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ABSTRACT

INVESTIGATION OF ACTIVE MICROPARTICLE MOTION AT
STRUCTURED OIL-AQUEOUS INTERFACES AND MICROCARGO

RELEASE VIA INTERFACIAL SHEAR

Dinç, Ramazan Umut

M.S., Department of Chemical Engineering

Supervisor: Assoc. Prof. Dr. Emre Büküşoğlu

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 TiO2

particles with gold, that possess diffusiophoretic motion upon UV light exposure.

We characterised Au-coated TiO2 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
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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/mm2. 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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ÖZ

YAPILANDIRILMIŞ YAĞ-SU ARAYÜZEYLERİNDE AKTİF
MİKROPARÇACIK HAREKETLERİNİN İNCELENMESİ VE ARAYÜZEY

KESME YOLUYLA MİKROKARGO SALIMI

Dinç, Ramazan Umut

Yüksek Lisans, Kimya Mühendisliği Bölümü

Tez Yöneticisi: Doç. Dr. Emre Büküşoğlu

Ağustos 2022 , 125 sayfa

Lipozom vezikülleri, mikrokapsüller ve mikro/nanoküreler dahil olmak üzere mik-

rokargo salma sistemleri literatürde rapor edilmiştir. Sıvı kristal (LC) bazlı sistem-

ler, kolay üretilebilmeleri ve kullanımları sebebiyle salım sistemlerine bir alternatif

sunmaktadır. Son zamanlarda, mikrokargo salımı için LC tabanlı bir sistem kullanan

yeni bir yöntemde, LC/Su ara yüzüne yakın, hareketli bakteriler tarafından uygula-

nan kesme yoluyla mikrokargo salımı yapılabildiği rapor edilmiştir. Bu çalışmada,

aktif parçacıklar ile uygulanan ara yüzey kesme uygulaması ile talep üzerine mikro-

kargo salımı için iki potansiyel sistemi araştırıldı. Çalışmanın ilk bölümünde, TiO2

partiküllerinin altınla anizotopik kaplanmasıyla oluşturulan ve UV ışığına maruz kal-

dığında difüzyonoforetik hareket gösteren Janus partikülleri kullanıldı. Au kaplı TiO2

Janus parçacıklarını ve bunların farklı Newtonsal ortamlarında aktif hareketleri tanım-

landı. Bu karakterizasyonlardan sonra, bu Janus parçacıklarının aktif hareketlerinin,

mevcut iyonik ortam nedeniyle LC/Su ara yüzüne yerleştirildiğinde önemli ölçüde

durduğu bulundu. Hesaplamalarla, LC/Su ara yüzeyindeki elektriksel çift tabaka ka-
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lınlığının, sıfır tuz konsantrasyonundaki Janus partiküllerimizin boyutuyla karşılaş-

tırılabilir olduğu belirlendi. Çalışmanın ikinci bölümünde, LC içinde su emülsiyonu

içindeki mikrokargoyu salmak üzere manyetik alana maruz bırakıldığında LC/Su ara

yüzeyinde kesme ile mikrokargo salımı yapabilen manyetik mikro karıştırıcı yapı-

lar oluşturmak için paramanyetik demir oksit parçacıkları kullanıldı. Paramanyetik

partiküllerin karakterizasyonu sonrasında, nematik LC içerisinde oluşturulan metilen

mavisi (MB) yüklü sulu emülsiyon damlacıklarını kullanarak salım çalışmaları ya-

pıldı. Bu çalışmalarda, iç akışı indükleyen dış uyaranlar, ara yüzeydeki mikro karış-

tırıcıların dönme hareketinin neden olduğu kesme kuvvetleriydi. Manyetik akı direk-

törünün dönme hızının ve paramanyetik parçacıkların ara yüzey konsantrasyonunun

mikrokargonun salım hızı üzerindeki etkileri analiz edildi. Farklı dönüş hızlarındaki

deneyler, bir saatlik mikrokargo salımında dönüş hızı azaldıkça MB’nin salım hızının

100 ng/dk’dan 25 ng/dk’ya düştüğünü ortaya koydu. Ek olarak, maksimum salım hızı

için paramanyetik partiküllerin ara yüzey konsantrasyonunun yaklaşık 20000 partikü-

l/mm2 olduğunu bulundu. Ayrıca, mikro karıştırıcıların rotasyonunun, arayüzde yerel

olarak LC’nin nematik direktörünü değiştirdiğini gösteren mikroskobik kanıtları da

gösterildi.

