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Abstract

Each year, stroke claims about 5.5 million lives and leaves around 116 million with lasting disabilities.
Current stroke treatments focus on the acute phase, lacking drugs for neuron protection or damage
repair due to the blood-brain barrier. This proof-of-concept project presents an implantable drug de-
livery system (DDS) using microfluidics and light-sensitive liposomes for post-stroke treatment in the
affected regions of the brain. This research investigates the synthesis, characterization, and applica-
tion of giant unilamellar vesicles (GUVs) for potential drug delivery applications. Vesicles synthesized
by the gel-assisted swelling method. Dye encapsulation studies identified 5 uM as the optimal con-
centration, with higher concentrations negatively impacting vesicle formation. Stability assessments
showed that PEGylation and cholesterol enrichment improved thermal stability and encapsulation effi-
ciency, with lower temperatures generally enhancing stability. Coating GUVs with gold nanoparticles
faced challenges with aggregation, indicating the need for optimized reagent concentrations and re-
duction processes. Dye release studies demonstrated stable encapsulation up to 39°C, suggesting
potential for controlled release via surface plasmon resonance. Pipetting was found to better preserve
vesicle integrity in microfluidic platforms compared to syringe introduction. Overall, this thesis provides
comprehensive knowledge about the synthesis, lipid formulation optimization, and stability of GUVs,
offering practical insights into their handling and application in microfluidic platforms, and laying the
groundwork for future innovations in drug delivery systems.
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Introduction

A stroke is when there’s a sudden issue with blood flow in a specific part of the central nervous sys-
tem, typically caused by a vascular problem [1]. It's split into two types: ischemic and hemorrhagic.
Globally, strokes cause a lot of deaths and disabilities and come with significant costs for care after
a stroke. While the number of stroke-related deaths and cases has dropped, the overall impact of
strokes remains high, according to the 2016 Global Burden of Diseases Report [2]. Right now, the only
FDA-approved treatment for ischemic stroke is a drug called recombinant tissue plasminogen activator
(rt-PA or Alteplase). However, it has a limited window for effectiveness, meaning only 7% of eligible
patients can benefit from it [1].

Researchers have been investigating the use of liposomes, small lipid-based vesicles, to enhance the
treatment of brain diseases. Liposomes can transport both fat-soluble and water-soluble substances,
including drugs, proteins, and genetic materials [3]. They are biocompatible, have a low likelihood
of triggering an immune response, and can be designed to respond to specific stimuli such as light,
ultrasound, or pH changes. The project aims to integrate these lipid vesicles into a microfluidic platform
to improve the spatiotemporal control and efficacy of the drug within the affected brain area, bypassing
the need to cross the blood-brain barrier (BBB).

1.1. Stroke

1.1.1. Pathophysiology of stroke

Stroke is a pathological condition arising from diminished blood flow to a specific brain, retina, or spinal
cord region. It leads to a lack of oxygen and glucose supply to nearby cells and reduces it for distant
cells. Following a stroke, reperfusion occurs when blood flow is restored, and the tissue receives oxy-
gen again [1].

There are two main types of stroke: ischemic and hemorrhagic. Ischemic strokes result from a blockage
in a vessel caused by clotting, platelet aggregation, or atherosclerosis, halting blood flow [1]. Hemor-
rhagic strokes happen when a vessel ruptures, causing blood to leak into the parenchyma [4].

Post an ischemic stroke, the affected area shows two distinct regions: the core and the penumbra. The
core, closest to the disrupted blood flow, experiences the most cell death. In the ischemic penumbra,
cells are damaged but potentially reparable if circulation is quickly restored [5]. Cells in the core, where
blood flow drops significantly, die from necrosis, while the surrounding penumbra remains viable. This
clinically crucial penumbra area holds more significance for recovery than the infarct volume itself (Fig.
1.1). As this region is potentially recoverable, various studies aim to shield it from stroke’s damaging
effects, underscoring the need for new medications in stroke treatment [5].
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Figure 1.1: The illustration of the chronological progression of the primary pathophysiological processes causing cerebral
damage post-stroke. It showcases the ischemic penumbra in gray and the infarcted core in red [6].

1.1.2. State-of-the-art of stroke treatment

As of now, there is only one FDA-approved medication, recombinant tissue plasminogen activator (rt-
PA), for treating ischemic stroke. This drug dissolves blood clots in cerebral vessels, restoring blood
flow and safeguarding ischemic brain tissue. However, its administration requires precise dosing and
timing due to its potential risks [1]. The standard intravenous dose given within the initial 4-5 hours
after an ischemic stroke is 0.9 mg/kg. Although this dosage increases the chances of minimal disability
at 3-6 months without impacting mortality, it also elevates the risk of symptomatic intracerebral hem-
orrhage. Lowering the dose to 0.6 mg/kg reduces the incidence of hemorrhage but doesn’t improve
functional outcomes compared to the standard dose [7].

Apart from rt-PA, mechanical thrombectomy stands as another treatment option, surgically restoring
blood flow in large cerebral arteries more effectively than thrombolysis alone. Despite showing ad-
vantages over rt-PA treatment individually, enhancing the technological aspects of this procedure and
broadening its accessibility across hospitals remain crucial [8].

Unfortunately, no pharmacological treatments have significantly improved functional outcomes in hem-
orrhagic stroke patients. Surgical evacuation or minimally invasive drainage via catheter might benefit
some patients with supratentorial hematomas, but these options are limited [9].

Given the inadequacies of current treatments, there’s an urgent need for new stroke treatment strate-
gies. While neuroprotective drugs have shown promise in animal models, they’ve struggled to demon-
strate clinical effectiveness. To address this, scientists are exploring nanotechnology, particularly lipo-
somes, to enhance the therapeutic potential of various substances for stroke treatment.

Liposomes, the first generation of drug nanocarriers, are vesicles made of a phospholipid bilayer en-
closing an inner aqueous compartment, resembling cell membranes [3]. Their structure allows encap-
sulation of both hydrophilic and lipophilic compounds, offering versatility in drug delivery. This encap-
sulation shields drugs from degradation, immune responses, and clearance, prolonging their half-life.
Moreover, as a central nervous system (CNS) nanocarrier, liposomes have been studied extensively
due to their ability to aid in crossing the blood-brain barrier (BBB), a hurdle in drug delivery to the brain
[10].

Numerous in vivo studies have investigated liposomal drug formulations to heighten therapeutic effects.
Researchers have explored anti-inflammatory therapies to enhance motor activity in stroke patients us-
ing liposomal drug delivery. Wang et al. proposed the use of 9-Aminoacridine (9-AA), an FDA-approved
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drug, encapsulated in liposomes to suppress neuroinflammation in the penumbra within two weeks
post-stroke, achieving promising results in animal models [11]. Ishii et al. also utilized another FDA-
approved drug, FK506, achieving comparable outcomes in rat models. Numerous other experiments
have explored the administration of liposomal drugs in the penumbra region in animal models [12].

However, a significant challenge in this research lies in controlling the spatial and temporal release of
drugs. While these proposed liposomal formulations outperform sole-drug administrations, some still
exhibit adverse effects on the liver [11]. To address this issue, stimuli-responsive liposomes can be
utilized. These liposomes are used for several different brain drug delivery systems with promising
results such as enabling controlled drug release at specific locations and times [13]. Light-sensitive
liposomes incorporate light-sensitive components that regulate drug release, aiming to overcome the
limitations of traditional liposomes.

1.2. Proposed drug-delivery system of stroke

To tackle the challenges of drug delivery for stroke recovery, a drug delivery system (DDS) combining
a microfluidic platform and liposomes is proposed. This proposed DDS aims to enhance drug efficacy
and spatiotemporal control by bypassing the BBB with the microfluidic device and ensuring drug release
only when the liposome is activated by an external stimulus, such as light. Typically, liposomes that are
used for drug delivery are at the nanometer scale, but due to fabrication limitations of the microfluidic
platform, micrometer-sized liposomes, known as giant unilamellar vesicles (GUVs), are necessary for
the proposed DDS. These GUVs, commonly used in synthetic cell studies due to their size compatibility
with eukaryotic cells, are suggested as drug delivery agents by many researchers for their potential in
enhanced encapsulation efficiency and stability[14], [15]. Despite their potential, this area remains un-
derexplored. This thesis aims to investigate the potential of GUVs as drug delivery agents by examining
their encapsulation efficiency, stability at various temperatures over time, and their behavior within a
microfluidic platform. Additionally, the study explores coating GUVs with light-sensitive nanoparticles
(gold nanoparticles) to evaluate their use as external stimuli-responsive drug carriers. For more de-
tailed information on the microfluidic platform design, fabrication, and testing, refer to the master thesis
of Gijs van Veen, who collaborated on this project.

To answer these questions, dye-loaded GUVs were synthesized using the gel-assisted swelling method
and tested for stability at 4°C, 25°C, and 37°C for up to two weeks. These vesicles were then incorpo-
rated into a microfluidic platform, where pressure-induced bursts were observed (see the thesis of Gijs
van Veen). Efforts to grow gold nanoparticles on the GUV surface for light-triggered drug release did
not achieve proper coating. However, thermal-induced cargo release was successfully demonstrated
through bulk heating of the GUVs, laying the groundwork for future research.

This report covers the theory behind the proposed mechanism, synthesis methods, and subsequent
studies on GUVs, including their incorporation into the microfluidic platform. It details the theoretical
background of light-sensitive liposomes, their synthesis techniques, light as a cargo release mecha-
nism, and the interaction between light and liposomes (See Section 2). The materials and methods
used in the project are reported in Section 3, with results presented and discussed in Section 4. Section
5 concludes the project by highlighting key findings, and Section 6 offers recommendations for future
studies.



Theoretical background

2.1. Liposomes

Liposomes, which are lipid vesicles created through self-assembly, can enclose both hydrophilic and
hydrophobic substances. First identified by A.D. Bangham in the mid-1960s [16], these structures
are among the earliest nanocarrier systems. Their sizes can vary from a few nanometers to several
hundred micrometers. For this project, due to constraints in microfabrication techniques, the required
liposome size to be studied and produced was in the micrometer range. These are known as giant unil-
amellar vesicles (GUVs). The initial section (Section 2.1) primarily covers the theoretical background
of giant unilamellar vesicles, detailing their structure, composition, preparation methods, and character-
ization techniques. The subsequent section (Section 2.2) examines the interaction between light and
liposomes and discusses the potential use of this system as a light-sensitive drug delivery mechanism.

2.1.1. Structure, composition and classification

Liposomes are vesicles characterized by one or more lipid bilayers. Each liposome is composed of ei-
ther naturally occurring lipids or synthetic amphiphiles, featuring two hydrophobic tails and a hydrophilic
head (2.1 A). These molecules self-assemble into double layers with the hydrophilic heads facing out-
ward, interacting with the surrounding aqueous solution, and the hydrophobic tails facing inward, form-
ing a hydrophobic core. These double-layer membranes are known as lipid bilayers. The exposure of
the hydrophobic core to water induces a high free energy penalty, leading bilayers to close naturally,
resulting in the spherical structures known as liposomes or lipid bilayer vesicles [17].

Liposomes can be classified by their size and lamellarity into unilamellar vesicles (ULVs), oligolamellar
vesicles (OLVs), multilamellar vesicles (MLVs), and multivesicular vesicles (MVVs), as depicted in Fig-
ure 2.2. OLVs and MLVs have an onion-like configuration, with 2—5 and more than 5 concentric lipid
bilayers, respectively. In terms of particle size, ULVs are subdivided into small unilamellar vesicles
(SUVs, 30—100 nm), large unilamellar vesicles (LUVs, >100 nm), and giant unilamellar vesicles (GUVs,
>1000 nm) [18]. When hydrated, lipid films self-assemble into MLVs, which can then be converted into
unilamellar SUVs or LUVs using methods such as sonication or extrusion [19].

