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ABSTRACT

Viscoelastic Effects on Structure and Dynamics of Liposomes in

Polymeric Matrices

Selcan Karaz

Master of Science in Chemical and Biological Engineering

January §, 2023

Recent decades have seen significant advancements in the pharmaceutical industry
and nanotechnology, which have led to the development of clinical research and the
discovery of modern drug delivery methods. As one of the widely used nanoparticles,
liposomes are employed in pharmaceutics, tissue engineering, cell membrane modelling,
cosmetics, and agriculture with their high biocompatibility, biodegradability, low
toxicity, and resemblance to biological membranes. Although liposomes offer serious
advantages, they have drawbacks such as their thermodynamically unstable structure,
quick elimination in the bloodstream, and a desire to targeted and dosage-controlled
delivery. To overcome these issues, the combination of liposomes with polymer solutions,
and hydrogels have been utilized since polymers provide mechanical support, stimuli-
responsive release, and increased stability towards chemicals, enzymes, and immune
systems. Besides, polymeric scaffolds can be designed to mimic the topology and
mechanical characteristics of the native extracellular microenvironment. Although there
is a great deal of interest in liposome-polymer complexes from the application point of
view, the effects of viscoelasticity of polymers on liposome structure, permeability, and
mobility need detailed understanding.

This thesis contains two different studies on liposomes and Polyethylene glycol
(PEG) mixtures. In the first one, we used 100 nm unilamellar DMPC/DMPG liposomes,
and aqueous solutions of poly (ethylene glycol) (PEG) with various molecular weights
from 1.5 kDa to 400 kDa to simulate the viscous media of cells. The structural phase map
and multiscale dynamics of liposomes in their neat form and in the presence of PEG
solutions were investigated. The findings point to a dynamical coupling at various
length/time scales between polymer chains and phospholipid bilayers. The relaxation of
the entire chain directly affects the microviscosity of the lipid bilayers, which causes
faster dynamics of the lipids within the bilayers when compared to the polymer-free
liposome case. We observed a thermal-thickening behaviour of polymer-liposome
solutions at the transition temperature of the lipids from gel to fluid, which is tuneable by
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the concentration of liposomes and the length of the polymer chain. In the second study,
we used unilamellar 100 nm DMPC/DMPG liposomes and PEG hydrogels having
different elasticities, from 1 Pa to 180 Pa, and created a composite hydrogel. We studied
the release of liposomes from the ECM-mimetic gel matrices under quiescent and shear
deformation. The presence of liposomes provides composite hydrogels with temperature-
controlled swelling capacity that is sensitive to membrane microviscosity. By
systematically varying shear deformation from linear to nonlinear regimes, we studied
the effect of shear deformation on the release of liposomes from the hydrogels of different
stiffness.



OZETCE

Polimerik Matrislerde Lipozomlarin Yapisi ve Dinamikleri Uzerindeki

Viskoelastik Etkiler

Selcan Karaz

Kimya ve Biyoloji Miihendisligi, Yiiksek Lisans
S Ocak 2023

Son yillarda, ilag endiistrisinde ve nanoteknolojide, klinik arastirmalarin gelismesine ve
modern ila¢ dagitim yontemlerinin kesfedilmesine yol agan 6nemli gelismeler goriildi.
Yaygin olarak kullanilan nanopargaciklardan biri olan lipozomlar, yiiksek
biyouyumluluk, biyobozunurluk, diisiik toksisite ve biyolojik zarlara benzerlik 6zellikleri
ile eczacilik, doku miihendisligi, hiicre zar1 modellemesi, kozmetik ve tarimda
kullanilmaktadir. Lipozomlarin bir¢ok avantajlar1 olmasina ragmen termodinamik olarak
kararsiz yapilari, kan dolasiminda hizli eliminasyon ve hedefli ve dozaj kontrollii dagitim
istegi gibi dezavantajlar1 vardir. Bu sorunlarin iistesinden gelmek igin, lipozomlarin
polimer soliisyonlar1 ve hidrojellerle kombinasyonu kullanilmistir. Polimerler
lipozomlara mekanik destek, uyaranlara duyarli salinim ve kimyasallara, enzimlere ve
bagisiklik sistemlerine karsi artan stabilite saglar. Ayrica, polimerik iskeleler, hiicre disi
mikro ortamin topolojisini ve mekanik 6zelliklerini taklit edecek sekilde tasarlanabilir.
Uygulama agisindan lipozom-polimer komplekslerine biiyiik ilgi olmasina ragmen,
polimerlerin viskoelastikliginin lipozom yapisi, hiicre zar1 gegirgenligi ve hareketliligi
iizerindeki etkilerinin ayrintili olarak anlagilmasi gerekir.

Bu tez, lipozomlar ve Polietilen glikol (PEG) karisimlari {izerine iki ¢aligsma igermektedir.
Ik calismada, hiicrelerin viskoz ortamini simiile etmek icin 100 nm tek lamelli
DMPC/DMPG lipozomlar1 ve 1.5 kDa ile 400 kDa arasinda ¢esitli molekiiler agirliklara
sahip polietilen glikol (PEG) soliisyonlar1 kullanildi. PEG varliginda lipozomlarin yapisal
faz haritas1 ve ¢ok Olcekli dinamikleri arastirildi. Polimer zincirleri ve fosfolipid cift
katmanlar1 arasinda ¢esitli uzunluk/zaman 6lc¢eklerinde dinamik bir baglant1 vardir. Tim
zincirin gevsemesi, lipit ¢ift tabakalarinin mikro viskozitesini dogrudan etkiler ve bu da,
polimer icermeyen lipozom durumuyla karsilastirildiginda cift tabakalar igindeki
lipitlerin daha hizli dinamik hareketlerine neden olur. Lipitlerin jelden siviya gegis
sicakliginda, lipozomlarin konsantrasyonu ve polimer zincirinin uzunlugu ile
ayarlanabilen, polimer-lipozom ¢ozeltilerinin termal kalinlasma davranis1 gézlemlendi.
Ikinci ¢aligmada tek lamelli 100 nm DMPC/DMPG lipozomlari ve 1 Pa'dan 180 Pa'ya
kadar farkli elastikiyetlere sahip PEG hidrojelleri kullanild1 ve kompozit bir hidrojel
olusturuldu. Zamana bagli ve kayma deformasyonu altinda ECM-mimetik jel
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matrislerinden lipozom salinimini incelendi. Lipozomlarin varligi, membran mikro
viskozitesine duyarli, sicaklik kontrollii sisme kapasitesine sahip kompozit hidrojeller
saglamistir. Kayma deformasyonunu dogrusaldan dogrusal olmayan rejimlere sistematik
olarak degistirerek, farkli sertlikteki hidrojellerden lipozomlarin salinmasi iizerindeki
etkisi incelendi.
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Chapter 1:
INTRODUCTION

The self-assembly of molecules is one of the vital processes and as a prerequisite
to life. The structure of the biological membranes is governed by the self-assembling
process, as well as the folding of DNA and proteins.! In 1964, liposomes were first
introduced to the pharmaceutical industry by Alec Bangham and coworkers while testing
a new electron microscope by adding a negative stain to dry phospholipids.” The name of
the liposomes is derived from “/ipo”” meaning fat, and “soma” meaning body. The self-
assembling of phospholipid molecules forms liposomes in a vesicle shape which is an
entropically favorable structure in terms of hydrophobic interactions.® They are classified
based on their size as small, large, and giant; and the number of layers as unilamellar and

multilamellar liposomes.*

To date, liposomes have been widely used in drug delivery, tissue engineering,
cosmetics, and agriculture with their unique properties.? In fact, they can encapsulate
several types of therapeutic agents including hydrophilic, hydrophilic, and lipophilic
drugs providing a protective effect from the metabolic processes.’ The surface of the
liposomes can be engineered to bind several molecules such as antibodies, vitamins,
carbohydrates, peptides, and enzymes to further improve the treatment of serious diseases
such as tumors, or cancer by presenting localized, stimuli-based and dosage-controlled
delivery to overcome the physiological and biological barriers.® Despite their advantages,
they have several drawbacks such as low stability in aqueous mediums, rapid clearance
from the blood due to the interaction between plasma proteins, short lifetimes. Thus, a
new liposome formulation called “stealth liposomes” have been developed by coating the

surface of the liposomes by polyethylene glycol (PEG) as a novel way to limitations.’

