
Kept 996 spots out of 996.

Configured tracker Simple LAP tracker with settings:
- max frame gap: 20
- alternstive linking cost factor: 1.05
- linking festure penalties
- inking max distance: 10.0

Linking max distance: 100 |um

- gsp closing mex distance: 10.0
- merging festure penalties:

- splitting max distance: 15.0

- blocing value: Infinity

- allow gap closing: true

- allow track splitting: false

- allow track merging: false

Gap-closing mex distance: 10,0 |pm

Gsp-closing max frame gap 20
- merging max distance: 15.0
- splitting festure penalties

- cutoff percentile: 0.9

- gap closing festure penalties

Starting tracking process.
Tracking done in 0.1 s.
Found 1 tracks.

- avg size: 996,0 spots.
- min size: 998 spots.

- max size: 996 spots.

| save @ b =

| save (@) s =

Figure D.5: TrackMate trajectory builder

After this step there would be an extra step when the image sequence resulted in
multiple trajectories. Depending on the record, filter the trajectories until only one
trajectory remains. Then, trim the trajectory data at the end of the analysis, Figure

[D.6] After trimming of the data, go to settings with wrench icon and get the position

data of the particle from "spots" menu.
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@ TrackMate on ActiveParticleE... @ TrackMate on ActiveParticleE...
Set filters on tracks SEeclaliaction
- ﬁ Trim non-visible data v
Track duration v||™
This action trime the tracking data by removing anything that is not
marked as visible.
. The spots that do not belong to a visible track will be removed. The
@ Above O Below Auto tracks that are not marked as visible will be removed as well.
This action is imeversible. It helps limiting the memory and disk
1 6 space of tracking data that has been properly curated.
%0
v
@ @ Keep 1 tracks out of 1.
Color tracks by: | Uniform color
auto min 0
& Save @ |/

Figure D.6: TrackMate trajectory filtering and data trimming

Lastly, export the data to a .csv file to save the position data of the trajectory as shown
in Figure [D.7] Please notice there are additional columns in the .csv file other than

position data with respect to frame number.
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TrackMate on ActiveParticle

Display options .+ Edit settings
Display spots
Spot display radius ratio: 1 @ All soots table
Display spot names: I:] Export to CSV coloring
Color spots by: | Uniform color Label Track ID Quality X Y
> (quality) (um) (m)
auto min 0 max 10 1D2003 2003 0 43,917 9,658 6,167
102006 2006 0 48,692 9,782 6,383
102001 2001 0 49,957 9,845 6,381
Display tracks Show tracks local in time v 102002 2002 0 46,096 10,084 6,179
Fade tracks in time: [] 102000 2000 0 48,977 10,247 5,916
Fade range: 20 3 | time-points 1D2004 2004 0 47,581 10,365 5,833
: 102005 2005 0 49,248 10,25 5,785
Color tracks by: | Uniform color v
102007 2007 0 49,397 10,252 5,899
auto min 0 max 10
102008 2008 0 49,815 10,206 5,888
102010 2010 0 45,579 10,018 5,887
. ) —T= 102011 2011 0 45,863 9,909 5,696
[ Limit drawing Z depth 10 5 | pm
102013 2013 0 46,064 9,952 5,697
102015 2015 0 46,879 10,139 5,595
102009 2009 0 45,61 10,096 5,443
102014 2014 0 43,865 9,966 5,406
e o - e mn . . v
1 9 < 2
(‘: |, TrackScheme | Tracks @
| Save (@) P ¢

Figure D.7: TrackMate trajectory spot data save
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APPENDIX E

MATLAB CODES FOR MSD ANALYSES

The following custom MATLAB codes were generated to analyse the MSD of the
microparticles while using the position data. The position data was given to the MAT-
LAB code in spreadsheet format such as Microsoft Excel .xIsx or .csv. The following
codes for designed to use in "TrackMate" plugin in FiJi. Please be careful before use

since the syntax of the codes may be altered due to printing purposes of this thesis.

The passive microparticle MSD analysis MATLAB code is given below:

clear all

clc

M = readmatrix ( YourFileName.csv ) ; This MATLAB code was generated to use
" Trackmate". Please check the FiJi
plugin before use.
M(:,[1,2,3,4,7,8,10,11,12,13,14,15,16,17,18,19,20])= []
data = M;
Inputs for the calculator are:
X position, y position, frame number
X represents position x, y represents position y, t represents the time
in terms of frame (unit is 1/fps)

x = data(:,1);

y = data(:,2);
= data(:,3);
n = length(x); of data points in the dataset
T = 25; it is the end point where MSD calculations will be held,
number of delta t points
fps = 29.0 ; Frame rate of the corresponding particle
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if == 0 Let T value be as minimum as possible

T=n1l ;

end

1 =7T0T; L , the dimension value to generate the matrixes for the calculations

msdx = zeros(1l,1); In this stage, we generate the zero matrixes of 1xL
dimension for:

msdy = zeros(1l,1); mean squared displacement
of x and y and standart deviation of x and y

msd = zeros(1l,1);

stdx = zeros(1l,1); delta t values as "tau"

stdy = zeros(1l,1);

tau = zeros(1l,1);

disx = zeros(l,1);

disy = zeros(1l,1);

dis = zeros(1l,1);

MSD Displacement Calculations

for 1 = 1:1:1 Regular counter operation from "one" to "L" increments of "one"
count = 0;
J = 1;
tau (1) = 1i;
while j+i = n
while j + i = n t(j + 1) t(3) 1.1 tau (1)

for the data points the allowed "gap"

is set to 1 frame.