Smaller vesicles excel in targeted delivery, while larger vesicles can improve loading capacity and
stability. However, larger vesicles may impede efficient tissue penetration and targeting. Conversely,
multilayer vesicles have a high encapsulation capacity but may face challenges regarding stability and
immune system recognition [20].
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Figure 2.1: (A) Structure of lipid, (B) Structure of a liposome [17], (C) Structure of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC)[21], 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt)
(DSPE-PEG2000) [22], and cholesterol [23], 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) [24].
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Figure 2.2: Size and lamellarity-based classification of liposomes [18]

Liposomes have distinctive physical properties, making them a significant research focus for applica-
tions ranging from drug delivery to artificial cell studies. Before delving into liposome synthesis, it is
essential to discuss some key characteristics.

Permeability: Due to their hydrophobic core, lipid bilayers allow hydrophobic molecules and small un-
charged polar molecules like water to pass through, but they are impermeable to protons, ions, and
large uncharged polar molecules such as proteins and sugars.

Fluidity: The lipids in bilayers are held together by non-covalent interactions, which are relatively weak.
These interactions permit the lateral movement of lipids within the membrane, resulting in lateral diffu-
sion and contributing to the bilayer’s fluid nature.

Elasticity: Lipid membranes are mainly deformed by stretch and curvature deformations [25]. They
have a low bending modulus of 10-30 k5T, allowing them to easily bend out-of-plane due to their small
bilayer thickness ( 6 nm) [17]. Membranes can spontaneously bend due to thermal fluctuations in
the surrounding solvent. Unlike bending, bilayers are highly resistant to stretching deformations. The



2.1. Liposomes 6

stretch moduli of bare lipid membranes typically range between 100-300 mN/m [26]. Due to their fluid
nature, local stretching of the bilayer quickly equilibrates across the entire membrane. While bend-
ing deformations dominate at low membrane tensions, stretching occurs at high tensions [27]. When
membrane tension exceeds the lysis tension (4-10 mN/m), or 4-10% strain, depending on bilayer com-
position [28], [29], the membrane ruptures.

Diversity: Lipids exhibit great diversity in structure and properties. Although they all have a hydrophilic
head and hydrophobic tails, they vary in head group size and charge, hydrocarbon tail length, and tail
saturation. These lipid properties influence interactions within the bilayer, affecting elasticity, fluidity,
and interactions with the external environment [30], [31]. Cholesterol is also an important component
of many liposome formulations, integrating into the bilayer and affecting lipid packing, which impacts
liposome fluidity, permeability, and elasticity [20].

2.1.2. Preparation methods

The primary methods for preparing liposomes vary, largely based on their size. Common techniques
for producing SUVs, LUVs, OLVs, and MLVs include thin-film hydration, reverse-phase evaporation,
ethanol injection, freeze-thaw, double emulsion, and extrusion [32]. Among these, thin-film hydration
and reverse-phase evaporation are the most frequently cited methods in the literature.

For the synthesis of GUVs, various techniques have been developed, which fall into two main cate-
gories: swelling-based and emulsion-based methods. Swelling-based methods involve creating a thin
film layer and then swelling it using techniques such as electroformation, gel-assisted swelling, and
spontaneous swelling. The emulsion-based method constructs vesicles in steps: first, forming water
droplets in a nonpolar solvent surrounded by a single lipid layer, then ’'enwrapping’ these droplets with
a second lipid layer to create the vesicular structure. This can be achieved through methods like in-
verse emulsion, Octanol-assisted Liposome Assembly (OLA) microfluidics, continuous droplet interface
crossing encapsulation (cDICE), and emulsion droplet interface crossing encapsulation (eDICE). An il-
lustration of each technique is provided in Figure 2.3. To select the most appropriate synthesis method,
a table comparing the pros and cons of each method is prepared and shown in Table 2.1. Based on
parameters such as training time, yield of GUVs, size distribution, and the available lab equipment, the
Gel-Assisted Swelling method was chosen to synthesize GUVs for this project.

SWELLING-BASED METHODS EMULSION-BASED METHODS

ey | .

electroformation

inverse emulsion

O O/‘C\) \—\-\II/OO—OOO
A 2

on gel OLA microfluidics
O O i
@) O O/jﬁ
£ £\ o | OO
 sV— Ocr | —
on teflon on paper ¢DICE ' eDICE

Figure 2.3: Schematic overview of the GUV synthesis techniques. Left: Swelling-based methods. Right: Emulsion-based
methods [17]
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Table 2.1: Comparison of different GUV synthesis methods based on their advantages and limitations
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Preparation of giant unilamellar vesicles: Gel-assisted swelling

The gel-assisted swelling method employs a polymer-based gel as a substrate on which a thin lipid film
is spread. The swelling process is expedited by a flow of buffer that enters beneath the bilayers on a
porous polymer layer (Fig. 2.4) [33]. This technique is advantageous compared to other swelling-based
methods due to its short synthesis time, short training time, no requirement for further optimization, and
high yield of GUVs.

Gel-assisted formation

Hydration
-, S = = & —_-
[/ Agarose/ PVA/ Déxtran/cellulose
Glass surface

Figure 2.4: lllustration of the gel-assisted swelling synthesis of GUVs [34]

In detail, the synthesis begins by spreading a polymer-based gel (e.g., Poly-vinyl alcohol (PVA)) on a
glass slide. After baking the gel according to the polymer used, a thin lipid film is spread on the gel.
The excess organic solvent in the lipid film is evaporated in a desiccator for half an hour. After solvent
evaporation, a swelling buffer, adjusted according to the lipid used, is carefully added on top of the
lipid film without disturbing it. The vesicles start to grow immediately. The produced vesicles can be
harvested by either tapping the bottom of the swelling chamber or flushing the swelling solution over
the tilted gel. Although GUVs can be harvested after several minutes, extending the swelling time up
to an hour can reduce the presence of secondary membrane structures on vesicles [17].

Gel-assisted swelling is a robust and highly compatible technique with various lipid formulations. It is
an optimized method for GUV synthesis, requiring minimal training and offering quick production with
a high yield. Additionally, cargo encapsulation can be achieved by adding the desired cargo into the
swelling buffer [17]. However, the success of the synthesis heavily depends on several parameters,
which are listed as follows.

» GUV creation requires a gel attachment to the supporting glass coverslip. Cracking of the gel
upon addition of the swelling solution could be seen if the gel is not sticking to the glass well or
if it is very thick. GUV formation fails in the event of gel cracking [17]. The glass surface needs
to be treated by plasma treatment before the gel is distributed to prevent cracking. For the gel
solution to be more viscous and capable of spreading as a thinner gel layer, it should always be
brought to room temperature. High swelling temperatures could be another cause of gel cracking
[35].

» The swelling buffer and temperature should be adjusted in accordance with the composition of
the membrane. For instance, the swelling buffer should be ionic when working with charged
membranes since non-ionic buffers cause the lipid film to separate from the gel [17]. Similarly,
the swelling temperature needs to be modified based on the phase transition temperature (7,,,) of
the lipids utilized. To prevent the lipid film from detaching, swelling should be carried out at 50°C
for DPPC lipids (T, of 41 °C).

+ Buffering the swelling solution will reduce the adhesion between neighboring GUVs [36]. The
addition of buffer likely changed the pH of the solution relative to the lipids’ isoelectric point, which
changes the net charge of the lipids.

» One critical factor influencing the success of vesicle formation is the presence of sugar during
the formation process. Sucrose enhances GUV formation by increasing the hydrodynamic force
on the lipids through a rise in inter-facial viscosity between the solution and the lipid membrane
[37]. Van Burren found that yields were exceptionally high at 500 mOsm sucrose in the swelling
solution, whereas hardly any vesicles formed at 20 mOsm sucrose [17]. Additionally, higher
sugar concentrations result in fewer secondary membrane structures [36]. Since sugar is known
to modify membrane properties such as bending rigidity, its interaction with the membrane may
facilitate the creation of GUVs [38].
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2.1.3. Characterization methods

By far the most common characterization technique for GUVs is optical microscopy. GUVs can be im-
aged in a bright field or a fluorescence microscope with the inclusion of dyes, either membrane-bound
or encapsulated. Most studies with GUVs involve simple wide-field or confocal microscopy, as well
as super-resolution microscopy. However, to enhance the understanding of the characteristics of the
produced GUVs, quantitative image analysis should be performed on the obtained microscopy images.
This image analysis could be done manually or custom-made scripts are used to process specific data
sets and generate a pre-defined set of output parameters [36].

Determining phospholipid content is not typically a characterization technique for GUVs since they
are typically used for synthetic cell studies. However, in the context of drug delivery systems, where
lipid formulations are designed to meet specific requirements and ensure batch consistency for the
same therapeutic effect, phospholipid content determination becomes a crucial aspect of liposome
characterization.

Within the scope of this project, fluorescence microscopy was adapted due to its accessibility and ease
of use for determining the size and encapsulation efficiency of GUVs. This technique allows for detailed
visualization and measurement of the vesicles, providing crucial data on their structural properties and
the efficiency with which they encapsulate materials. Additionally, phospholipid content was determined
using the Stewart assay. This method is essential for quantifying the amount of phospholipid in the
liposomes, ensuring the consistency and accuracy of the lipid formulation used in the drug delivery
system. By combining these techniques, the project aims to comprehensively characterize GUVs for
their potential application in targeted drug delivery.

Size and encapsulation efficiency determination: Fluorescence microscopy & Image Processing

Fluorescence Microscopy A fluorescence microscope is an optical microscope that uses fluorescence
and phosphorescence instead of, or in addition to, reflection and absorption to study the properties of
inorganic or organic substances.

Fluorescence is the emission of light by a substance that has absorbed light or other electromagnetic
radiation while phosphorescence is a specific type of photoluminescence related to fluorescence [39].

The main step in observation of the sample includes labeling the sample with fluorescent dye. Then,
the light source that emits white light falls onto the excitation filter. This filter selects the light of a spe-
cific wavelength that can excite the fluorescent molecules tagged in the specimen and this excited light
incidents onto the dichroic mirror. The light after reflection from the dichroic mirror passes onto the
specimen after emerging from the objective lens. This smaller wavelength light falls into the specimen
tagged with a fluorescent dye that results in the emission of high-wavelength light which passes again
through the condenser lens and dichroic mirror. This allows high-wavelength light to pass towards the
emission filter which only permits longer-wavelength light to pass into the eyepiece and detector while
rejecting the shorter-wavelength light completely. The detector detects the higher-wavelength light and
permits it to fall back onto the specimen thereby, forming fluorescent green specimens against a dark
background [39].

Typical components of a fluorescence microscope are a light source (e.g., xenon arc lamp, mercury-
vapor lamp, high-power LEDs, lasers), the excitation filter, the dichroic mirror, and the emission filter.
The filters and dichroic mirror should be chosen to match the spectral excitation and emission charac-
teristics of the fluorophore used to label the specimen. The distribution of a single fluorophore (color) is
imaged at a time. Multi-color images of several types of fluorophores must be composed by combining
several single-color images [40].

Most fluorescence microscopes in use are epifluorescence microscopes, where excitation of the flu-
orophore and detection of the fluorescence are done through the same light path. Schematic of an
inverted fluorescence microscope can be seen in Figure 2.5.
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Figure 2.5: Schematic of an inverted fluorescent microscope, showing the components and the light path [41].