Apart from the drug delivery applications, liposomes are used as model membrane
systems due to their similarities between biological membranes. Cell membranes are
complex and dynamic barriers separating the livings and non-livings. It is made up mainly
phospholipids (~50%) which play an essential role in many cellular processes such as the

storage of membrane compounds, signaling, and fusion.® ® In structural manner,
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liposomes are well-matched models of the protein-free parts of cell membranes. The self-
assembly of the lipid molecules provides membrane a thermodynamically stable and
selective barrier enabling the chemical reactions to occur efficiently and protecting the
genetic information.!® Since the interactions of lipids is controlled by Van der Waal’s and
hydrophobic forces, the cell membrane is sensitive to physical and chemical changes of
its surrounding medium resulting in conformational changes.!! Such modifications in the
structure of membrane leads to serious human diseases such as cancer, infection, and
neurodegenerative diseases.'” To find novel and effective ways to these disorders, it is
essential to a deeper understanding of the structure and dynamics of cell membranes

which can be achieved by creating simpler models with liposomes.

In this thesis, we used liposomes as cell membrane and drug nanocarrier models
through elucidating their structural dynamics and interactions between surrounding

polymeric medium. The thesis is organized as follow:

In Chapter 2, we first introduced the structure of liposomes by defining the self-
assembly mechanism and the classification of liposomes based on their size and
lamellarity. Then, we continue with reviewing the applications of liposomes in cell

membrane modeling and drug delivery applications combined with hydrogels.

Chapter 3 contains materials and methods, results, and discussion sections of the first
project titled as “Multiscale Dynamics of Lipid Vesicles in Polymeric
Microenvironment”. We utilize liposomes as cell membrane models and PEG chains to
mimic macromolecularly crowded medium of the cells. The effect of PEG chains on

structure and dynamics of liposomes was investigated using from bulk to nanoscale.

Chapter 4 includes the materials and methods, results, and discussion sections of the
second project named as “Shear-Triggered Release of Lipid Vesicles from Tissue-
Mimetic Hydrogels”. We used liposomes as drug nanocarrier models and produced ECM-
mimetic PEG hydrogels with five different elasticities. The structure and dynamics of
liposomes in hydrogel environment and then time-dependent and shear-responsive

release of liposomes was investigated.
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In Chapter 5, we summarized the key findings of the two projects, and draw all

conclusions.

To the best of our knowledge, both concepts have not been examined in literature,
and serve a basis through a deeper understanding of structure and dynamics of liposomes,

and rationale design of liposome-based drug delivery systems.
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Chapter 2:
LITERATURE REVIEW

2.1 Liposomes — General Overview

During recent decades, important developments in pharmaceutical industry and
nanotechnology bring the discovery of contemporary drug delivery systems and the
developments in clinical studies. In 1960s, with the first discovery of Alec Bangham,
liposomes became one of the oldest and most widely used nanoparticles in pharmaceutics,
tissue engineering, cell membrane modelling, cosmetics, as well as agriculture.? Bangham
obtained high resolution images of the lipid-water mixtures showing that lipids form
vesicles filling with water which he called liposome.'® To date, several studies have been
conducted to understand the biophysical and biochemical aspects of liposomes.'* Thus,
to understand the structure and dynamics of the unique self-assembled and multi-
component structure of liposomes is the key for the rationale applications of lipid-based

systems.

2.1.1 Self-assembly mechanism and Structure of Liposomes

Self-assembly is defined as the transformation of pre-existing disordered systems
into an organized structure because of the local interactions between components without
any external force.!'> For self-assembling to take place, the process must result in a lower
Gibbs free energy, thus, the assembled structures become thermodynamically more stable
than the unassembled single components. Since the molecules form non-covalent
interactions (i.e., hydrogen bonding, electrostatic interactions, Van der Waals forces,
hydrophobic force), self-assembled structures are flexible, and reversible that makes
obtaining a large variety of shapes and functions on several length scales advantageous.
Together with liquid crystal phases, Langmuir monolayers from surfactant molecules,

and micelles; liposomes are one of the common examples of self-assembled structures.'®

17
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The word liposome originally derives from two Greek words; lipo (fat) and soma
(body) since its composition is mainly composed of phospholipid as seen in Figure 2.1 a.
Phosphatidylcholines (PC) and sphingomyelins are two types of phospholipids primarily
involved in the liposome structure.'® They are responsible for many vital cellular
processes such as control of cell shape, the storage of membrane compounds, cell
signaling, and cell fusion.® Phospholipids are amphiphilic molecules consisting of
glycerol linked to phosphate group (hydrophilic) and two fatty acid chains (hydrophobic),
and classified as natural and synthetic phospholipids.'® Natural ones can be obtained from
several sources such as soya bean and egg yolk, phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG) and

sphingomyelin (SM).?°

Whereas synthetic ones can be produced from the modification
of the natural phospholipids allowing the creation of a variety of well-controlled
phospholipids. Dipalmitoyl phosphatidylcholine (DPPC), dimyristoyl
phosphatidylcholine (DMPC), distearoyl phosphatidylcholine (DSPC), hydrogenated soy
phosphatidylcholine ~ (HSPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) are the examples of synthetic phospholipids.?' The nature of the phospholipids is
also determined by the length of fatty acid chains which differ in the number of carbon
atoms and the degree of unsaturation.?? If a double bond between carbon atoms (C=C)
exists, the chain is unsaturated. While the absence of double bonds (C-C) represents the

saturated structure. Generally, unsaturated fatty acids are found in the natural

phospholipids such as PC.?!
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8 The major groups of phospholipids:

PC SM oP
(Phosphaticlylcholine)  (Sphingomyelin)  (Other Phospholipids)

Water-seeking region
Hydrophilic head groups
Water-rejecting region

Hydrophobic tail groups

b Self-Assembly of Lipids
Micelle Lipid Bilayer Liposome
@ m @ T !
Final assembly Final assembly Final assembly

Figure 2.1 a. The types of phospholipids constructing the lipid bilayer, and their
hydrophilic and hydrophobic regions. b. Different self-assembly mechanisms of lipids;
micelle, lipid bilayer, and liposome formation.

Besides, liposomes may contain other types of molecules such as cholesterol involving
the regulation of liposome fluidity, charged phospholipids (stearyl amine, and dicetyl
phosphate), and polymers increasing the circulation time and intracellular uptake of

liposomes.?*23

In aqueous mediums, lipids have the ability to self-assemble. They form
hydrophilic interactions between polar head groups, and Van der Waals interactions
between hydrocarbon chains and water which enable them to form lipid-based structures
such as micelles and liposomes.? (Figure 2.1 b) Phospholipids having shorter and compact
tails have a tendency to form micelles, whereas the ones with longer tails can form

liposomes.