J=3+ 1; Therefore "1.1" constant is used for tau.
end
if 3 +1i = n
msdx (1) = msdx (1) + (x(3) x(j + 1)) 2;
At this step the code basically
sums the squared displacements.
msdy (i) = msdy (i) + (v (3) y(3 + 1)) 2;
msd (1) = msd (i) + (x(J) x(j +1))2 + (v(J) y(j + 1)) 2;
disx (i) = disx (i) + abs(x(j) x(j+i));
disy (i) = disy (i) + abs(y(3) y(3+i));
dis (i) = sqgqrt(disx(i) 2 + disy (i) 2);
count = count + 1;
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end
end
if count ~=

msdx (i)

msdy (i)
msd (1)
disx (i)
disy (i)
dis (i)

end

end

J o+ 1i;

0

msdx (1) /count;

msdy (i) /count;

msd (i) /count;

disx (i);

disy (i);

dis(i);

At this step, the code finds
the mean

of the squared displacements.

Standart Deviation calculations for MSD

for 1 = 1:1:1
count = 0;
] = 1;
tau(i) = 1i;
while j+i =
while j +
3=
end
if 3 + 1
stdx
stdy
count
]
end
end
if count .= 0
stdx (1)
stdy (1)

end

Regular counter

operation from "one" to "L"

increments of "one"
n
i =n t(j + 1) t(3) 1.1 tau (i)
for the data points the
allowed "gap" is set to
1 frame.
+ 1; Therefore "1.1" constant is
used for tau.
= n
(1) = stdx (i) + ((x(3) x(j + 1)) 2 msdx (1)) 2;
(i) = stdy (i) + ((y(J) y(3 +1))2 msdy (1)) 2;
= count + 1;
= j + i;
= sqrt(stdx (i)/ (count 1));
= sqgrt (stdy (i) / (count 1));
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end

time = tau/fps;
msdx = msdx (1);

msdy = msdy (1);

smsdx = sum(tau (:).msdx (:))/sum(tau(:).tau(:));
smsdy = sum(tau(:).msdy (:))/sum(tau(:).tau(:));

stdx = stdx (1l);

stdy = stdy(1);

Vel = fps dis(1l)/n;
Velx = fps disx (1) /n;
Vely = fps disy (1) /n;
distx = disx (1) ;

disty = disy (1) ;

tmsd = transpose (msd) ;
tmsdx = transpose(msdx);
tmsdy = transpose(msdy);

ttime= transpose (time);

[FOx] = fit(ttime, tmsdx, 2D x , StartPoint , [0],
valuesx = coeffvalues(FOx);

Dx = valuesx (1l);

Vx = valuesx(2);

vx = 0;

[FOy] = fit(ttime, tmsdy, 2D x , StartPoint , [0],
valuesy = coeffvalues(FOy);

Dy = valuesy (l);

Vy = valuesy(2);

Vy = 0;

[FO,gof] = fit(ttime, tmsd, 4D x , StartPoint , [0],
values = coeffvalues (FO);

D = values (1l);

V = values (2);
v = 0;

GoF = struct2cell (gof);

120

Robust

Robust

Robust

’

’

’

Bisquare ) ;
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figure

plot(ttime,tmsdx , ob , ttime,tmsdy , og) ;
legend();

hold on

plot (FO, k , ttime,tmsd, or) ;

xlabel ( tau(s) ) ;

x1im ([0 T/fps]);

ylabel ( Mean Squared Displacement (um2) ) ;
hold on

plot (FO, k , predobs ) ;

legend ( MSDx , MSDy , MSD , Curve Fit for MSD) ;

Results = [Vel,Velx,Vely,distx,disty,D,V,Dx,Vx,Dy,Vy,GoF (2)]

figure;

plot (time,disx, .b , time,disy, .g , time,dis, .r) ;
xlabel ( tau(s) );
yvlabel ( Velocity (um/s) ) ;

legend ( velx , vely , vel ) ;

The active microparticle MSD analysis MATLAB code is given below:

clear all
clc
Inputs for the calculator are:
X position, y position, frame number
X represents position x, y represents position y, t represents the time
in terms of frame (unit is 1/fps)
M = readmatrix ( YourFileName.csv ) ;

mM(:,I[1,2,3,4,7,8,10,11,12,13,14,15,16,17,18,19,20])= []

data = M;
x = data(:,1);
y = data(:,2);
= data(:,3);
n = length(x); of data points in the dataset
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T = 25; it is the end point where MSD calculations will be held, number of

delta t points

fps = 50.0 ; Frame rate of the corresponding particle
if T == 0 Let T value be as minimum as possible
T=n1l ;
end
1 =T0T; L , the dimension value to generate the matrixes for the calculations
msdx = zeros(1l,1); In this stage, we generate the zero matrixes of 1xL

dimension for:
msdy = zeros(1l,1); mean squared displacement of x and y and standart

deviation of x and y

msd = zeros(1l,1);
stdx = zeros(1l,1); delta t values as "tau"
stdy = zeros(1l,1);
tau = zeros(1l,1);
disx = zeros(1l,1);
disy = zeros(l,1);
dis = zeros(1l,1);