Even though, fluorescence microscope is commonly used for various applications such as cell biology
and material sciences due to its ease of use, adaptability, sensitivity, and reliability; it compasses sev-
eral limitations. One of the main limitations is the photobleaching which occurs due to the accumulated
chemical damage caused by the light on fluorescent molecules. Photobleaching causes fluorophores
to lose their ability to fluoresce and severely limits the time the sample can be observed by fluores-
cence microscopy. To reduce photobleaching several techniques can be applied such as minimizing
illumination and using photoprotective chemicals [39]. Another limitation is the probes and dyes added
to the membrane of liposomes can alter the characteristics of the bilayer if it exceeds a certain mole
percent [42].

In addition to labeling the sample with a fluorescent label, another important part of imaging GUVs
with a fluorescent microscope is the preparation of the sample and the imaging chamber. Imaging of
GUVs requires a well-imaging chamber. To minimize the surface adhesion between the chamber and
the GUVs, the surface of the imaging chamber should be passivated. Also, in the case of using an
inverted microscope, GUVs should immobilized on the bottom of the imaging chamber. The easiest
way to immobilize GUVs is to create a density difference by using a similar osmolarity but less dense
buffer as an observation buffer [42]. For example, a GUV that has been swelled with a 200 mOsm
sucrose buffer should be observed with a glucose buffer with the same osmolarity.

Image Processing Due to their size in the range of 5-100 um, optical microscopy is a widely used tech-
nique for the characterization of GUVs. Despite the experimental ease of imaging GUVs, their quantita-
tive imaging analysis has received relatively little attention from researchers [36]. The most commonly
adopted methods are imaging GUVs by brightfield, phase-contrast or fluorescent microscopy, and im-
age processing by Imaged [36].

Imaged is a public domain software for processing and analyzing scientific images developed at the
National Institutes of Health and Laboratory for Optical and Computational Instrumentation (LOCI, Uni-
versity of Wisconsin) [43]. ImageJ can calculate the area and pixel value statistics of user-defined
selections within an image [44].

In the case of GUV characterization, the liposome diameter and fluorescent intensity within the GUVs
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can be calculated by using the area and pixel value statistics obtained by Imaged. In the case of size
determination, by utilizing the circular phase of GUVs, area information can be used to obtain diameter
by using the area of a circle formulation 2.1.

d:2sp\/g (2.1)

Where d is the diameter of the GUV, s, is the pixel size of the microscopy image and A is the total area
of a GUV in terms of pixels value obtained by ImageJ.

Fluorescent intensity can be used for encapsulation efficiency calculations, which is another important
aspect of liposome characterization. Encapsulation efficiency is a measure to determine the success
of entrapment of the cargo within liposomes and it can be calculated as Equation 2.2.

mass of cargo encapsulated
EE =
mass of total cargo loaded

x100% (2.2)

Firstly, a calibration curve should be created by using varying amounts of dye concentrations to de-
termine the absolute amount of dye encapsulated. The fluorescent intensity of these samples should
be determined. Then by using the obtained calibration curve, the amount of dye encapsulated within
a liposome can be obtained by measuring the individual encapsulated dye fluorescent intensity within
the GUVs.

Phospholipid content: Stewart assay

Since lipid formulation has been developed to satisfy a specific requirement in the drug delivery system
and to standardize each batch to obtain the same therapeutic effect, phospholipid content determination
is an essential component of liposome characterization. Itis also a crucial component of medication sta-
bility, release rate, and incorporation. Despite the development of other quantification techniques, this
study used Stewart Assay, which is the most straightforward technique. The Stewart Assay is a colori-
metric technique that relies on the phospholipid headgroups and ammonium ferrothiocyanate forming
a red-colored complex that can be measured spectrophotometrically after being extracted into chloro-
form [45]. To be more precise, the liposome sample is dissolved in chloroform and combined with the
reagent ammonium ferrothiocyanate. Despite its insolubility in chloroform, the reagent combines with
phospholipids to generate a complex that is easily soluble in the solvent (Fig.2.6). The optical density
of the chloroform phase is then measured at 470 nm after the two phases are separated. By using the
Beer-Lambert law 2.3, the obtained absorbance can be further converted into total lipid concentration.
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Figure 2.6: Reaction mechanism of Stewart assay

A = abe (2.3)

Where A is the absorbance, a is the absorptivity of the absorbing species, b is the length of the beam in
the absorbing medium and c is the concentration of the absorbing species. Since a and b are constants,
the concentration and absorbance are proportionate. The analyte’s concentration can be determined
using the fitting equation in conjunction with the calibration curve produced by matching standards.
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2.2. Light as a triggering modality

Due to the limitations observed in conventional liposomes for drug delivery purposes, researchers have
explored novel approaches to enhance the efficacy and precision of drug delivery systems [13]. They
have devised strategies to create liposomes responsive to internal (like acidic pH, high-temperature)
or external stimuli (such as ultrasound, light, and magnetic fields). Internal stimuli are challenging to
control and result in relatively slower drug release, on the other hand, external stimuli offer greater
tunability for spatially and temporally sustained drug release [46]. However, external stimuli also have
their drawbacks for example, ultrasound requires a responsive medium and can cause tissue damage
with high-intensity applications; magnetic fields are costly, complex, and may involve potential toxicity
due to metal usage [46]. Considering the system requirements set in the Introduction (Chapter 1), light
emerges as the most suitable stimulus. One primary reason for this preference is its superior focus
compared to other external stimuli methods, coupled with a wide range of operation wavelengths. Addi-
tionally, various light parameters like wavelength, exposure duration, light intensity, and beam diameter
can be precisely adjusted to control drug release amount and timing [13].

Light, a defined segment of electromagnetic radiation, holds significant importance in biomedical dis-
ciplines, particularly for non-intrusive, accurate methods like diagnostics, and therapeutic applications,
such as optical coherence tomography (OCT), photodynamic therapy (PDT) and photocoagulation [47].
In various studies, researchers utilize light to initiate drug release from diverse nanocarriers like lipo-
somes, micelles, and metal nanoparticles [13] due to its exceptional spatiotemporal controllability.

Numerous light sources have been employed for therapeutic purposes including lasers, light-emitting
diodes (LEDs), and X-rays. Choosing the appropriate light source relies on various factors. These fac-
tors include precision, power requirement, wavelength range, safety, cost, complexity, and flexibility.
Lasers stand out for their remarkable precision attributed to their tightly focused and coherent beams.
Conversely, LEDs offer a safer alternative, operating at lower power and voltages. They also present
cost-effectiveness and simplicity when compared to laser systems.

The American National Standards Institute (ANSI) provides guidelines regarding the highest accept-
able exposure levels to lasers and LEDs, primarily concerning ocular irradiation [48]. These standards
are crucial considerations when choosing the suitable light source, as light can induce phototoxicity in
biological tissues based on factors like intensity, wavelength, duration of exposure, laser pulse duration,
and laser pulse intervals [48].

Both LED and laser devices can emit light across a wide range of wavelengths, spanning from ul-
traviolet (UV) to visible light and extending into the near-infrared (NIR) spectrum [48]. These varying
wavelengths serve as triggering sources for controlled drug release from light-responsive liposomes en-
capsulating medications. The choice of specific light wavelengths relies on the light-sensitive molecule
or moiety and the liposome composition, details of which will be further explained in the subsequent
section (Section 2.2.1).

UV light (below 400 nm) and visible light (400-650 nm) are commonly used for medical purposes, as
a single UV/Visible photon carries enough energy to induce photochemical reactions, extensively em-
ployed in light-sensitive liposomes [13]. Despite the advantages of UV/Vis-light such as higher energy
and easier naked-eye observation, their limited tissue penetration depth poses a challenge. This range
(200-650 nm) gets absorbed by various endogenous fluorophores like epidermis pigments, hemoglobin,
and chlorophyll. For instance, energy around 400-600 nm gets absorbed significantly by skin chro-
mophores like melanin and hemoglobin, impacting tissue penetration capacity of light within this range
[13].

In contrast, NIR light demonstrates relatively lower absorption by hemoglobin and water, allowing
deeper tissue penetration (up to 10 cm) without harming healthy tissue, making it advantageous in
biomedical applications. However, wavelengths beyond 900 nm experience strong water molecule
absorption. Therefore, the optimal therapeutic wavelength for in vivo settings typically falls between
650-900 nm, known as the first NIR window or optical window, offering millimeter-scale tissue penetra-
tion depth [49].



2.2. Light as a triggering modality 13

2.2.1. Mechanism of light-triggered drug release

Depending on whether the irradiation induces a chemical reaction within the lipid bilayer or initiates
physical changes, the mechanism underlying the light-responsive liposomes can be categorized as
either photochemical or photophysical activation, respectively. In both approaches, liposomes are en-
gineered to destabilize the lipid bilayer and facilitate the release of contents trapped within the lipid
vesicle upon irradiation [47].

There are several mechanisms that enable photochemical activation, including photoisomerization [50]
[51], photocrosslinking [52], photocleavage [53] [54] [55], and light-induced oxidation [56] [57] [58].
Whereas, various methods of photophysical release have been devised utilizing light-absorbing com-
ponents like molecular dyes [59] [60], plasmon-resonant nanoparticles [61] [62] [63], and inorganic
nanomaterials [64] [65]. The table (Table 2.2) is given as a summary of the mentioned light-triggered
drug release mechanisms based on their required wavelength for activation, the light-sensitive molecule
within liposome, and a brief description of the mechanism.

Among these options, a selection could be made by considering their biocompatibility, release rate,
activation wavelength, and applicability to the project. As shown in Table (Table 2.2), the cargo release
is relatively less for photochemically activated liposomes. As well as the activation wavelength is in
the UV range for azobenzene and o-nitrobenzyl which is highly dangerous considering the application
area of the project is the brain. For the light-induced release, the liposome permeabilization is induced
by reactive oxygen species (ROS) which is highly dangerous for live tissues [66]. On the other hand,
molecular absorbers and inorganic nanoparticles hold limitations due to their biocompatibility [64], [50].
By considering these facts, plasmonic nanoparticles seem the most suitable liposome permeabiliza-
tion technique. A more detailed explanation of the physics behind liposome permeabilization through
plasmonic nanoparticle incorporation is given in the following section (Section 2.2.2).

2.2.2. Gold nanoparticle coated liposomes

Plasmonic nanoparticles exhibit unique optical properties due to their ability to interact strongly with
light at specific wavelengths [68]. When exposed to light, these nanoparticles resonate with the inci-
dent electromagnetic field, leading to collective oscillations of their free electrons called surface plas-
mon resonance (SPR) [69]. This resonance results in enhanced light absorption and scattering, as
well as localized electromagnetic field amplification in the vicinity of the nanoparticles. In the context
of light-sensitive liposomes, plasmonic nanoparticles can serve as triggers for controlled drug release.
By incorporating these nanoparticles into the liposomal membrane or encapsulating them within the li-
posome interior or coating liposomes with metallic nanoparticles, the nanoparticles can absorb specific
wavelengths of light, converting the light energy into localized heat due to their plasmonic resonance
(Fig. 2.7) [50]. This localized heat can induce changes in the liposomal membrane, leading to a con-
trolled release of encapsulated drugs or therapeutic agents, thereby enabling precise spatiotemporal
control over drug delivery in response to light [50].
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Summary of light-sensitive lipid permeabilization techniques [51], [52], [54], [57], [60], [62], [67].