Liposomes can be classified based on their size and the number of bilayers present

in vesicle as shown in Figure 2.2. Multilamellar liposomes are found to be in onion-like
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structure with more than one bilayer.* Whereas, unilamellar liposomes contain one single
bilayer enclosing the inner core. They can be also specified into three categories as small,
large, and giant unilamellar vesicles as their size varies from nanometers to micron scale.
Since unilamellar structure resembles into the structure of cell membranes with the well-
controlled and adjustable properties, they are more preferred for the biological
applications.”

00009000,
o*® b

o )
& 000000, by
o ge® s,

Small Unilamellar  Large Unilamellar Multilamellar Giant Unilamellar

Vesicle Vesicle Vesicle Vesicle
] ] 1
] ] 1
50 nm Tum 100 um
Diameter

Figure 2.2 Classification of liposomes based on their size and lamellarity

The size and lamellarity of the liposomes strongly affect the circulation half-life,
encapsulation efficiency, and stability of liposomes.?® Also, as different lipid components
can affect the physicochemical properties, it is essential to choose suitable composition

and liposome type to reach the expected and optimum formulations.?’

2.1.2 Dynamics of Liposomes

Understanding the dynamics of lipid membranes bring important features for
rational design of drug delivery systems and understanding the complex mechanism of
cell membranes. Since even the small changes in dynamics can affect several properties
of liposomes such as fluidity, permeability, drug encapsulation, and stability, it is a key

to unravel the fundamentals of this self-organized complicated system.

The lipid bilayer is a selective barrier which internal environment of a liposome
differs from the outer surface.?® It allows small non-polar molecules to pass across the
membrane faster, while large and charged molecules can pass through the membrane
slower. The fluidity and mobility of each individual lipid molecule constituting the lipid
bilayer, thus, affect the permeability of membrane, and mobility of the whole lipid

vesicle.?’
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The most significant parameter affecting the dynamics of liposomes is
temperature.>® The unique molecular structure of the membrane is extremely sensitive to
temperature in a way that it exhibits both liquid-like viscous and elastic-like crystalline
structure. Phospholipids do not undergo a usual phase transition from solid to liquid form
as temperature increases, rather they make conformational changes. Below the melting
temperature, phospholipids are found in a closely packed and ordered structure, called as
gel phase.®! Acyl tails of lipids exist in a fully extended and rigid state with low mobility.
As the temperature increases further, the ripple phase where the first disorderness of acyl
tails starts is observed and completely disappeared at the fluid phase.®? The lowest
permeability is observed in the gel phase of liposomes where the bilayer fluidity is in its
lowest as well, since the hydrophobic tails of the phospholipids pack more tightly. As the
lipid phase transforms into the fluid phase, the hydrophobic tails can move faster

increasing the bilayer permeability.”

As mentioned in the previous section, the structure of phospholipids can differ
with respect to the degree of unsaturation which is another parameter affecting the fluidity
level of the bilayer. Since the free energy of C-H bond is relatively higher than the free
energy of C=C bonds, saturated lipids have greater chemical energy compared to
unsaturated ones. The double bond creates more spaces in the tightly packed lipid tails,
thus, bilayers containing more unsaturated lipids have more gaps and more permeable to

other molecules.??
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Figure 2.3 Dynamics of liposomes at different time scales.*

Liposomes undergo several processes from collective motions to molecular motions
in macro levels although the spherical morphology is assumed. Bilayer motions can differ
from picoseconds to several hours as the time scale is shown in Figure 2.3, thus, several

techniques are needed to elucidate the membrane dynamics.*

They are assumed as spherical colloidal vesicles that undergo a Brownian motion in
aqueous environments, therefore, the largest length scale and the simplest morphological
case is the translational diffusion of liposomes.*® Dynamic Light Scattering (DLS) is one
of the common methods to measure the translational diffusion constant, Dr.

The Stokes-Einstein equation related Dt with the length scale which is hydrodynamic
radius Ry. The thermal energy due to the thermal fluctuations is expressed with ks T where
kg is the Boltzmann constant, and T is the temperature. s refers to the viscosity of the
medium. Although the size of the liposomes can vary from 20 nm to 50 microns
depending on the preparation methods, the Dt of the liposomes can be estimated as

between 1.2x10 “'' and 5x10 *'°> m?/s.3*

As a result of thermal excitations, lipid bilayer undergoes membrane undulations
or fluctuations in 2D plane.’” Various physiological processes such as fusion of the

liposomes, endocytosis, exocytosis, and cell adhesion are driven by membrane

9
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fluctuations representing collective motion of the bilayer.®® Besides, membrane
fluctuations are also responsible for stability, and shape of the lipid vesicles, and

interactions of liposomes with drugs, nanoparticles, and polymers etc.

The alignment of the lipid chains is associated with both thermodynamic and
mechanical properties of the membrane.* A lipid bilayer fluctuates continuously around
its average shape when subjected to a thermal excitation. In turn, these fluctuations give
important properties including correlation length, and amplitude to elucidate the
membrane mechanical properties and the interaction with the surroundings.*® Membrane
fluctuations cause some mechanical deformations which are bending, stretching, shear
and thickness changes. Since the internal fluid of the membrane is considered as a viscous
liquid, and the viscous membrane is generally characterized by incompressibility,
peristaltic and thickness fluctuations are far from phase transition. 43
Apart from membrane undulations and fluctuations, thickness fluctuations of the
membrane were suggested to represent the individual motions of the leaflets leading to
fluctuation perpendicular to 2D plane.** The deformation mechanism is regulated by
membrane curvature. After a critical value of deformation, the diffusion of the lipids
becomes limited which leads to the formation of open areas in the membrane. In turn,
vesicles can form pores to reduce the curvature stress which is also responsible for passive

permeability and release mechanism of liposomes.* 448

At faster time scales, the movements of the individual phospholipids are visible. By
labelling the single particles, it was discovered that lipids do not move via Brownian
motion, rather they move via hop diffusion. The movement types can be distinguished
into three categories which are rotational (lipids rotate on their axis to interact with
neighbor lipids), lateral (lipids move around one leaflet), and flip flop (lipids move

between leaflets in transverse movement).>*

Flip flop motion occurs in slower time scale
since it requires more energy to diffuse through other leaflet. In real cell membranes,
protein constituents help with the transverse diffusion of the lipids.*’ On the other hand,
lateral and rotational movements occur shorter times because they can happen with less

energy.

10
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In macro scale dynamics, the viscosity of the liposome solutions has a crucial role on
the long-term storage of liposomes, and it is also one of the important factors of stability
and drug release. Liposomes exhibit unique rheological properties since they display
several morphologies related to the mobility of lipid molecules.*® As phospholipids make
conformational changes with temperature, it is expected to observe different flow
behaviors of liposome solutions depending on the temperature and applied shear rate to

the system.

For example, the viscosity of the DMPC/DHPC dispersion, having Tm at 20°C, was
investigated at shear rates between 0.1 to 300 s™'.°° Below the melting temperature, the
flow curves of liposome solution were linear indicating a Newtonian behavior, and a
characteristic of the isotropic phase.’® The viscosity decreased smoothly in gel phase due
to the entropic repulsion between the molecules. During the ripple phase, shear viscosity
decreases significantly then recovers itself above the transition.’! At higher temperatures,

the liposome solution starts to exhibit shear-thinning behavior.