MSD Displacement Calculations

for 1 = 1:1:1 Regular counter operation from "one" to "L" increments of "one"
count = 0;
] =1;
tau (i) = 1ij;
while j+i = n
while 3 + 1 = n t(j + 1) t(3) 1.1 tau (i)

for the data points the allowed "gap"

is set to 1 frame.

j=3+ 1; Therefore "1.1" constant is used for tau.
end
if 3 +1 = n
msdx (1) = msdx (1) + (x(3j) x(j + 1)) 2;
At this step the code basically
sums the squared displacements.
msdy (i) = msdy (i) + (v (3) y(3 + 1)) 2;
msd (1) = msd (i) + (x(J) x(J +1))2 + (v(J) y(3 + 1)) 2;
disx (i) = disx (i) + abs(x(j) x(j+i));
disy (1) = disy (i) + abs(y(3) y(3+i));
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dis (i) = sgrt(disx (i) 2 + disy (i) 2);

count = count + 1;
] =3+ i
end
end
if count ~= 0
msdx (1) = msdx (i) /count; At this step, the code finds
the mean
of the squared displacements.
msdy (i) = msdy (i) /count;
msd (i) = msd(i)/count;
disx (i) = disx(1i);
disy (i) = disy (i);
dis(i) = dis(i);
end

end
Standart Deviation calculations for MSD
for i = 1:1:1 Regular counter operation from "one" to "L"

increments of "one"

count = 0;
J =1;
tau(i) = 1i;
while j+i = n
while j + i = n t(3j + 1) t(3) 1.1 tau (i)
for the data points the
allowed "gap" is set to
1 frame.
j=3+ 1; Therefore "1.1" constant is
used for tau.
end
if 3+1 =n
stdx (1) = stdx (i) + ((x(3) x(j + 1)) 2 msdx (i)) 2;
stdy (1) = stdy (1) + ((y(3) y(j + 1)) 2 msdy (1)) 2;
count = count + 1;
] =]+ i;
end
end
if count .= 0
stdx (i) = sgrt(stdx (i)/ (count 1));
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stdy (1) = sqgrt(stdy (i)/ (count 1));
end
end
time = tau/fps;
msdx = msdx (1);
msdy = msdy (1);
smsdx = sum(tau(:).msdx(:))/sum(tau(:).tau(:
smsdy = sum(tau (:).msdy (:))/sum(tau(:) . taul(:
stdx = stdx(1l);
stdy = stdy(1l);
Vel = fps dis(1l)/n;
Velx = fps disx (1) /n;
Vely = fps disy (1)/n;
distx = disx (1) ;
disty = disy (1) ;
tmsd = transpose (msd);
tmsdx = transpose(msdx);
tmsdy = transpose(msdy);
ttime= transpose (time);
[FOx] = fit(ttime, tmsdx, 2D x+V 2 x 2 ,

valuesx
Dx =
Vx =
Vvx =0

[FOy] =

valuesy
Dy =

Vy =

Vy = 0;

[FO, gof]

values =

) )i
)) i

[0.0001,1], Lower , [0,0], Robust ,

= coeffvalues (FOx);

valuesx (1);

valuesx (2);

’

fit(ttime, tmsdy, 2D x+V 2 x2 ,
[0.0001,1], Lower , [0, 0], Robust ,

= coeffvalues(FOy);

valuesy (1);

valuesy (2);

’

= fit(ttime, tmsd, 4D x+V 2 x 2 ,

StartPoint , ...

Bisquare ) ;

StartPoint , ...

Bisquare ) ;

[0.0001,1], Lower, [0,0], Robust ,

coeffvalues (FO) ;
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D = values(1l);
V = values(2);
v = 0;

GoF = struct2cell (gof);

figure

plot(ttime,tmsdx , ob , ttime,tmsdy , og) ;

legend();

hold on

plot (FO, k , ttime,tmsd, or) ;

xlabel ( tau(s) );

x1im ([0 T/fps]);

ylabel ( Mean Squared Displacement (um2) ) ;
hold on

plot (FO, k , predobs) ;

legend ( MSDx , MSDy , MSD , Curve Fit for MSD) ;

Results = [Vel,Velx,Vely,distx,disty,D,V,Dx,Vx,Dy,Vy,bGoF(2)]

figure;

plot (time,disx, .b , time,disy, .g , time,dis, .r ) ;
xlabel ( tauf(s) );
ylabel ( Velocity (um/s) ) ;

legend ( velx , vely , vel ) ;
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