Table 2.2
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Figure 2.7: Liposomal photothermal release employing gold nanoparticles (NPs) can induce membrane disturbance through
gold NPs positioned in various locations, including being embedded within the bilayer, enclosed in the core, or tethered to the
membrane [50]

Surface Plasmon Resonance (SPR)

When light interacts with a metallic nanoparticle like gold, the unbound electrons within it start oscillat-
ing in response to the alternating electromagnetic field of the incoming light [68]. This synchronized
electron movement on the metal surface results in a subtle division of overall charges, creating a dipole
aligned with the light’s electric field direction, depicted in Figure 2.8. At a distinct frequency or wave-
length, known as the surface plasmon resonance (SPR), the extent of this oscillation peaks, leading to
a heightened absorption of incoming light, typically quantified using a UV-Vis spectrometer [69].
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Figure 2.8: Schematic representation of surface plasmon effect (SPR) on gold nanoparticles [70]
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When electromagnetic waves interact with such a nanoparticle, a portion of their energy dissipates
through either light absorption or scattering processes. Absorption occurs when a photon’s energy is
lost through an inelastic process, where absorbed energy can be subsequently released as lumines-
cence or heat. Metal nanoparticles tend to emit light poorly, thus absorbed photon energy is largely
transformed into heat [61]. Conversely, light scattering arises when photon energy prompts electron
oscillations, resulting in the emission of scattered light, either at the same frequency as the incident
light or at a shifted frequency.

The degree of light absorption or scattering by the particle relies on absorption (C,;s) and scattering
(Cseq) cross-sections [71]. To explain the optical attributes of spherical particles, the Mie theory was
derived, resolving Maxwell's equations through a multipole expansion of electromagnetic fields [72].
When the particle size is significantly smaller than the incident light's wavelength (d « \), a quasi-
static approximation proves effective in describing optical properties [73]. This approximation assumes
uniformity of electric charge across the entire particle [72]. Subsequently, Mie theory provides C,;s and
Cscq as described in Equation 2.4 and Equation 2.5, respectively.

Cube = kImla] = dmka®Im] <) —ml&) |

€(w) + 26, (W) (24)

Cloo = Iﬁ‘aﬁ — 8£k4a6|M‘2 (2.5)
67 3 e(w) + 26, (w)

In these equations, where k& = 27” represents the wave number, X signifies the wavelength, « denotes
the polarizability, a indicates the particle radius, ¢(w) signifies the frequency-dependent dielectric func-
tion of the material, and ¢,,(w) denotes the frequency-dependent dielectric function of the medium.
Examining these expressions reveals that absorption scales in proportion to a®, whereas scattering
scales proportion to a®. This indicates that in smaller particles, absorption tends to dominate over scat-
tering. However, as the particle size increases, scattering assumes greater importance. Consequently,
smaller particles are preferred for photothermal applications, while larger particles prove more advan-
tageous in imaging applications [68].

The combined values of scattering and absorbance cross-sections are termed as the extinction cross-
section [72], denoted as C..;, representing the complete attenuation of incoming radiation (Eq.2.6).

w €2

Ceat = Caps + Cseq = 926%2‘/m (26)
In this equation, w denotes the frequency of the light, ¢ represents the speed of light, V stands for
the particle volume, and ¢; and e, correspond to the real and imaginary components of the dielectric
function, respectively. Notably, the maximum extinction occurs when the Fréhlich condition ¢; = —2¢,,
is satisfied. This highlights the reliance of SPR not solely on the particle’s characteristics but also on
the surrounding medium. Moreover, the attributes of the surrounding medium influence the positioning
of the SPR peak. This occurrence finds an explanation through the Drude model [74], which shows
interactions between free electrons and immobile positive ions in the metal. The real portion of the
dielectric function derived from the Drude model can be expressed as:

OJ2

w? + 2
In this equation, w, represents the plasma frequency, while v denotes the damping constant. By imple-

menting the Frohlich condition, converting the frequency to wavelength, and employing ¢,, = n2,, the
resulting expression is as follows:

61:1—

2.7)

Amaz = Apy/2n2, +1 (2.8)

In this equation, A,,... represents the wavelength at the SPR peak, ), stands for the plasma wavelength
of the bulk metal, and n,, signifies the refractive index. Equation 2.8 illustrates that altering the refrac-
tive index causes a corresponding shift in the wavelength of the SPR peak. For instance, transitioning
from water to silica as the medium would lead to a shift toward longer wavelengths.
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Manipulating the size and shape of nanoparticles also allows for tuning the position of the SPR peak.
As the size increases, particles are less uniformly polarized by incident light, leading to a redshift and
broadening of the SPR peak [68]. This broadening becomes apparent in particles larger than 100 nm,
where the retardation effects significantly influence it. Conversely, particles smaller than 10 nm display
enhanced electron-surface interactions, resulting in phase changes and damping of the SPR peak [68].
Therefore, the optimal size range for gold nanoparticles falls between 10-100 nm. Figure 2.9 illustrates
how size impacts both the position and broadening of the SPR peak [72].

20nm
——30nm
40nm
=—50nm
—60nm
—80nm
=—=100nm
150nm
250nm
300nm
400nm

Optical Density

400 450 500 550 600 650 700 750 800
Wavelength

Figure 2.9: Size dependent surface plasmon effect (SPR) of gold nanoparticles [75]

Numerous nanoparticle shapes have been reported, such as rods, wires, triangles, shells, and cages.
By changing the geometry, the position and the number of the SPR peak can be adjusted. For example,
gold nanorods show two SPR peaks as compared to gold nanospheres that only exhibit one (Fig. 2.10).
The first peak comes from excitation along the minor axis, while the second peak is caused by the
excitation along the major axis [69].
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Figure 2.10: Effect of shape on the absorbance band of gold nanoparticles [76]

Gold nanoparticle (AuNP) - liposome nanocomposites

From a materials chemistry perspective, nanocomposites mix multiple materials to harness their com-
bined advantages or to overcome limitations associated with individual components. It's essential to
note that the term "nanocomposite” implies the presence of at least one component at the nanoscale

[77].
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Gold nanoparticles (AuNPs) have gained significant attention owing to their exceptional optical proper-
ties at the nanoscale, traced back to Michael Faraday’s early colloidal gold synthesis, which marked
the advent of gold nanoparticle research [78]. Over the years, a wealth of knowledge has been ac-
cumulated regarding the synthesis of gold nanostructures and a deeper understanding of their optical
and photothermal traits [78].

The appeal of AuNPs stems from their remarkable optical characteristics and broad applications, par-
ticularly in nanomedicine. They have been extensively explored for chemical sensing, biomedical di-
agnostics, targeted drug delivery, and various pharmaceutical and biomedical domains [79]. These
applications leverage the distinctive physicochemical, electrical, and optical attributes of AUNPs, no-
tably their adeptness in absorbing/scattering light across the visible-near infrared (Vis-NIR) spectrum
with large optical extinction coefficients. Moreover, AuNPs efficiently convert absorbed optical energy
into localized heat, beneficial for ablating nearby cancer cells or pathogenic organisms [79]. Their
tunable synthesis and adaptable surface chemistry further increase their appeal. Additionally, AUNPs
exhibit significant chemical stability, biocompatibility, and the ability to be quantified and visualized in
complex biological settings both in vitro and in vivo. Altogether, these features point to the potential of
AuNPs in crafting targeted and effective biomedical systems [80].

Despite their outstanding characteristics, AuNPs face limitations in drug delivery due to the absence
of a reservoir or matrix for therapeutics, restricting drug loading primarily to the particle surface. This
intrinsic limitation results in a lower loading capacity compared to other nanocarriers (such as lipidic or
polymeric carriers) on a weight-per-weight basis [81]. However, AUNPs exhibit remarkable optical and
thermal properties, effectively absorbing UV-Vis light with high photothermal conversion efficiency. On
the contrary, liposome nanocarriers excel in accommodating therapeutics with ease, achieving accept-
able loading capacities and efficiencies. Liposomes, among the earliest FDA-approved nanoparticles
(e.g., Doxil in 1995) [82], have served as carriers for various therapeutics in clinical settings. Further-
more, both hydrophilic and hydrophobic drugs find accommodation in the aqueous reservoir or the
bilayer membrane of liposomes. Considering the advantageous features of both AuNPs and liposome
nanocarriers has gained interest in preparing nanocomposites combining their properties [77].

The potential of AuNP-liposome nanocomposites has been extensively investigated, embedding var-
ious types of AuNPs, such as gold nanorods, nanostars, nanoshells, nanospheres, and hollow gold
nanoshells, within liposomes for cancer treatment and drug delivery [77]. The choice of excitation
wavelength, intensity, and timing of irradiation varies depending on the absorbance band of the AuNPs.
Researchers like Lajunen et al. explored light-triggered calcein release using gold nanorods and gold
nanostar-embedded liposomes, achieving promising cargo release kinetics within a short span of 5 min-
utes [83]. Koga et al. demonstrated the release of 80% of cargo within 1 minute using gold nanoshells
irradiated with a 660 nm wavelength [80]. In these studies, the mechanism hinges on SPR, leading
to a sudden temperature increase in the lipid bilayer, altering membrane fluidity, and triggering cargo
release from the liposomes.

Gold nanoparticle loading onto liposomes has been done either by mixing preformed nanoparticles with
liposomes or by spontaneous in situ reduction of gold ions by one of the liposome forming components.
Often the spontaneous precipitation methods of gold crystallites in liposome/vesicles are practically
slow and some of them take days for completion. Furthermore, in such cases the extent of loading
and size of the nanoparticles on liposomes cannot be easily manipulated on demand. On the other
hand, liposomes have been loaded with nanoparticles by mixing preformed particles with liposomes.
In these cases, conventional synthetic strategies are used for the production of gold nanoparticles, e.g.
metal ion reduction via Sodium borohydride (NaBH4) or citrate. However, NaBH4 or citrate synthetic
protocols are not suitable for particle loading on biofunctional liposomes due to their toxicity and being
a strong reducing agent that can modify biological functional groups. Additionally, the high temperature
required for the citrate reduction method destroys the liposomes. A summary of the mentioned meth-
ods is tabulated in Table 3 which gives information about the AuNP characteristics, nanocomposite
synthesis method, and the resultant characteristics of the nanocomposite.

By considering various methods and the adaptability on GUVs, in situ reduction of gold ions on GUVs,
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Table 2.3: Examples of AuNP-liposome nanocomposites [84], [85], [86], [87], [88], [89], [90]
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rapid, and controlled manner. It allows better control over particle size and number of nanoparticles
per liposome as well as their degree of aggregation at the liposome surface. Also, the method uses
[-ascorbic acid as the reducing agent which is highly biocompatible. The method involves, solutions of

HAuCI4-3H20 and l-ascorbic acid added to the GUV solution. After constant stirring at room tempera-
ture for 1 or 2 hours, depending on the HAuCI4-3H20O concentration, the gold nanoparticle coating of

project. The method is 'green’ and efficient and can load liposomes with gold nanoparticles in a simple,
GUVs completed.

that is proposed by Sau, T.K., et.al., is selected as the gold nanoparticle decorating method for the

2.2. Light as a triggering modality



2.2. Light as a triggering modality 20

In-situ gold nanoparticle reduction on GUVs

The in-situ reduction of gold nanoparticles using HAuCl,-3H-O (chloroauric acid trihydrate) and I-ascorbic
acid is a promising process that involves the transformation of gold ions (Au3*) into elemental gold (Au®)
nanoparticles [91].

To begin, solutions of chloroauric acid and |-ascorbic acid are prepared separately in sucrose solution.
Chloroauric acid serves as the source of gold ions, while |-ascorbic acid acts as a reducing agent.
When these two solutions are combined, I-ascorbic acid reduces the Au3* ions from the chloroauric
acid, resulting in the formation of elemental gold. The chemical reaction is as follows (Eq. 2.9):

2H AuCly - 3H20 4+ 3CsHgOg — 2Au + 8HCl + 3CsHgOg + 6 H20O (29)

In the initial phase of this reaction, small clusters of gold atoms, or nuclei, are formed. This rapid pro-
cess, known as nucleation, creates numerous tiny gold clusters. Subsequently, additional Au3* ions
continue to be reduced and deposited onto these nuclei, allowing the gold nanoparticles to grow in size.
The growth phase is influenced by various factors, including the concentration of reactants, tempera-
ture, and the presence of stabilizing agents.