The dependence of the shear viscosity of DPPC dispersion on shear rate was
investigated.’! It was interesting that gel and fluid phases showed distinct shear thinning
behavior, whereas the ripple phase exhibited Newtonian behavior, constant shear
viscosity. Since the bending elasticity of the membrane did not change remarkably in gel
and ripple phases, the increase of distance between bilayers occurred as a result of out of
phase configurations instead of dynamic roughing.’?> The Newtonian behavior was

attributed to the suppressed approach of bilayers causing lower aggregation.

2.2 Polymers — General Overview

2.2.1 Molecular Weight and Degree of Polymerization

One of the first things in consideration of the “size” of the polymer is the molecular
weight, Mw. It typically ranges from 103-107 and beyond and is expressed mainly in the
unit of g/mol or Dalton (Da).3* By covalently connecting only one or two types of repeat
units together, numerous polymer molecules can be created. These units are the building
blocks from which chains are formed; they are referred to as monomers as a type of

compound. A polymer's molecular weight and distribution affect almost all of its

11
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properties; hence low and high-molecular-weight polymers will have very distinct
mechanical and thermophysical characteristics. For instance, polymeric materials with a
low number of repeat units will be soft or rubbery solids or low viscous liquids and will
have little to no strength, whereas polymeric materials with a high molecular weight will
be solid and have significantly better mechanical properties.>* Once a particular molecular
weight is attained, the mechanical and viscoelastic properties often grow steeply with
increasing molecular weight until they become almost independent of chain length,
meaning that all properties finally reach an asymptotic value. A high molecular weight
improves a material's ability to resistance to flow which is viscosity. Because more
polymer bonds must be broken for the polymer to rupture due to the increased degree of
entanglement, the polymer can withstand more energy before breaking, and it is harder to
get it to flow.>*

Another definition related to the length of the polymer chain is the degree of
polymerization, N, which is the number of monomer units in a polymer chain. It is
expressed as N= Mw/ Mo where My is the molecular weight of a monomer unit and simply
indicates the average number of monomeric units; it does not account for the variation in

polymer molecule size.*

2.2.2  Polymer Configurations

The physical positioning of monomer residues along the chain's backbone determines
a polymer's microstructure, also known as configuration.* These are the aspects of
polymer structure that can only be altered by breaking a covalent bond. According to the
monomers and the reaction conditions, several polymer structures can be made linear,
branched, crosslinked, and networked. Linear polymers are similar to spaghetti with long
chains held together by Van der Waals forces or hydrogen bonding. Since these bonds
are easy to break, they are typically thermoplastic. With the addition of shorter chains to
long chains, branched polymers are formed. Branched polymers typically have a lower
density than comparable linear polymers because these shorter chains may prevent the
polymers from being packed efficiently. They can have different forms such as star
polymers, comb polymers, and polymer brushes as presented in Figure 2.4. Crosslinked

polymer chains link from one backbone to another. They are bonded and tied together by

12
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covalent bonding resulting in a stronger structure. Complex polymers that have been
intricately connected together to create a complex web of three-dimensional links are

known as networked polymers.

=z J 1L

Linear Polymers Branched Polymers Crosslinked Polymers Networked Polymers

eeeeee

Figure 2.4 Structure of polymers

2.2.3  Polymer Conformations

The spatial arrangement of the constituent atoms or atomic groups for a certain,
defined connection is referred to as polymer conformation.’® The rotational degree of
freedom around the few chemical bonds connecting the backbone atoms of most polymers
is what allows them to take on many conformations. There are several methods to curl a
chain into a relatively small form, resembling a ball of unraveling twine with lots of open
space, but comparatively few ways to extend it out more or less. Therefore, chains are
considerably more likely to be ball-like than they are to be extended if each conformation
has an equal probability or statistical weight, which is an entropic effect. If a linear
polymer with freely jointed chains of n subunits, each of length / (occupying zero volume)
is considered, there is not a part of the chain excluding another from any location, which
results in a random walk in 3D. This is the ideal chain or Gaussian chain model. The end-
to-end distance, h, is expressed as: Z= Zn:l_:

i=1

However, end-to-end distance is generally difficult to measure experimentally, and
it cannot be defined exactly for many interesting polymer structures. Another useful way
is to calculate the average distance of all monomers from the center of mass. The root

mean square, the mass-weighted average distance of any monomer in a polymer coil from

<h*>

its center of mass, is defined as the radius of gyration, R, = 2 It can be defined for

all polymer architectures and measured by light scattering techniques directly and by

various solution dynamics indirectly. Since the scaling of size with molecular weight of

13
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the polymer can be different in each case, Rg is expressed as a function of the degree of

polymerization generally: R, ~ N*

Polymers can respond to environmental changes by changing their conformations.
They can undergo various transitions, which are globule, coil, and rod. As shown in the
table below, the exponent, v, is dependent on the structure of the macromolecule. For a
globule, and dense object, v=1/3, and for a rod, v=1. However, for a polymer coil, the
exponent depends on the solvent quality due to the excluded volume effects. There is an
associated energy of interaction that might be positive or negative for the interactions

between coordinated solvent molecules and polymer chain segments.>®

Table 2.1 Types of Polymers and Corresponding Exponents

Coil v=0.6 (good solvent), v=0.5(theta solvent), v<0.5(poor solvent)
Globule v=1/3
Rod v=1

When a solvent is good, interactions between polymer segments and solvent
molecules are energetically favorable and lead to the expansion of polymer coils by
swelling, v=0.6. Polymer-polymer self-interactions are preferable for a poor solvent, and
the polymer coils will contract, and v<0.5. If the solvent is poor enough the counteract

the excluded volume expansion effects, the theta (6) condition is satisfied, and v=0.5.

2.2.4 Concentrations

In dilute polymer solutions, it is assumed that single chains are well separated so that
they do not overlap with each other. As the concentration of the polymer increases, the

chains tend to overlap. The concentration value determining solution regime is

. . . * .
overlapping concentration®, c*, defined as: ¢ ~ where N 1is degree of

4TR * /3

8
polymerization and Rg is radius of gyration. The solutions are assumed in dilute regime
when the concentration is lower than the c*. The chains start overlapping if the
concentration is equal to c¢*. In the case of exceeding c*, the chains start entangling and

the solution is in semi-dilute or concentrated. (Figure 2.5)

14
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Figure 2.5 Solution Regimes with respect to Overlapping Concentration

2.2.5 Hydrogels

Crosslinked hydrophilic polymer structures known as hydrogels that can absorb
huge volumes of water or biological fluids.” Hydrogels have a wide range of biological
and pharmacological uses. They present good prospects as protein delivery systems or
scaffolds for tissue engineering because of their high biocompatibility. Their hydrophilic,
rubbery, and soft properties provide low tissue irritation and a low tendency for cells and

proteins to adhere to the hydrogel surface.