Anahtar Kelimeler: Sıvı Kristal, Aktif Parçacık, Mikrokargo Salımı, Elektriksel Çift

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 inFigure 1.1-a,-b,-c,-dthey 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 swimmingEscherichia coli

(E. Coli) bacteria near the aqueous interface, shown inFigure 1.1-e. When there is

no bacteria or bacterial movement near the interface, the liquid crystal domain holds

the microcargo,Figure 1.1-f,-h. However, when the motile bacteria move near the

interface, the bacteria movement enables the ejection of the microcargo, eventually
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ceasing the bacterial movement.

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� m. Reprinted with permission, [2].Copyright 2018 Nature

1.2 Liquid Crystals

Liquid crystals (LCs) are condensed �uid 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 1.2-a.

There are two main types of liquid crystals, thermotropic and lyotropic, respectively.

Brie�y, 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, 5CB (4 -Pentyl-4-biphenylcarbonitrile), is

shown inFigure 1.2-b. Besides 5CB, one of the simplest and relatively long-studied

LCs, there are many exotic LC phases that have been discovered, classi�ed 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 moleculeFigure 1.2-c to a nematic LC phase. At

suf�ciently 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 1.2-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 1.2-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.
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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 �eld, the lowest free energy state orientation of the nematic director is

called the easy axis, shown inFigure 1.3-a[21]. Any disturbance to the orientation of

LC, such as applying external �eld, chemical gradient etc., that results in the deviation

from the easy axis (shown as "Surface Director" inFigure 1.3-a) leads to an increase

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

Fs = F0 +
1
2

W a sin2 (� s � � e) (1.1)

Where Fs is the interfacial free energy, F0 is the free energy of the interface on the easy

axis, Wa is the anchoring energy, and� s and� e are the angles de�ning 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 inFigure 1.3-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]

Fe =
1
2

K 1(r � n)2 +
1
2

K 2(n � r � n)2 +
1
2

K 3

h
n � (r � n)

i 2
(1.2)

Where K1, K2, and K3 are the splay, twist and bend elastic constants respectively,

each having the typical order of 10� 11N. [24]

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

in Figure 1.3-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 con�ned 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 suf�ciently high that the LC locally melts in those regions.

These regions could be as small as 5 nm (shown inFigure 1.3-c); however, their

effects are signi�cant in LC systems compared to their size.

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. c) 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 �eld, cross-sections of line defects, i.e. disclinations.

The line defects were oriented orthogonally to the �gure. 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 inFigure 1.4-a. 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 inFigure

1.4-b. The microparticles must also have rapid response and be fabricated easily.

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

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 �rst one, anatase TiO2-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 TiO2 Janus particle is
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exposed to UV light, it moves anisotropically. This anisotropic movement generates

a �ow at the LC/Aqueous interface. This �ow 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 �ux 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 �ow in a different fashion. These microstirrers were intended to be

aligned with the magnetic �ux 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 �ow 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.

� 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 signi�cant activation over time.

� Characterisation of water-in-LC 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-
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ical shear stress, the active microparticles must be localized onto the LC/Aque-

ous interface, and their distribution should be characterized.

� 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.

� 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.
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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 �eld 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� m to 1000� m, 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 2.1. They may deliver cargo in homogeneous matrix,

shown inFigure 2.1-a,-b,-g, or in heterogeneous way, shown inFigure 2.1-c,-d,-e,-

f,-h. Some of these microparticle assemblies are classi�ed as Janus particles which

have a certain shape and phase anisotropy,Figure 2.1-h. While some of them are

classi�ed 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.

Figure 2.1: Illustrations of different microparticle/microcapsule structures. a) Single

core-shell, b) Multiwall-single core, c) 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, l) Torus-shaped microparticle, m) Bullet-shaped microparticle, n) Microtablet, o)

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

maceutica 2019
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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. InFigure 2.2, microsphere, micro-

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

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 signi�cance in terms of aggregation and inter-

action with their surroundings. Any aggregation may decrease the ef�ciency of the

administration of the microcarrier content. Moreover, the aggregation of the micro-

carriers may block the normal �ow 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 2.1-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 2.3-a. 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 inFigure 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 classi�ed as physical and

chemical, as shown inFigure 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 de�ned 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 inFigure 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 ef�ciency

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 modi�cation of the liposome vesicles

[40].

Liposome structure: Liposome vesicles can be classi�ed based on their size and

the number of lipid bilayers,Figure 2.6. When there is only one bilayer, the liposome

vesicles are classi�ed as unilamellar vesicles (ULV). In contrast, when there is more

than one bilayer, they are classi�ed as multilamellar vesicles (MLV) and multivesic-

ular (MMV). 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 (MMV). Reprinted with permission [1]. 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 �uidity and per-

meability [46]. Propylene glycol can improve liposome vesicles' �exibility 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 modi�ed 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 speci�c site depending

on the temperature since, in its gel state, the lipid bilayers tend to be denser while rep-

resenting low �uidity. 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 [53].