For coating GUVs with gold nanoparticles, GUVs are first prepared using methods such as electro-
formation or gel-assisted swelling. These GUVs, characterized by their single lipid bilayer membrane,
are then suspended in a solution containing both chloroauric acid and I-ascorbic acid. Upon adding I-
ascorbic acid to the suspension, the reduction process initiates, leading to the nucleation of gold seeds
on the GUV surface. This nucleation is facilitated by the interaction of gold ions with the lipid bilayer,
aided by surface charges or specific binding sites on the vesicle surface.

Sau et al. [91] studied the impact of the concentration ratio of chloroauric acid and the surface charge
of giant unilamellar vesicles (GUVs) on the size of gold nanoparticles formed on GUVs. They found that
increasing the concentration of HAuCl, results in a higher quantity of gold nanoparticles on the GUVs.
Additionally, the charge of the lipid dopants significantly influenced the particle loading on the liposomes.
Specifically, GUVs doped with cationic lipids had more gold nanoparticles attached compared to those
doped with anionic lipids. Although the exact mechanism of gold nanoparticle anchoring to the liposome
surface remains unclear, the variation in the number of liposome-anchored nanoparticles based on the
lipid dopant suggests that electrostatic interactions might play a role. The ammonium group (>N—(+))
in the lipid molecule may bind to the negatively charged [AuCl,]- precursor or negatively charged
gold nanoparticles. Furthermore, they observed that at low precursor concentrations, nearly spherical
particles formed, while higher precursor concentrations resulted in predominantly non-spherical and
aggregated gold nanoparticles. They also noted that larger gold nanoparticles were observed in GUV
systems doped with anionic lipids, likely due to different interactions between the dopant lipid and
the precursor or gold nanoparticles. Favorable interactions between cationic lipids and the precursor
anion [AuCly]- may lead to more nucleation centers on cationic lipid-doped GUVs, unlike in anionic
lipid-doped GUVs. Consequently, more nucleation centers result in a higher number of particles with
less gold per particle, leading to smaller particles in cationic lipid-doped GUV systems.



Materials and methods

3.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
and 1,2-distearoyl-sn-glycero-3-phosphoethanolami- ne-N [amino(polyethylene glycol)-2000] (ammo-
nium salt) (DSPE-PEG2000) were purchased from Avanti Polar Lipids (Alabaster, Alabama, US). Atto
488 and Atto 655 were purchased from ATTO-TEC GmbH (Siegen, Germany). Cholesterol with purity
of 299%, and sulforhodamine B (SRhoB) with 75% dye content, Poly(vinyl alcohol) (PVA) (99% hy-
drolyzed), Sucrose (299.5%), Tris(hydroxymethyl)amino-methane hydrochloride (Tris-HCI), Potassium
chloride (KCI), Gold(lll) chloride trihydrate (HAuCl4-3H20) (=99.9% trace metals basis), I-Ascorbic acid
(AA) were purchased from Merck Sigma Aldrich (Darmstadt, Germany). Ethanol (EtOH 299.8%) was
purchased from Honeywell (Charlotte, North Carolina, US). Chloroform (299.5%), and tetrahydrofuran
(THF, dry) were purchased from Thermo Fisher Scientific (Waltham, Massachusetts, US). MilliQ water
was dispensed from Milli-Q IQ 7000 Ultrapure Lab Water System by Merck The HD10.6 line was gifted
from Dr.Hsia, Univesity of Maryland.

3.2. Preparation of dye-loaded giant unilamellar vesicles

3.2.1. Synthesis of dye loaded giant unilamellar vesicles

Dye-loaded giant unilamellar vesicles synthesized with minor modifications to the protocol described
in Weinberger et al. [33]. Firstly, 200 mOsm sucrose solution in MilliQ water (unbuffered) was used to
dissolve the necessary amount of PVA powder to create a 5% (w/v) solution of poly-vinyl alcohol (PVA,
145 kDa, >99% hydrolyzed). After that, this solution was heated on a hot plate to 90°C while being
constantly stirred. The solution was allowed to cool to ambient temperature after a few hours. The
solution was then filtered using a sterile 200 nm filter (VWR, Amsterdam, the Netherlands) to remove
any last bits of undissolved polymer.

To prepare a gel for swelling giant unilamellar vesicles (GUVs), a 24x24 mm coverslip (no.1, Menzel-
Glaser) underwent a series of rinses with ethanol, distilled water, and ethanol, followed by blow-drying
with nitrogen gas. The coverslip was then treated for 30 seconds with a plasma cleaner (Plasma Prep
[ll, SPI supplies, West Chester, PA, USA) to encourage the gel’s adherence to the glass substrate.
Subsequently, 100 yL of room temperature PVA solution was spread onto the coverslip, and the glass
was tilted to ensure even distribution. A tissue was used to remove any extra solution to guarantee
that the thickness of the gel was kept to a minimum. After that, the coverslip was baked at 50 °C for
30 minutes, producing a gel that was clearly solid.

After that, a glass syringe (25 pL, Hamilton) was used to evenly distribute 10 uL of the lipid solution at a
concentration of 1 mg/mL in chloroform across the gel surface. Any leftover organic solvent was then
allowed to evaporate for half an hour in a vacuum desiccator. After that, the coverslip was placed into
a compartmentalized petri dish (4 compartments, VWR, the Netherlands). A Volume of 300 uL of the
swelling buffer, which consisted of 200 mOsm sucrose, 10 mM Tris-HCI at pH 7.4, and 5 yM sulforho-
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damine B (SRhoB) was carefully applied over the lipid layer. Following a 60-minute incubation period
at 50 °C to promote vesicle swelling for DPPC-GUVs and at room temperature for DOPC-GUVs, the
vesicles were harvested by gently tilting the petri dish and flushing it once to promote vesicle separation
prior to retrieval.

A freezing point osmometer (Osmomat 010, Gonotec, Berlin, Germany) was used to quantify each
osmolarity. The osmolarities of the GUV inner and outer solutions matched within a 5 mOsm variation,
unless otherwise indicated.

3.2.2. Gold coating of dye-loaded giant unilamellar vesicles

The following methods were employed for growing gold nanoparticles on dye-loaded GUVs based on
the protocols described by Hou et.al, [89] and Sau et.al. [91], respectively. For the first formulation,
a 0.5 mL solution, containing 200 mOsm sucrose and 2.5 mM HAuCIl4, was mixed with 0.5 mL of the
dye-loaded GUV solution. To reduce the gold ions, 0.5 mL of another solution containing 2.5 mM I-
ascorbic acid (I-AA) and 200 mOsm sucrose was added, and the resulting solution was continuously
stirred using a magnetic stirrer. According to the study by Sau et al. [91], for a second formulation,
a solution of 0.5 mL containing 200 mOsm sucrose and 5 yM HAuCI4 was combined with 0.5 mL of
the dye-loaded GUV solution. To reduce the gold ions, 0.5 mL of a solution containing 8 uM I-AA and
200 mOsm sucrose was added, and the resulting solution was also stirred constantly with a magnetic
stirrer. The absorbance of the particle plasmon, indicative of the development of gold nanoparticles,
was measured every 30 minutes using the NanoDrop 2000/2000c Spectrophotometer (Thermo Fisher
Scientific). The in-situ growth process lasted 2 hours.

3.3. Characterization of giant unilamellar vesicles

3.3.1. Phospholipid content

The amount of phospholipid in the liposome suspension was determined using the Stewart assay. It
was discovered that there is a correlation between the lipid concentration and the liposome suspen-
sion’s absorbance intensity by using the Beer-Lambert law. DPPC standards ranging in concentration
from 0.01 to 0.12 mg/mL were dissolved in chloroform and utilized to generate a calibration curve (Fig.
C.1). The project’s normalization techniques and further computations were based on these calibration
curves. In a 15 mL falcon tube, a pre-determined sample amount of sample was mixed with 2 mL
of chloroform to determine the phospholipid content of the GUVs. The mixture was vortexed for 30
seconds. The ammonium ferrothicyanate reagent (2 mL) was then added, and the mixture was vigor-
ously vortexed for one minute. Using the Eppendorf Centrifuge 5804/5804R - Benchtop Centrifuge at
2000 RPM for 10 minutes, the organic and aqueous phases were separated. Using a glass pipette, the
aqueous phase, where no phospholipids were anticipated, was carefully removed. The Hach Lange
DR5000 UV/Vis Spectrophotometer was then used to measure the absorbance intensity of 1 mL of the
organic phase that had been transferred to a quartz cuvette at 470 nm. The determined calibration
curve was then used to calculate the amount of phospholipid in the liposome suspension.

3.3.2. Fluorescent Microscopy and Image Processing

The Zetasizer Nano ZS, Malvern Panalytical instrument utilized for the Dynamic Light Scattering (DLS)
technique has a size constraint, hence size determination was done using ImageJ, an image process-
ing program [43]. To do this, a fluorescent microscope was used to capture photos of the resulting
GUVs, which were then processed using Imaged.

p-Slide 18 well glass bottom chambered coverslips (ibidi GmbH, Grafelfing, Germany) were utilized for
the GUV imaging. To passivate the glass surface against membrane adhesion, 40 pL of 3-casein solu-
tion (1 mg/mL, 10 mM Tris-HCI pH 7.4) was added to each well and allowed to rest. The solution was
taken out after ten minutes and cleaned with 100 pL of observation buffer (pH 7.4, 205 mOsm glucose,
10 mM tris-HCI). Following the observation buffer wash, 10 pL of GUV solution and 70 L of obser-
vation buffer were added to the well. And waited 10 minutes for the immobilization of GUVs to complete.

A Nikon Exlipse Ti microscope was used to capture the images. It was equipped with a spinning disk
confocal module (X-Light, Crest), a digital camera (Orca-Flash 4.0, Hamamatsu), a 100x oil immersion
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objective (CFI Plan Apochromat VC, NA 1.40, Nikon), and an LED light source for monochromatic illu-
mination (wavelengths 395/25, 440/20, 470/24, 510/25, 555/15, 575/25, 640/30, Spectra X, Lumencor).
The chosen excitation light source wavelength for GUVs labeled with Atto488 was 470 nm, while the
wavelength for GUVs labeled with Atto655 was 640 nm. Additionally, micrographs of the dye content
are captured utilizing a wavelength of 555 nm for determining the dye content of dye-loaded GUVs.

Size determination

Following the acquisition of the microscope pictures, Imaged was used to process them. Initially, the
‘oval’ selection tool was used to choose the GUV on the targetimage (Fig. A.1a). Next, the pixel area of
the GUV of interest is retrieved by choosing 'Measure’ from the 'Analyze’ menu (Fig. A.1b). Assuming
the GUVs are circular and the pixel size of 0.07 ym knowledge within the image, the size of GUV was
calculated using the formula given in Section 2.1.3 (Eqg. 2.1) To determine the average diameter of the
GUV population, the same process was applied to every GUV that was produced using the gel-assisted
swelling technique.

Encapsulation efficiency

To assess the encapsulation efficiency of the dye-loaded GUVs, a calibration curve correlating fluo-
rescent intensity with dye concentration was established. Initially, a solution containing 0.008 mg/mL
SRhoB dye in a 200 mOsm Sucrose solution was prepared. This solution was then diluted to concen-
trations of 0.004 mg/mL, 0.002 mg/mL, 0.001 mg/mL, and 0.0005 mg/mL.