Macroscopic scale Mesh scale Molecular and atomistic scale

Macroscopic hydrogel Non-porous structure Meshes Polymer-drug interactions

Gelssize

. -
1 - -
-

Figure 2.6 Multiscale Properties of Hydrogels>®

The size, design, and functions of hydrogels vary, and these characteristics
collectively determine how hydrogels are employed for drug delivery.’® There are
elements in hydrogels with length ranges ranging from centimeters to sub nanometers as
shown in Figure 2.6. Hydrogels can be formed to have any shape and size. If present,
micropores have a significant impact on the overall physical characteristics (such as

deformability) while permitting convective drug transport. The water contained in the
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hydrogel network is surrounded on a scale of several nanometers by a crosslinked
polymeric network. Different chemical interactions between the drugs and the polymer
chains may take place at the molecular and atomistic scale. The polymer chains may have
a variety of sites for binding interactions with the drug, and these sites may be pre-
designed utilizing a variety of physical and chemical techniques. For regulated drug

release, characteristics at the molecular, atomic, and mesh scales are crucial.

2.2.5.1 Crosslinking Types

Based on the crosslinking mechanism, hydrogels can be categorized as either
physical or chemical.”® Entangled chains, hydrogen bonds, hydrophobic contact, and
crystallite formation are a few examples of physical crosslinks. Even though these
physical crosslinks are not inherently permanent, they are enough to make hydrogels
insoluble in aqueous conditions without the addition of crosslinking entities and chemical
modification. Chemical hydrogels are produced by covalent bonds between the functional
groups of polymer chains and enable tuning the properties of hydrogels, such as gelation
time, pore size, degradation, or dissolution. Small cross-linker molecules, polymer-
polymer conjugation, photosensitive agents, or an enzyme-catalyzed reaction are used to

form the chemical crosslinked hydrogels.

2.2.5.2 Mesh Size

A crosslinked polymer network and open gaps (i.e., meshes) between the polymer
chains make up a hydrogel. Typical mesh sizes change from 5 to 100 nm, and mesh size
can be determined by various experimental techniques such as confocal and electron

microscopy, small-angle X-Ray scattering, and small-angle neutron scattering.’® It can be
1

B

3
] , where kg is Boltzmann’s
0

calculated also theoretically with mechanical tests. & = (

constant, T is temperature, and Go is the constant elastic modulus at low frequency. The
meshes allow liquid and small solute diffusion; in other words, they control the diffusion
of drugs within the hydrogel network. If the mesh size is larger than the size of the drug,

diffusion dominates the drug release. Small molecules can migrate through the hydrogel
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network and diffuse independently from the mesh size. For the other cases in which the
mesh size is equal to or smaller than the drug size, the release is hindered by steric
hindrance. Polymer chains apply frictional drag on diffusing drugs leading to slower

diffusion.

2.2.5.3 Rheological Characterization

One of the crucial factors in the engineering design of hydrogels for medical
applications is their mechanical properties. The ability of scaffolds to control cell
behavior at both the macroscopic and microscopic levels is crucial in the science of tissue
engineering. Time-independent and time-dependent viscoelastic theories are mainly used
to examine the structure of the hydrogel and calculate the effective crosslinking ratio

when defining the mechanical properties of hydrogel biomaterials.

Hydrogels naturally display dominantly elastic and less viscous behavior since they
are viscoelastic materials. Dynamic oscillatory rheology experiments help to analyze
these mechanical properties of hydrogels placed between two plates by deforming
sinusoidally when one plate is stationary, and the other is moving. This deformation
causes stress on the gel with two components. Since it reflects the storage of energy, the
elastic component is known as the storage modulus (G'), whereas the viscous component
indicating energy loss is known as the loss modulus (G").%! Therefore, hydrogels have a
higher storage modulus than loss modulus, G' > G". Amplitude sweep tests are used to
describe the deformation behavior and the deformation limit, which is called linear
viscoelastic region (LVER), and are occurred with a constant frequency and varying
strains. Frequency sweep tests provide the time-dependent behavior of the material with

increasing or decreasing the frequency before the LVER.

2.2.5.4 Swelling Behavior

The ability to swell is one of the favorable properties of hydrogels when they are in
contact with a solvent which is thermodynamically compatible. Swelling rate and
swelling ratio of hydrogels control the release patterns of drugs or solvents from the

hydrogel networks, and result in dimensional changes due to uptake of the solvent.®?
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Swelling is not a continuous process, since there is an elastic force balancing the
stretching of the matrix and preventing deformation against the opposite osmotic force.
When these two forces balance each other, swelling reaches an equilibrium and hydrogel
can no longer uptake solvent. Swelling behavior and swelling equilibrium are affected by
several parameters such as the degree of crosslinking, molecular weight of the polymer
which belongs to hydrogel itself, and some external parameters such as temperature, pH,

and light.”’

2.3  Liposomes and Polymer Complexes as Artificial Cell Membranes

Cell membrane, which protects cytoplasm from the extracellular environment and
acts as a barrier of life, is one of the vital components of living systems. There have been
lots of artificial models have been made to mimic the biological membranes to understand
this dynamic and unique structure as the major goal of the synthetic biology is unraveling
the interaction between livings and non-livings. Therefore, elucidating and recreating the
interactions of the cell membrane with the external environment will clarify our

understanding of life.

2.3.1 Structure of Cell Membranes and Similarities Between Liposomes

Cell membrane, which protects cytoplasm from the extracellular environment and
acts as a barrier of life, is one of the vital components of living systems. It has a dynamic
and complex structure enabling cells ‘to feel’ their physical environment while
maintaining important cellular functions. In 1970s, the structure of the cell membrane is
explained for the first time with the fluid-mosaic membrane model (F-MMM).% It has a
thickness of ~7-8 nm and 1s made up of mainly self-assembled lipid membrane (~50%),
also includes proteins (40%), and carbohydrates (2-10%).° Cells need to be responsive
to the alterations in the external environment and produce signals through their membrane
as a requirement of mutual functions such as migration, endocytosis, cell division, cell
growth. To continuously perform these processes, cells should adjust their shape
dynamically in accordance with the changing conditions. Therefore, the cell membrane
has two distinct properties: asymmetry, and fluidity.®> As mentioned in the previous
sections, phospholipids have asymmetric structures due to some rotational, lateral and

flip-flop motions. In the biological membranes, this asymmetry comes from not only
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phospholipids but also receptors, enzymes, proteins, and other structures. From the view
of life activity, the cell membrane provides a stable environment that several biochemical
reactions can take place properly although it has a dynamic and fluidic structure. The self-
assembling of lipid molecules helps to form thermodynamically stable biological
membranes as they prevent interacting with water but also facilitate the material
transportation, and exchanging energy between cell and surrounding.!® Therefore,
liposomes are well-suited models for the protein-free parts of the biological cell
membranes with many similarities in structural manner. However, to understand the
complex and dynamic interactions of cell membranes with extracellular matrix (ECM),
there have been various synthetic polymeric materials used for ECM models.®* ECM is a
non-cellular component providing physical scaffolding and facilitating crucial
biomechanical functions such as tissue morphogenesis, homeostasis, and
differentiation.®> It has a semi-polymeric medium with polysaccharides and collagen
fibers in its structure. Various polymers including polyethylene glycol (PEG), chitosan,
alginate etc. have been used for the mimicking macromolecularly crowded environment
of ECM with its non-toxic, biodegradable, and tunable properties.®® (See Figure 2.7) They
are more favorable compared to ECM biomaterials since their synthesis can be well-

tuned, reproducible, and they are easily applicable cost-efficient carriers.%
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Cell Membrane & Extracellular Matrix (ECM) Lipid Bilayer & Polymer Chains