2.1.2.1 Liposome vesicle production and microcargo loading methods

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

ventional methods and some new novel methods for the production and microcargo

19



loading of the liposome vesicles in the literature. The selected/designed production

method greatly affects the �nal product in terms of size, lamellarity, and encapsula-

tion ef�ciency [54].

Conventional methods: Over the years, the most common conventional liposome

vesicle production methods have been thin-�lm 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 puri�cation and isolation of liposome vesicles and lastly, the analysis of the

�nal product.

Thin �lm hydration: Primarily known as the Bangham method, the thin �lm hy-

dration method was �rstly described by Bangham in 1967 [57]. 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 �ask. The lipid �lm is then

hydrated using an aqueous solvent, and liposome vesicles are formed by shaking.

The �nal liposome vesicles differ depending on the aqueous solvent conditions and

shaking intensity.

Reverse phase evaporation: Just as in the thin-�lm hydration method, the lipids

are �rstly dissolved in an organic solvent, and then the solvent is evaporated. After

the evaporation of the solvent, the resulting �lm at the bottom of the �ask is �rstly

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 [58].

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-�ow 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 �uids in the pro-

duction of liposome vesicles has also been studied widely to eliminate organic sol-

vent use. Supercritical �uid offers a cheap and environmentally friendly alternative

with more possible scale-up production [63]. Karn et al. reported the most used

supercritical �uid 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 micro�uidic devices [55], [64]. Guimaraes et al. outlined these novel methods'

major positive and negative sides in the table below [1].
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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-�ow 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 ef�ciency for lipophilic drugs.

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

Cross-�ow �ltration (+) 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 ef�ciency.

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; dif�cult 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 ef�ciency for water soluble drugs. (–) Used only for small volumes;

only laboratory-scale, not adequate for scale-up production,

high pressure with agitation; understudy method.

Micro�uidics (+) Scalable process and used for biological samples; liposomes with controllable size.

(–) Issues for thermolabile compounds; complex equipment;

not adequate for scale-up production; dif�cult 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 �eld.

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 2.7. The release mechanism

is based on the thermal disintegration of the liposome vesicle by reaching its phase

transition temperature. They reported that the �rst 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. FromFigure 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 modi�ed 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 inef�cient way of activating these white blood cells,Figure 2.9. Thus, they have

used hyperbranched polymer modi�ed 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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Figure 2.9: Direct injection of short peptides into mice for CTL activation, left. Use

of pH-responsive hyperbranch polymer modi�ed liposome vesicle for CTL activation.

Reprinted with permission [7]. 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 �elds.

Vlaslova et al. designed a magnetic liposome vesicle that can release microcargo

via low frequency alternating magnetic �eld. [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 �eld 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 2.10. With the proposed mechanism, they successfully are able to release

calcein microcargo into the environment.

Figure 2.10: Schematic representation of alternating magnetic �eld actuated magne-

toresponsive liposome vesicle. Reprinted with permission [8]. Copyright Journal of

Colloid and Interface Science 2019

Even though liposome vesicles offer various application �elds for active microcargo

delivery, they are restricted in some ways. Most of the production methods inTa-

ble 2.1are not suitable for industrial-scale production for three main reasons. The

�rst 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 �elds. Besides magnetic �elds, 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 �eld to stimulate movement. Electrophoresis

is the use of an applied electric �eld 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 inFigure 2.11-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 HCl and

produces H2 gases as product,Figure 2.11-b. With this reaction, De Avila et al.

made the microparticle move anisotropically in the stomach's acidic �uid while de-

livering the drug CLR, loaded in polylactic-co-glycolic acid (PLGA),Figure 2.11-g.

The Mg core was coated with TiO2. This coating ensures the anisotropic movement

since the only contact point for the gastric �uid, and the Mg core was the surface that

was in contact with the glass slide in the production of the particles. On top of TiO2

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 ef�ciently.

They reported that this polymer layer ensures ef�cient 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].

Figure 2.11: a) Schematic representation of layer-by-layer production process. b) The

schematic of the working principle of the active microparticle. c) 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 TiO2. h-k) Optical and �uorescence 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 ef�ciency. 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 �elds to move the microparticles. Kim et al. synthesized multisegmented

Au/Ni/Au nanowires ranging from 0.8� m to 10� m 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� m to 2 � m in diameter,Figure 2.12-b. For the ini-

tiation of the movement, they have used quadruple microelectrodes acting as stators

as shown inFigure 2.12-a[10]. In order to dope the microcargo, the multisegmented

nanowires were coated with mesoporous SiO2 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,Figure 2.12-c,-d.

Figure 2.12: a) Schematic representation of the designed system working under ap-

plied electric �eld. 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� m. d) Release rate of Nile bule with respect to rorating speed of

nanowires. Reprinted with permission [10]. 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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