Each diluted solution was examined under a fluorescent microscope with a consistent focus on the
same z-dimension to maintain uniformity. Fluorescent intensity measurements of the dye solutions at
this specific z-dimension were conducted using image processing techniques.

Based on these measurements, a calibration curve was generated plotting dye concentration against
fluorescent intensity. This calibration curve provided a quantitative method to determine dye concen-
trations in subsequent experiments or samples based on their respective fluorescent intensity readings.
The resulting calibration curve is depicted in Figure B.1.

To obtain the encapsulation efficiency of GUV, image processing was performed as follows. The 'Area
Integrated Density’ data for each GUV was acquired using ImageJ’s 'Measure’ function in order to de-
termine the encapsulation efficiency (Fig. A.1c). The resulting area-integrated density of the GUV was
normalized by the background fluorescent intensity in order to obtain the corrected total cell fluores-
cence (CTCF). Five liposome-free sections of the image are chosen for this purpose, and the mean
grey density of their pixels is computed. Following that, the following formula is used to determine the
corrected total GUV fluorescence (Eq.3.1). The process is carried out for each GUV on the image, just
like in the case of size determination.

corrected total cell fluorescence = integrated density of the selected GUV—
(area of the GUV x mean fluorescence of background reading)

(3.1)

After determining the CTCF for GUVs, their dye concentrations were calculated by using the calibration
curve obtained (Fig. B.1). Then, by using the following equation, their encapsulation efficiency (EE) is
calculated as Equation 3.2.

Dye concentration on GUV

EE = Dye concentration of swelling buffer

x100% (3.2)

3.4. Stability studies on dye loaded giant unilamellar vesicles

Stability studies on giant unilamellar vesicles (GUVs) involved monitoring changes in their size distribu-
tion and encapsulation efficiency under different storage conditions: 4°C, 25°C, and 37°C. Observations
were made on the day of synthesis (Day 0) and subsequently every third day over a period of two weeks.

Three coverslips were employed for the experiment, as outlined in Section 3.2.2. Initial images of the
GUVs on each coverslip were captured on Day 0. Following this, the GUVs were incubated at the
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specified temperatures.

To analyze the data, size distribution and encapsulation efficiency were quantitatively assessed using
ImagedJ software. Graphical representations of the results were generated to illustrate the changes
observed over the experimental period.

3.5. Heat-induced dye release from giant unilamellar vesicles

The experiment aimed to assess the feasibility of thermal dye release using GUVs. Initially, 100 yL
samples were heated individually to temperatures of 37°C, 38°C, 39°C, and 40°C. From each tempera-
ture condition, an initial sample was collected and placed into the imaging chamber, following the setup
detailed in Section 3.3.2. Subsequently, the samples were heated to their respective temperatures, and
additional volumes were collected into the imaging chamber.

Fluorescence microscopy images were then acquired to visualize the dye release process. Imaged soft-
ware was employed for image processing and analysis, following the methodology outlined in Section
3.3.2. This allowed for the calculation of dye release from the GUVs under varying thermal conditions.

3.6. Giant unilamellar vesicles within the microfluidic platform

Gijs van Veen conducted the design, fabrication, and pressure-induced bursting of GUVs. For detailed
procedures, please refer to his master’s thesis. Collaborative experiments included studying the effect
of syringe introduction of GUVs into the microfluidic system. Two separate imaging wells were prepared
according to the protocol outlined in Section 3.3.2. In one well, liposomes were introduced using a
pipette, while in the other, a 1 mL syringe was used. Subsequently, fluorescent microscopy images
were acquired and analyzed.



Results and discussion

Throughout the project, dye-loaded GUVs were synthesized using the gel-assisted swelling method by
incorporating dye into the swelling buffer. The characterization was performed through image process-
ing of fluorescent microscopy images. An attempt was made to coat these dye-loaded GUVs with gold
nanoparticles by in-situ reduction of gold nanoparticles using l-ascorbic acid as the reducing agent.
However, since the UV/Vis absorbance measurements did not possess gold nanoparticle coating of
GUVs, the thermal-induced release of cargo from GUVs via bulk heating was conducted to evaluate
the proposed mechanism for future studies. This chapter presents the results and observations ob-
tained from the project.

4.1. Synthesis and characterization of giant unilamellar vesicles

Throughout the project, liposomes were synthesized using the gel-assisted swelling method. The initial
aim was to produce 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes with 0.1% fluores-
cent lipid included in the formulation. DPPC was selected because its phase transition temperature
(T,, = 41°C) is slightly above body temperature, ensuring safety as it does not cause thermal damage
to body tissues. This high transition temperature ensures that the lipid bilayer remains in an ordered gel
phase below T, and shifts to a disordered liquid phase at higher temperatures, enabling cargo release.

According to Weinberger et al. [33], successful swelling of DPPC liposomes occurs at 50°C. To syn-
thesize DPPC liposomes, a glass coverslip was coated with PVA gel after UV/Ozone treatment. After
baking the PVA gel for 30 minutes, 10 uL of 1 mg/mL DPPC:Atto655 (99.9:0.1) was spread on the
coverslip. After evaporating the organic solvent (chloroform) in a desiccator for 30 minutes, 300 uL of
swelling buffer (200 mOsm sucrose, 10 mM Tris-HCI, pH 7.4) was added to the coverslip, which was
then placed in a 50°C oven. After an hour, the GUVs were collected and observed under a fluorescent
microscope. To ensure any synthesis issues were due to the lipid formulation, a control group of DOPC-
GUVs was synthesized following the same steps, with a lipid composition of DOPC:Atto655 (99.9:0.1).
The control group yielded over 1000 GUVs/300 pL, with an average size of 7.65 + 3.46 uym, indicating
successful synthesis. However, DPPC liposomes had a low yield (< 100 GUVs/300 pL), were smaller
(4.35 + 2.89 ym), and tended to cluster.

To optimize DPPC-GUV synthesis, another study by Haluska et al. [92] was reviewed, which found
successful DPPC-GUV synthesis using the electroformation method at 60°C. Repeating the synthesis
at 60°C did not yield different results from the 50°C synthesis. It was concluded that DPPC-GUV syn-
thesis is only successful at temperatures above its phase transition temperature of 41°C. However, the
DPPC-GUVs obtained were unsuitable for this project due to their low yield, small size (smaller than the
microfluidic platform’s minimum nozzle dimension of 4x4 um with a 5° angle), and clustering. Since the
primary goal was to observe dye release within the microfluidic platform, DPPC-GUVs were deemed
unfavorable for integration. Therefore, DOPC-GUVs were used for the remainder of the project.

The Stewart assay, a common method for characterizing and standardizing liposomal drug formulations
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for small unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs), was adapted for giant unil-
amellar vesicles (GUVs). The protocol outlined in Section 3.3.1 was followed. Due to the relatively low
theoretical lipid content for gel-swelled GUVs (0.067 mg/mL) compared to SUVs and LUVs produced
by the thin-film hydration method (approximately 20 mg/mL), the amount of DOPC-GUV sample added
to chloroform required optimization. Different volumes (10, 20, 50, 100, and 200 uL) of GUV samples
were prepared and dissolved in 2 mL of chloroform. After adding ammonium ferrothiocyanate reagent
and centrifuging for phase separation, the absorbance was measured using a UV/Vis spectrophotome-
ter. The absorbance data were then processed using a calibration curve for DOPC. Due to the low
phospholipid content of GUVs, this method did not yield reliable results. A more detailed explanation
is provided in Appendix D.

4.2. Synthesis and characterization of dye-loaded giant unilamel-

lar vesicles

By adding dye to the swelling buffer, the gel-assisted swelling synthesis method’s dye loading of the
GUVs was carried out. To determine how dye affects the yield of dye-loaded GUVs, three different dye
concentrations, 5 uM, 1.7 mM, and 17 mM, have been explored. As the dye concentration increases,
the number of successfully synthesized GUVs significantly decreases. As well as, a higher proportion
of the GUVs appeared empty, indicating a lack of dye encapsulation, especially at higher dye concen-
trations.

Obtaining lower amounts of GUVs and reduced encapsulation efficiency can be due to several factors,
including osmotic pressure and membrane stress, solubility and precipitation of the dye, and lipid-dye
interactions. For higher dye concentrations, significant osmotic pressure differences arise between the
interior and exterior of the forming vesicles. This imbalance can stress the lipid bilayer during formation
and cause vesicle rupture or incomplete formation.

Regarding solubility and precipitation, high dye concentrations may cause the dye to precipitate out of
the solution, leading to poor encapsulation. This results in fewer successfully formed GUVs and many
appearing empty because the dye is not in a suitable state for encapsulation. The solubility of the dye
in the swelling buffer that is used for hydrating the lipids may be exceeded at higher concentrations,
causing aggregation and precipitation of dye and disrupting vesicle formation.

And for the lipid-dye interactions, high dye concentrations may interact unfavorably with lipid molecules,
disrupting the self-assembly process necessary for GUV formation. This can lead to fewer vesicles be-
ing formed and empty vesicles. Strong binding of the dye to lipids can interfere with normal bilayer
formation, resulting in defects or instability in the forming vesicles. Additionally, high dye concentra-
tions can cause steric hindrance, which means, the space within the forming vesicles becomes too
crowded, preventing effective encapsulation of dye within vesicles.

The results indicate that higher concentrations of dye negatively impact both the formation and encap-
sulation efficiency of DOPC-based GUVs. The primary reasons of this observation include osmotic
pressure imbalances, steric interactions, solubility issues, and unfavorable interactions between the
dye and lipid molecules. For optimal GUV synthesis and dye encapsulation, maintaining a lower dye
concentration (such as 5 uyM) is recommended, as it minimizes osmotic stress and other disruptive
effects, leading to more successful vesicle formation and encapsulation. So, for the remainder of the
project, 5 yM was determined to be the optimal concentration to produce a sizable number of dye-
loaded GUVs.

Figure 4.1 displays the microscope pictures of the dye-loaded GUVs that were obtained. It is possible
to see distinct sections of the GUVs together or separately by stimulating different light sources. For
instance, 4.1a depicts the image of the GUVs' lipid membrane since just one excitation wavelength, 640
nm (5% intensity), is chosen, and this wavelength is appropriate for excitation of the dye-fluorescent
labeling lipid (DOPE-Atto655). However, as Figure 4.1b is activated with a light source of 555 nm
(5% intensity) that is appropriate for the excitation wavelength of the dye used (Sulforhodamine B), it
only displays the dye content within GUVs. Additionally, both of these wavelengths might be used to
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stimulate GUVs, which would display the lipid membrane as well as dye encapsulated (Fig. 4.1c).

(a) Lipid Only (b) Dye Only (c) Lipid and Dye

Figure 4.1: Fluorescent micrographs of dye-loaded GUVs. (a) Only the lipid dye is excited (640 nm, 5% intensity). (b) Only the
encapsulated dye is excited (555 nm, 5% intensity). (c) Both the lipid dye and encapsulated dye are excited (640 nm, 555 nm,
5% intensity). The scale bar is 10 um in all images.

The method used for determining dye encapsulation efficiency in small unilamellar vesicles (SUVs) in-
volves measuring the UV/Vis absorbance of the encapsulated dye after overnight dialysis. However,
this method proved unsuitable for giant unilamellar vesicles (GUVs) for several reasons.

Firstly, it was observed that when GUVs were subjected to dialysis, the remaining volume after dialysis
was significantly reduced to 45 uL from the initial 800 pL. This considerable volume loss suggests that
most of the sample volume post-swelling consisted of a blank swelling buffer, resulting in a very low
number of liposomes. This observation corroborates the findings from the previous section (Section
4.1). Consequently, due to the low number of GUVs, the sample after dialysis appeared transparent,
making it impossible to detect the intended color change necessary for UV/Vis absorbance measure-
ment after GUV lysis.