Figure 2.7 a. The structure of cell membrane and extracellular matrix (ECM) b. Lipid
bilayer as the cell membrane model, and polymer chains as ECM model.
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2.3.2 Membrane-related Diseases

The interaction of phospholipids constructing the cell membrane is not controlled by
covalent bonds, instead the membrane lipids are held together by weaker forces such as
Van der Waal’s and hydrophobic interactions,'! making the membranes susceptible to the
physical and chemical changes in their microenvironment and adjust accordingly their
fluidity, stiffness, and thickness.®” ® Such modifications in membrane structure and
mechanical properties have been linked to several human diseases.®”* For instance, there
are numerous evidences that membrane flexibility, which is directly related to
permeability and cell motility, is significantly modified in tumor cells and is highly
related to their invasive potential and drug resistance. "* 7> Changes in membrane lipids
and lipid composition can cause many other diseases such as cardiovascular problems,
schizophrenia, obesity, infection, type-2 diabetes, cancer, Huntington diseases. In
neurodegenerative diseases such as Alzheimer’s, and Parkinson’s diseases, a transition of
the proteins amyloid-B and a-synuclein from monomers to unfolded aggregates is
observed.'? The alterations in the protein-lipid interactions results in conformational
damages in lipid membrane through protein incorporation into the bilayer. Thus,
increasing surface pressure and membrane rigidity promote the membrane deformation
and membrane thinning affecting mainly the transportation of ions across the membrane.

(Figure 2.8)
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Figure 2.8 A transition of the proteins amyloid-B and a-synuclein from monomers to
unfolded aggregates is observed in case of neurodegenerative diseases such as
Alzheimer’s, and Parkinson’s diseases, leading to structural changes in membrane.'?

20



Literature Review 21

Accordingly, the ability to control the lipid membrane dynamics in selective tissues
appears to be a novel way of treating membrane-associated diseases. So far, current
strategies developed to tune the membrane fluidity/stiffness are based on changing the
chemical composition of the lipid bilayers, membrane lipid therapy being the most
attractive approach.’® It aims rational design of drugs to target the membrane lipids to
change their composition, structure, and conformation. However, all these methods are
essentially cell-specific and, thus, not translatable to other tissues. In order to create a
more generic and mechanistic way for altering membrane structure and dynamics, from
nanoscale to bulk, the influence of the mechanical properties of the ECM needs to be

clarified.

2.4  Liposomes and Polymer Complexes as Drug Carriers

Over the past decades, liposomes have been promising drug delivery particles. As
they are biocompatible, biodegradable, and non-toxic, they protect the encapsulated drugs
from external degradation.”” They have several pharmacokinetic advantageous, for
example, delayed drug absorption, sustained drug metabolism, high encapsulation
efficiency etc. Consequently, there are many liposome-based commercial products

approved by United States Food and Drug Administration (FDA).”®

2.4.1 Drug Encapsulation

As having an amphiphilic and non-ionic structure, liposomes are capable of
delivering both water-soluble and lipid-soluble drugs which is an important priority in
drug delivery applications to improve formulations.’ (See Figure 2.9) Therefore, the
structure and properties of liposomes (rigidity, permeability, solubility, stability) can be
engineered for the desired applications. Since they have a flexible structure, liposomes
can easily bind with specific ligands for active targeting.” Besides, the efficacy and the

therapeutic index of drugs are increased by liposomes.
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Liposome-Based Drug Delivery

Increased Specificity and Stimuli-
Based Delivery
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Figure 2.9 The ability of liposomes to encapsulate different types of drugs. Also, the
release can be modulated by different trigger mechanisms such as temperature, pH,
chemical and mechanical stimuli.

Pay load (PL) and encapsulation efficiency (EE) are two important terms to
represent the amount of drug incorporated into liposomes. There are mainly two different
ways to encapsulate the drug molecules; passive loading which the loading occurs during
the formation of liposomes, and active loading which the drug is encapsulated after the
formation of liposomes.?® Active loading is advantages since the process can be

performed with no dependency on the time and the site of the liposomes.

The properties of liposomes also affect the drug encapsulation capabilities.
Multilamellar vesicles have higher EE compared to unilamellar liposomes since it
contains more than one bilayer. Likewise, as the size of the liposomes increased, EE of

81

liposomes increased due to increased encapsulation area.®” Also, the degree of
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unsaturation significantly affects the drug loading. Saturated lipids showed lower EE than
the unsaturated lipids since the EE is more dependent on the unsaturated bonds than the

length of the phospholipid molecule.??

Despite all advantages, liposomes have some disadvantages such as low solubility in
aqueous solutions, leakage and fusion of the encapsulated drugs, oxidation of
phospholipids which are mainly the consequences of low stability of liposomes. The
physical and chemical instability of liposomes can bring undesired side effects and
decreased the efficiency of the delivery.®* To overwhelm the limitations, one approach is
coating the liposome surface with polymers. The usage of polymer increases the
protection on drug molecule, the stability of vesicles and also the circulation time3*. Also,
liposome-polymer hybrid vesicles have lower antigenicity which prevents them to be in
the circulation of the reticuloendothelial system (RES).% 86 Several polymers have been
used for the drug delivery applications. Chitosan, hyaluronic acid, gelatin, and alginate

87-91

are examples of natural biopolymers® ™', whereas polyethylene glycol, polyenes,

polyvinyl alcohol, polyacrylic acid®**®

are synthetic polymers used for surface
modification of liposomes. Among them, PEG has been studied comprehensively in order
to produce stealth liposomes’’. Liposome membranes including PEG-lipids are
commonly described as stealth liposomes due to the properties coming from PEG. Stealth
liposomes not only have long circulation time and more bio distribution in vivo. PEG
located on the surface of liposomes creates a hydration shell so that water molecules link
to the hydrophilic chains of PEG. Therefore, liposomes could not interact with the
components of blood, and they can overwhelm the Van der Waals interactions between

lipid surfaces which leads to aggregation and membrane fusion. 56?810

2.4.2  Liposome-Hydrogel Complexes

Due to easily tunable physicochemical properties, hydrogels have been widely
investigated and explored in a broad range of biomedical applications, and drug
delivery.'”! The major drawback of hydrogel-based systems is rapid and uncontrolled
release properties.!®? The combination of liposomes and hydrogel systems, thus, have
important properties with respect to hydrogel or liposome only drug delivery systems.

The crosslinked polymer environment provides mechanical support to bilayer and
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increases the stability of liposomes. Also, liposomes facilitate a well-controlled, and
sustainable release from hydrogels. There are evidences that polymeric network can
modify the structure of liposomes with high osmotic pressure reached by crosslinking.'%?
The composition, concentration, and surface charge have been found to regulate the
hydrogel properties such as increased gelation and relaxation time.'® Hurler et al. studied
the release mechanics of chitosan-based hydrogels with pH-dependent rhodamine
derivatives.'?’ The results revealed that the lipid composition as well as the surface charge
of the liposomes strongly influenced the release kinetics. The results revealed that the size
of the liposomes had a minor effect compared to the surface charge of the liposomes and

drug lipophilicity.

The viscoelastic behavior of the hydrogels assessed by rheology depends on several
factors such as the composition, concentration, and the type of the dispersed materials.'%
The rheological properties of hydrogels are therefore expected to be affected significantly
by the addition of liposomes into them as shown an enhanced elastic behavior in the
presence of liposomes in the literature.'’”- 1% Liposome concentration and liposome size
are found to be important parameters controlling the mechanical behavior of hydrogels.
Elasticity of the hydrogel is proportionally dependent on the interactions of polymer
chains with liposomes.'”’ Since an increase in the concentration of liposomes increases
the surface area between liposomes and polymer chains as well as the interactions
between them, in turn, enhanced rheological properties are observed. Inversely, an
increase in the size of the liposomes decreases the surface area, thus, the interactions.

Another drawback of polymer-based systems is the restricted control over the
gelation kinetics that can cause the loss of uptake and rapid crosslinking, resulting in
clogging during an injection.!®? To address this issue, hydrogels are also designed to be
injectable in minimally invasive drug delivery, and site-specific therapies into the poorly
reachable tissues where wound healing takes longer time.!” The administration of
hydrogels to the body by a needle without any surgery makes them good candidates for
biomedical applications. Similar to 3D or 4D printed hydrogels, injectable hydrogels
should be designed to flow as a result of large shear stresses applied during injection (i.e.
must be a shear-thinning material) and recover (at least partially) its initial mechanical
properties to a solid-like structure upon removal of the shear stress (i.e. must be self-

healing).!'® Hydrogels should contain dynamic bonds that can be broken under stress and
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then recovered after the removal of the stress to have injectable properties. Although there
have been many studies on the covalently bonded liposome-hydrogel systems due to the
enhanced mechanical stability and controlled release properties, these dynamic bonds can
be formed between liposome and polymer chains facilitating and enhancing the shear-
thinning and self-healing behavior of the hydrogels.'!" > The Kechai et al. tested the
rheological and syringeability properties of hyaluronic acid (HA) hydrogels with the
addition of neat and PEG-covered EggPC liposomes.'?” The results revealed that PEG-
covered liposomes strengthen the gel network and the highest viscosity and elasticity,
which is attributed to the increased dynamic bonds between liposomes and PEG chains.
Also, there was not any modification of the zero-shear viscosity of the gels after the
syringeability test via 29G needle. Similarly, Z. Rao et al. modified PEGs with cholesterol
to have hydrophobic end groups which were preferentially located within lipid bilayers
of different liposomes resulting in a thermoresponsive hydrogels with dynamic bonds.
The strength of the gels was found to be both liposome and polymer concentration
dependent since they affect directly the crosslinking density and injectability

properties.'!?

2.4.3 Stimuli-Based Drug Release

The purpose of the drug delivery is increasing therapeutic efficacy by reducing
the toxic side effects. Although drug delivery vesicles are promising candidates in this
context, localized delivery to desired locations while not causing a damage on healthy
tissues still remains a challenge. Through addressing this issue, stimuli-responsive
materials (e.g. liposomes, polymer nanoparticles, metallic nanoparticles, quantum dots,
carbon nanotubes) have been developed to be triggered externally by light!!4, heat!'!s,

ultrasound''®, and mechanical stimuli'!’

, which significantly increased the precision of
controlled drug delivery.!'3120 More importantly, such materials can also react towards

internal stimuli which utilize physiological differences between healthy and unhealthy
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tissues, e.g. pH,'?! hypoxia'??, enzymes!?, temperature!**, and mechanical stress'?’.
Since the structure of liposomes is suitable to be engineered by attachment of antibodies,
ligands, or other responsive materials, these smart liposomes can perform triggered drug

release on various environments.
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As mentioned in the previous sections, the permeability and fluidity of liposomes
which critically affect the drug release properties are extremely sensitive to temperature.
Temperature is also essential for the metabolic activity of the cells. The body temperature
of mammalian cells is 37°C at which the intracellular chemical reactions occur ideally.
Thermosensitive liposomes are designed mostly to higher fever temperatures ~40-42°C,
which is called hyperthermia.'?® Besides, by changing the transition temperature of the
bilayer with different lipid compositions, the thermosensitivity of liposomes can be
modulated. One of the most well-known examples of thermo-responsive liposomes is
loading of sodium bicarbonate into liposomes, it facilitates a pH gradient to doxorubicin
and also enhanced release with heat.'”” Hyperthermia causes to decomposing of sodium
bicarbonate into ammonia and carbon dioxide which in turn results in a damage in the
membrane and the leakage of the drug. Past research showed the success of this
application on tumor-selective chemotherapy until heating with high biostability and

biocompatibility.

Light is another stimulus used to trigger liposomes since drug release can be
modulated with a variety of parameters including wavelength, the intensity and size of
the beam, and duration.!?® Electromagnetic light wavelengths, below 650 nm, cannot
penetrate into deep tissue due to scattering and absorption by water, lipids, and
hemoglobin. Even though UV light can be used to trigger lots of chemical reactions, it
can be applied only to the skin and mucosa.'?® A deeper light penetration, thus, can be
achieved by near-infrared (NIR) light (650-1000 nm) by causing less damage to cells.
The drug carrier materials should have a chromophore, a chemical having the ability of
capturing light energy.'”® The light sensitivity of liposomes is induced by three
mechanisms: photo crosslinking, photochemical triggering, and photoisomerization.
Each mechanism is working to change the chemical structure of the liposomes.!? Light-
sensitive materials can be introduced to lipid bilayer generally by chemical synthesis.
Different regions of phospholipids (head, fatty acid tails, and glycerol backbone) are
modified with additional groups, or the existing chemical bonds are changed.
Azobenzene, spiropyran, and coumarin are the most studied examples of important photo

sensitive chemical groups.'?
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Cancer cells have relatively low pH values compared to healthy cells and tissues that
can be taken as an advantage of pH-sensitive drug delivery. The acidification of the
surface of the liposomes facilitates selective destabilization of the membrane to pH.!'*°
pH-sensitive liposomes contain a neutral lipid, usually a phosphatidylamine derivative,
and a weak acid amphiphile such as cholesteryl hemisuccinate (CHEMS)."*® The
negatively charged group of phospholipids destabilizes in acidic medium, in turn,
membrane fusion or pore formation on the membrane leading to release of the content
occurs. Although several types of liposomes having anionic/cationic composition have
been developed, the surface of the liposomes can be modified with pH-labile polymers,

target-specific ligands to increase the efficiency of the delivery.'?!

Mechanical stimulus is another common mechanism for targeted delivery due to easy
access, measurement, and applicability. A mechanical force applied on an object result in
a distribution of internal forces, causes shape change or deformation, and is divided into
three major categories; compression, tension, and shear forces. The human body is
exposed to several internal and external mechanical forces continuously and repeatedly
from cellular to skeletal muscle level in the range of 10° — 10° N. Since mechanical
forces are ubiquitously achieved in the body or externally and facilitate a quick treatment
in several conditions, they can be taken as an advantage for the drug and protein delivery
systems responding to mechanical/shear triggers.'*> More importantly, they may serve as
creative approaches since controlled direction and adjustable dose delivery that increased
therapeutic efficiency have been demonstrated.'** Owing to their soft and flexible nature,
liposomes are the most widely used as mechanically triggered nanoparticles. Under
sufficiently large stress, hydrodynamic effects can lead to deformations on the membrane.
Any structural change such as size and lamellarity can modulate the drug release and
encapsulation properties of liposomes.'** 33 Under compression and tension, the release
rate of the drugs from liposomes increased due to the rearrangement and destruction of
the structure of lipid bilayer.!3® 37 Also, enhanced release properties were obtained under

shear, since it causes pore formation on the membrane and leakage of the drug. .!33-140
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Chapter 3:
MULTISCALE DYNAMICS OF LIPID VESICLES IN POLYMERIC
MICROENVIRONMENT