To address the possibility that dialysis might induce GUV instability and subsequent dye release, dia-
lyzed GUVs were imaged. The imaging results indicated that dialysis did not cause instability or dye
release from the lipid bilayer, as the encapsulation efficiency was similar to that of the non-dialyzed
sample. This finding implies that, like the Stewart Assay, the limited quantity of GUVs hindered the
effectiveness of the conventional encapsulation efficiency method.

Given these challenges, an alternative approach using image processing was employed to determine
the encapsulation efficiency of GUVs. This method proved to be more suitable, providing reliable
measurements despite the low number of vesicles and avoiding the issues associated with the UV/Vis
absorbance method post-dialysis.

4.3. Effect of lipid compositions on GUV stability

The sub-research question of the thesis has been addressed by examining the stability of GUVs at
various temperatures and lipid compositions. To do this, sizes and dye encapsulation efficiencies of
GUVs were measured on the day of synthesis, the following day, and then every third day over the
following two weeks. Three separate 18-well glass bottom chambered coverslips have been prepared
for characterization. To learn about the stability of GUVs in the refrigerator, at room temperature, and
body temperature, each of these coverslips was incubated at 4 °C, 25 °C, and 37 °C, respectively.

The lipid compositions that have been used for stability study and their molar ratios are given in Table
4.1. Within these lipid formulations, we were not able to successfully synthesize DOPC:Chol:DSPE-
PEG2000:Atto655 GUVs whereas all other formulations were successfully synthized. As a result, no
further size and dye encapsulation check has been made for this liposome formulation.
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Table 4.1: Lipid compositions used for stability study

Lipid Composition Molar Ratio (%)
DOPC:Atto655 99.9:0.1
DOPC:Chol:Atto655 79.9:20:0.1
DOPC:DSPE-PEG2000:Atto655 94.9:5:0.1

DOPC:Chol:DSPE-PEG2000:Atto655 74.9:20:5:0.1
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Figure 4.2: Diameter change and encapsulation efficiency results of 2-week stability study, (a) diameter change of DOPC-GUV
for 4, 25 and 37 °C, (b) diameter change of DOPC-Chol-GUV for 4, 25 and 37 °C, (c) diameter change of
DOPC-DSPE-PEG2000-GUV for 4, 25 and 37 °C, (d) encapsulation efficiency change of DOPC-GUYV for 4, 25 and 37 °C, (e)
encapsulation efficiency change of DOPC-Chol-GUV for 4, 25 and 37 °C, (f) encapsulation efficiency change of
DOPC-DSPE-PEG2000-GUV for 4, 25 and 37 °C.

The results of the stability study are given in Figure 4.2 in terms of diameter change and encapsulation
efficiency of different lipid compositions at 3 different temperatures. As it can be observed from Figure
4.2a and 4.2d, liposomes have an initial average diameter of 9.437 ym and it decreases to 5.094 ym
on the 11th day at 4 °C and 6.867 um on the seventh day at 25 °C and 7.55 micrometer at the 1st day
at 37 °C. Also, GUVs at 37 °C can only survive up to 4 days, at 25 °C GUVs can survive up to 11 days,
and at 4 °C can survive up to 14 days. For their encapsulation efficiency, DOPC-GUVs, liposomes
have an initial encapsulation efficiency of 15.809% and it decreases to 7.09% on the 11th day at 4 °C
and 5.766% on the seventh day at 25 °C and 7.55% at the 1st day at 37 °C. The data indicates that
DOPC-GUVs exhibit significant size reduction and loss of encapsulation efficiency over time, partic-
ularly at higher temperatures. At 37°C, the rapid decrease in diameter and encapsulation efficiency
suggests that the GUVs are less stable, likely due to increased lipid fluidity at elevated temperatures.
The relatively better stability at 4°C can be a result of the reduced kinetic energy, resulting in slower
degradation processes on liposomes.

For DOPC:Chol GUVs, liposomes have an initial average diameter of 6.48 ym and it decreases to 5.215
pum on the 11th day at 4 °C and 5.506 um on the seventh day at 25 °C and 5.896 um at the 1st day at
37 °C. For their encapsulation efficiency, DOPC-GUVs, liposomes have initial encapsulation efficiency
of 10.01% and it decreases to 4.174% on the 11th day at 4 °C and 4.473% on the seventh day at 25
°C and 7.327 on the 1st day at 37 °C. The inclusion of cholesterol in the lipid composition appears
to confer some stabilization to the GUVs, as seen by the relatively smaller decrease in diameter and
encapsulation efficiency compared to DOPC-GUVs. Cholesterol is known to stabilize lipid bilayers by
reducing bilayer fluidity and increasing its thickness, which can enhance vesicle stability in terms of
encapsulation of the cargo [93].



4.4, Synthesis and characterization of gold-nanoparticle coated giant unilamellar vesicles 29

For DOPC:DSPE-PEG2000 GUVs, liposomes have an initial average diameter of 10.685 ym and it de-
creases to 6.685 pym on the 11th day at 4 °C and 8.579 ym on the seventh day at 25 °C and 9.164 ym
at the 1st day at 37 °C. For their encapsulation efficiency, DOPC:DSPE-PEG2000-GUVs, liposomes
have an initial encapsulation efficiency of 24.103% and it decreases to 8.247% on the 11th day at 4C
and 7.692% on the seventh day at 25 °C and 15.738 on the 1st day at 37 °C. The addition of DSPE-
PEG2000 significantly improves the initial encapsulation efficiency of the GUVs. PEGylation of the
liposomes enhances stability by providing a steric barrier that reduces interactions with other vesicles.
This is evidenced by the highest initial encapsulation efficiency among the three compositions and a
relatively moderate decrease over time. However, temperature still plays a critical role in stability even
with the PEGylation.

These results show, all GUV compositions show improved stability at lower temperatures. At 4°C,
vesicles maintain a larger diameter and higher encapsulation efficiency for a longer period. At 37°C,
GUVs are less stable, with significant decreases in diameter and encapsulation efficiency, indicating
increased lipid bilayer fluidity and faster degradation rates. Additionally, DOPC:Chol demonstrates
improved stability compared to pure DOPC-GUVs, suggesting cholesterol’s role in enhancing bilayer
rigidity and reducing permeability. Also, DOPC:DSPE-PEG2000 shows the highest initial encapsula-
tion efficiency and moderate decreases over time, highlighting the stabilizing effect of PEGylation. This
composition also maintains larger diameters at 37°C compared to bare DOPC-GUVs and DOPC:Chol-
GUVs, indicating better thermal stability.

In conclusion, the study reveals that both temperature and lipid composition are critical factors affect-
ing the stability of GUVs. Lower temperatures generally enhance vesicle stability, while certain lipid
modifications, such as the inclusion of cholesterol and/or PEGylation, can further improve the longevity
and encapsulation efficiency of the GUVs.

4.4. Synthesis and characterization of gold-nanoparticle coated gi-

ant unilamellar vesicles

Based on the literature, two different gold nanoparticle coating experiments have been performed. In
the first formulation, 500 uL GUV solution was added to 500 pL of 2.5 mM HAuCI4-3H20 and 500
pL of 2.5 mM Il-ascorbic acid solution and constantly stirred for 2 hours [89]. Whereas for the second
formulation, 500 uL GUV solution has been added to 500 yL of 5 yM HAuCl4-3H20 and 500 pL of
8 uM l-ascorbic acid solution and constantly stirred for 2 hours [91]. The obtained solutions of gold-
nanoparticle coated GUVs have been characterized by fluorescent microscopy and UV/Vis absorbance
measurements which is presented in Figure 4.3 and Figure 4.4, respectively.

So for the first formulation, fluorescent microscopy showed black aggregates (Fig.4.3a), potentially
gold particles, and very few GUVs. And UV/Vis absorbance measurement (Fig.4.4 - dark blue line)
showed high absorbance peaks, indicating the presence of nanoparticles. Whereas for the second for-
mulation, fluorescent microscopy (Fig.4.3a) showed very few GUVs and no black aggregates. UV/Vis
absorbance (Fig.4.4 - orange line) showed lower absorbance peaks compared to the first formula-
tion. UV/Vis absorbance measurement of non-coated GUVs (Fig.4.4 - green line) showed baseline
absorbance, confirming the absence of gold nanoparticles.
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(a) Synthesis with 2.5 mM HAuCl4-3H20 and 2.5 mM l-ascorbic acid (b) Synthesis with 5 yM HAuCl4-3H20 and 8 uM I-Ascorbic Acid

Figure 4.3: Fluorescent micrographs of gold nanoparticle coating of GUVs. Both the lipid dye and encapsulated dye are

excited in both images (640 nm, 555 nm, 5% intensity) (a) Synthesis with 2.5 mM HAuCl4-3H20 and 2.5 mM |-Ascorbic Acid.

Blue circle indicates possible gold nanoparticle aggregates, yellow circle indicates DOPC-GUV. (b) Synthesis with 5 yM

HAuCI4-3H20 and 8 uM I-Ascorbic Acid. The scale bar is 10 ym in all images.
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Figure 4.4: Fluorescent microscopy images of gold-coating experiment of DOPC-GUV, blue circle indicates possible gold

nanoparticle, yellow circle indicates DOPC-GUV. Scale bar is 10 pm.

Non-coated GUV

In the first formulation, due to the high concentration of HAuCI4.3H20 (2.5 mM) and I-ascorbic acid
(2.5 mM) likely led to rapid reduction and nucleation of gold particles, resulting in large aggregates.
These aggregates are visible as black spots under the fluorescent microscope. The large aggregates
might be too big to coat the GUVs efficiently, thus leading to a low number of observed coated GUVs.
Whereas in the second formulation, the lower concentrations of HAuCl4.3H20 (5 uM) and l-ascorbic
acid (8 uM) may have resulted in insufficient nucleation and growth of gold nanoparticles. This could
explain the absence of black aggregates and the low UV/Vis absorbance peaks. The loss of GUVs
through the in-situ growth process suggests that the conditions were not optimal for efficient AuNP
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formation and subsequent coating. Successful coating of GUVs with AuNPs requires nanoparticles of
appropriate size and distribution.

To overcome these issues, the reduction reaction could be performed at a slower rate, possibly by
adjusting the temperature or using a controlled addition of the reducing agent, to control the size and
distribution of AuNPs. As well as modifying the GUV surface with thiol groups or other ligands that
have a high affinity for gold, facilitating better binding and coating of the nanoparticles. Finally, to better
characterize the size and distribution of AuNPs coated on the GUVs, dynamic light scattering (DLS)
and transmission electron microscopy (TEM) can be used.

In conclusion, the gold nanoparticle coating of GUVs was unsuccessful due to issues related to nanopar-
ticle aggregation and insufficient formation. To achieve a better coating of GUVs, the concentrations of
the reagents should be optimized, reduction process should be performed more controlled, and GUV
surface could potentially be functionalized. Future experiments should focus on these adjustments to
improve the efficiency of GUV coating with gold nanoparticles.

4.5. Heat-induced dye release from giant unilamellar vesicles

In this experiment, DOPC-based giant unilamellar vesicles (GUVs) were incubated at temperatures
of 37°C, 38°C, 39°C, 40°C, and 41°C for an hour, and their resulting encapsulation efficiencies have
been checked to observe any dye release due to bulk heating from the vesicles. The encapsulation
efficiency of the GUVs was measured at each temperature, yielding the following results (Fig.4.5):
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Figure 4.5: Encapsulation efficiency change of DOPC-GUYV after incubation for an hour at 37, 38, 39, 40, and 41 °C

As can be seen in Figure 4.5, The encapsulation efficiency remains relatively stable between 37°C
and 39°C. The slight increase at 39°C (11.214%) can be a result of experimental variability, but it sug-
gests that within this range, the GUVs maintain their structural integrity and encapsulation efficiency
effectively. At 40°C and 41°C, the encapsulation efficiency begins to decline (10.542% and 10.054%,
respectively). This suggests that as the temperature increases beyond 39°C, the stability of the vesi-
cles is compromised, resulting in increased dye release.

Since the phase transition temperature of DOPC is much lower than the experimental temperatures,
the vesicles remain in the liquid crystalline phase throughout the experiment. However, even within
the liquid crystalline phase, higher temperatures can increase the fluidity and permeability of the lipid
bilayer. At temperatures above 39°C, the kinetic energy of the lipid molecules increases which can
cause greater bilayer permeability [94]. This increased permeability likely leads to the observed de-
crease in encapsulation efficiency, as the dye molecules can get released from the vesicles. Higher
temperatures can also affect the overall structural integrity of the GUVs. As the temperature rises, vesi-
cle fusion or leakage increases, further contributing to the reduced encapsulation efficiency observed
at 40°C and 41°C.
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To conclude, the results of the bulk-heating induced dye release experiment indicate that DOPC-based
GUVs maintain relatively stable encapsulation efficiency up to 39°C. Beyond this temperature, there
is a decline in encapsulation efficiency, likely due to increased membrane fluidity and permeability,
and potentially compromised vesicle integrity. This behavior is consistent with the properties of DOPC,
which remains in the liquid crystalline phase at these temperatures but exhibits increased instability and
leakage at higher temperatures. These findings suggest that in the case of successful gold nanoparticle
coating of DOPC-GUVs, light-induced dye release due to the surface plasmon resonance effect can
be achieved.

4.6. Giant unilamellar vesicles within microfluidic platform

In this study, the impact of different methods for introducing giant unilamellar vesicles (GUVs) into a
microfluidic platform was discovered, specifically comparing the use of a pipette versus a syringe. The
objective was to determine how these introduction methods affect the number of GUVs present and their
encapsulation efficiency within the microfluidic environment. The resulting fluorescent micrographs
have been presented in Figure 4.6.

(a) By pipette (b) By syringe

Figure 4.6: Fluorescent micrographs of different techniques for GUV introduction. Only encapsulated dye is excited in both
images (555 nm, 5% intensity). (a) GUVs introduced by pipette (b) GUVs introduced by syringe. The scale bar is 10 ym in all
images.

Initially, GUVs were introduced into the microfluidic system using two distinct methods, pipetting, and
syringing, and subsequent analysis revealed distinct outcomes for each method. When GUVs were
introduced via a pipette, a higher number of intact vesicles were observed (Fig. 4.6a). These GUVs
exhibited notably higher encapsulation efficiency, indicating successful loading of the internal cargo
with minimal leakage or disruption during the introduction process. This observation suggests that the
gentle handling afforded by the pipette minimizes mechanical stress on the liposomes, preserving their
structural integrity and functional capacity to encapsulate dye.

Conversely, when GUVs were introduced using a syringe, a noticeable decrease in the number of in-
tact vesicles was observed (Fig. 4.6b). This decrease correlated with a higher background fluorescent
intensity, indicative of compromised vesicle integrity and potential leakage of encapsulated dye. The
higher background fluorescence suggests the presence of dispersed dye molecules, possibly due to
ruptured vesicles during the more forceful introduction via the syringe.

The observed differences between the pipette and syringe methods can be attributed to several factors.
The pipette allows for a more controlled and gentle introduction of GUVs, minimizing shear forces and
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mechanical stress that could lead to vesicle rupture. In contrast, the syringe exerts greater pressure
during injection, potentially causing physical damage to the fragile vesicles and resulting in lower reten-
tion rates and compromised encapsulation efficiency.

These findings underscore the importance of methodological considerations in microfluidic-based stud-
ies involving lipid vesicles. Opting for gentle handling techniques, such as pipetting, can enhance
experimental outcomes by preserving vesicle integrity and maximizing encapsulation efficiency.

In conclusion, the choice of introduction method significantly influences the behavior and succession
of GUVs within microfluidic platforms. By selecting appropriate introduction techniques, researchers
can optimize experimental conditions to maximize the efficacy of drug delivery systems based on lipid
vesicles.



Conclusion

Important knowledge regarding the synthesis, characterization, and use of giant unilamellar vesicles
as drug-carrying agents was acquired through the master’s thesis project. The aim was to produce
DPPC-GUVs by using the gel-assisted swelling method. The success of the synthesis was not as
high as anticipated, even with the use of the documented methodologies. Because of its lower yield,
smaller size, and clustering, DPPC may not be appropriate for the suggested drug delivery method, on
the other hand, the control group of DOPC-GUVs produced a noticeably higher number of vesicles. In
adapting the Stewart assay for GUVs to characterize their phospholipid content, significant variability
was found, highlighting the assay’s unsuitability for low-concentration of GUVs due to differences in
yield compared to SUVs and LUVs.

Investigating dye encapsulation in GUVs showed that greater dye concentrations had an adverse effect
on the synthesis and encapsulation of dye. These results could have been caused by osmotic pressure,
solubility of dye, and interactions between the dye and lipid at high dye concentrations. Therefore, it
was shown that in order to produce a significant number of dye-loaded GUVs, a lower dye concentra-
tion of 5 yM was ideal.

Additionally, stability research revealed that, especially at higher temperatures, GUVs show a notice-
able decrease in size and encapsulation efficiency over time. The formulations of DOPC-GUVs, DOPC-
Chol, and DOPC-DSPE-PEG2000 showed differing levels of stability; PEGylation offered the best ini-
tial encapsulation efficiency and enhanced thermal stability. While cholesterol and PEGylation further
increased the GUVs’ lifetime and encapsulation efficiency, as well as lower temperatures generally
improved vesicle stability.

Attempts to coat GUVs with gold nanoparticles highlighted the challenges of nanoparticle aggregation
and insufficient formation. While lower concentrations of HAuCI4-3H20 and ascorbic acid failed to
form enough nanoparticles, higher amounts produced large aggregates that were unsuitable for coat-
ing. These results imply that coating efficiency could be increased by adjusting reagent concentrations,
managing the reduction process, and maybe functionalizing the GUV surface.

It was discovered that DOPC-GUVs retain a comparatively consistent encapsulation efficiency up to
39°C, with a reduction at higher temperatures, while evaluating dye release caused by bulk heating. In-
creased membrane fluidity and permeability are probably the cause of these observations, highlighting
the possibility of surface plasmon resonance-induced dye release in gold nanoparticle-coated GUVs in
future studies.

Lastly, an analysis was conducted on the effects of two different techniques for integrating GUVs into a
microfluidic platform. Comparing the effect of the pipette and a syringe, which increased vesicle rupture
and leakage, revealed that pipetting introduces more intact vesicles and improved encapsulation effi-
ciency. This highlights how crucial it is to handle vesicles gently when conducting microfluidic research
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to maintain vesicle integrity.

All things considered, this effort has offered a thorough understanding of the synthesis, stability, and op-
timization of GUVs for drug-delivery studies in addition to useful advice on how to handle and use them
in microfluidic platforms. These discoveries advance our knowledge of the behavior of lipid vesicles
and open the door to possible advancements in drug delivery technologies.



Future recommendations

To improve the efficacy of giant unilamellar vesicles in drug delivery applications, future researches
should focus on perfecting their manufacture and use. In light of the difficulties associated with DPPC
liposomes, additional research into substitute phospholipids or hybrid lipid compositions may produce
more effective techniques. The production and quality of DPPC-GUVs may be increased by looking
into alternative GUV synthesis methods or by making changes to current protocols, such as changing
the lipid concentration adding stabilizing agents, or using different synthesis techniques.

Itis necessary to develop or improve alternative characterization techniques to overcome the variability
in the Stewart assay for GUVs. lt is critical to develop methods for measuring phospholipid content at
low concentrations with accuracy and little variability. Employing sophisticated analytical instruments
such as mass spectrometry or high-performance liquid chromatography (HPLC) may yield more de-
pendable outcomes and enable a more comprehensive understanding of GUV composition.

The encapsulation efficiency and stability of GUVs at higher dye concentrations need to be systemat-
ically studied. Investigating the interaction between lipids and different types of dyes, including their
chemical properties and potential modifications, could lead to improved encapsulation of cargo.

The stability issues that have been reported over time, especially at high temperatures, point to the
necessity for more research into lipid compositions to improve thermal stability. Different lipid types
with higher phase transition temperature, such DPPC, may be studied, or new PEGylated lipids or
cholesterol derivatives may be added as stabilizing molecules to help create more stable vesicles.

Another crucial topic is improving the gold nanoparticle coating of GUVs. Preventing aggregation
and improving the coating efficiency of gold nanoparticles may be achieved by optimizing the reagent
concentration and the nanoparticle synthesis conditions. Investigating surface functionalization meth-
ods, such as utilizing linker molecules or particular ligand attachment, may enhance the adherence of
nanoparticles to the GUV surface.

More research is necessary to determine whether surface plasmon resonance in gold-coated GUVs
can cause dye release in response to light. Precise control over dye release may result from in-depth
research on the relationship between light and the coated vesicles, taking into account the effects of
different light intensities and wavelengths. It would be crucial to determine the biocompatibility of GUVs
and possible toxicity in cellular or in vivo models before using them in drug delivery systems.

Lastly, to ensure vesicle integrity, the processes for introducing GUVs into microfluidic substrates must
be optimized. Vesicle rupture and leakage can be minimized by developing gentle handling techniques
and optimizing microfluidic devices to accommodate the fragility of GUVs. Investigating different vesi-
cle insertion techniques, such as automated dispensing systems or microinjectors, may enhance the
uniformity and effectiveness of test sets.
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All things considered, the knowledge acquired from this effort emphasizes how critical it is to keep
improving giant unilamellar vesicle synthesis and characterization techniques. Future research can
further advance liposome-based drug delivery systems by resolving the existing constraints and inves-
tigating novel ways.
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Image processing by ImageJ

(a) Vesicle detection

(c) Background detection and measuring

Figure A.1: Image processing by ImageJ
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Calibration curve for fluorescent
Intensity

Fluorescent Intesity Calibration Curve
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Figure B.1: Fluorescent calibration curve of SRhoB for encapsulation efficiency study (655 nm, 5% intensity, z=3210)
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Calibration curve for lipid content

DPPC Calibration Curve in Chloroform
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Figure C.1: DPPC calibration curve
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Stewart assay study

Table 4.1 shows the DPPC-GUV sample volumes used, the dilution factor with chloroform, and the ob-
tained phospholipid content. The results indicated that the Stewart assay is unsuitable for determining
the phospholipid content of GUVs. The lipid content varied significantly among GUV volumes, despite
measuring the same sample. Adding more DPPC-GUV brought the phospholipid content closer to the
theoretical value, but the phase separation became less visible as GUV volume increased. This dis-
crepancy could be due to differences between the thin-film hydration and gel-swelling methods in terms
of GUV yield. Since the gel-swelling method uses a very low phospholipid concentration, the number
of GUVs obtained is much lower than with the thin-film hydration method, making UV/Vis absorbance
measurements unreliable for such low GUV amounts.

Table D.1: Amount of DPPC-GUV samples used for Stewart assay and the resultant phospholipid contents

GUV Volume (pL) Dilution (uL/puL)  Phospholipid Content (mg/mL)

10 201 1.285
20 101 0.663
50 41 0.286
100 21 0.166
200 11 0.108
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