3.1 Introduction

Liposomes have been widely studied as artificial cell membranes to understand the
complex relationship of the cells with their environment and understand membrane
dynamics at macroscopic and molecular levels.®’ As they are formed by self-assembling
of individual phospholipids in aqueous environments, they reflect the similarity of the
protein-free parts of the real membranes.® The interaction between lipid molecules
constituting the membrane is controlled by weaker forces such as Van der Waal’s and
hydrophobic interactions,!' making the membranes susceptible to the physical and
chemical changes in their microenvironment and adjust accordingly their fluidity,
stiffness, and thickness.®”- ® Meanwhile, polyethylene glycol (PEG) is a widely studied
synthetic polymer in mimicking the crowded macromolecular medium and ECM due to
its non-toxic structure, tunable properties, and flexible conformation.'*! The liposome-
PEG complexes, thus, have found unique applications in drug delivery and tissue
engineering.'**"'** One of the recent example of this composite systems is mRNA-based
COVID-19 vaccines. PEG is used to modify the surface of the liposomes to facilitate the
stability and enhanced biodistribution, 4> 146 Despite controversial evidence, the reason
behind the rare allergic responses in vaccines was shown to be the conjugated PEG chains
on liposomes, and this allergen effect was claimed to be highly molecular weight

dependent.'#’

As the local viscoelasticity is strongly affected by the length of the polymer chains
attached, lipid vesicles can experience a very different microenvironments compared to
their bulk dynamics, which affects the drug delivery properties significantly. the
segmental and collective chain relaxation of the polymers occur at timescales comparable
to those of the single lipid motion and membrane undulations, the dynamics of the flexible

polymer chains and the liposomes are expected to be coupled.'*® Nevertheless, a thorough
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understanding of the effect of polymeric microenvironment on the membrane dynamics

is still lacking.

Lipid bilayers can form hydrogen bonds intermolecularly to bind the specific areas
of proteins enabling protein-lipid coupling.'*’ Likewise, hydrogen binding between PEG
and lipid molecules is favored due to the ether oxygen groups of PEG, and hydrophilic
headgroups of the lipids.''*° Such an attractive interaction may lead to a highly molecular-
weight dependent, and stable polymer-bound layer on lipid bilayer. Although some
macroscopic effects of PEG have been reported, the effect of it on the structural dynamics
of liposomes has not been explained yet. As being a highly hydrated polymer, PEG can
induce lipid fusion by disrupting the packing of membrane.'”! According to MD
simulations, it locates into the bilayer/water interface rather than penetrating inside the
membrane.'*? PEGs with lower molecular weights can destabilize the membrane due to
the osmotic pressure. It can further alter the bilayer curvature leading to modifications in
thermal behavior of liposomes.!>* It was shown that the concentration of PEGs is as
important as the molecular weight on the phase transition.!>* In one study, the interaction
of multilamellar DMPC, DPPC, and DSPC liposomes and PEG molecules, it was
suggested that the main phase transition temperature is affected faster than the
pretransition temperature as PEG concentration increases.'>> Lipid membranes dehydrate
with the increasing concentration and decreasing molecular weight of the PEG, since the
microviscosity of the membrane increases gradually as the molecular weight changes

from 400 to 6,000 Da.'>¢

The microviscosity of the lipid membrane is one of the crucial properties related to
membrane permeability, and fluidity affecting the transport properties and contributing
the many vital cellular activities.'” It has been measured by various fluorescence
techniques, which are time resolved fluorescence spectroscopy, fluorescence anisotropy,
and determination of fluorescence quantum yield.!® Microviscosity of DMPC
membranes was estimated to change from 1.5 mPa.s to 97 mPa.s after phase transition to
the gel state. !> At the macroscopic level, the diffusion of the liposomes is closely related

to the bulk viscosity of the surrounding medium.
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All these studies strongly indicate that lipid membrane interaction with the
surrounding polymeric media can modify the membrane structure and dynamics.
Although liposome-polymer complexes have been widely utilized in drug delivery and
tissue engineering applications in the past'®® !, the key fundamental question, that is
how the polymeric microenvironment affects the bulk viscous properties and
microviscosity of the membranes, remains unanswered. In this work, we used aqueous
solutions of poly (ethylene glycol) (PEG) with a wide range of molecular weight (from
1.5 kDa to 400 kDa) to mimic the viscous medium of the cells, and nearly monodisperse
unilamellar vesicles of DMPC/DMPG liposomes to model the cell membranes. Using
small-angle X-ray scattering (SAXS), dynamic light scattering (DLS), temperature
modulated differential scanning calorimetry (DSC), bulk rheology, and fluorescence
lifetime spectroscopy (FLS), we investigated the structural phase map and dynamics of
the liposome-polymer mixtures from the nanoscale to the bulk. The results show that the
microviscosity of the lipid bilayers is strongly influenced by the relaxation of the whole
chain, resulting in accelerated dynamics of the lipids within the membrane (even in the
gel state) compared to the polymer-free liposome case. At the macroscopic level, the gel-
to-fluid transition of the bilayers causes an unprecedented thermal-thickening behavior of
the polymer-liposome solutions, which is controlled by multilamellarity, size, and

concentration of the liposomes.

3.2  Experimental Methods

3.2.1 Materials

Lipids, 1,2-dimyristoyl-sn-glycero-3-phospho-choline (DMPC), and 1,2-
dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DMPG), and mini-
extruder were purchased from Avanti Polar Lipids (AL, USA). Poly (ethylene glycol)
(PEG) with four different molecular weights (1.5 kDa, 20 kDa, 100 kDa, 400 kDa), and

Oil-Red-O were purchased from Sigma-Aldrich and used as received.

3.2.2 Preparation of Liposomes

Unilamellar liposomes were obtained by thin-film hydration followed by extrusion

method. A schematic of the procedure was presented in Figure 3.1. Lipids containing (5%
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w/w) DMPG and (95% w/w) DMPC were dissolved in chloroform and mixed for one
hour for complete dissolution. DMPG, a charged lipid, was used to increase the liposome
stability and the dispersion of the solution. Chloroform was evaporated in a vial and kept
under vacuum at 80°C for 24 hours to have a thin film of the lipids. Then, the film was
hydrated with DI water to obtain a final lipid concentration of 20 mg/mL. Lipid solution
was mixed at 40°C using a vortex for 2 hours, and was extruded using a mini extruder
after waiting 15 min for the temperature equilibration. Temperature of the system was
kept constant at 40°C, above the transition temperature of the lipids, by using a heating
block. The solution was subsequently extruded 15 times through 400 nm and 200 nm
membranes, respectively, and 41 times through 100 nm membranes. Extruded solution
was used immediately after preparation or stored at 40°C while mixing in a vortex. The
stability and size of the liposomes were confirmed using dynamic light scattering (DLS)

before each experiment.

Thin-film Hydration
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Figure 3.1 The schematic of the sample preparation procedure. 100 nm unilamellar
liposomes were prepared by thin-film hydration method (top) followed by extrusion
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method (bottom-left). Then, the liposome solutions were mixed with PEG solutions with
different molecular weights (1.5, 20,100, and 400 kDa) (bottom-right).

3.2.3 Preparation of Liposomes Containing Oil-Red-O

For the microviscosity estimation experiments with Fluorescence Lifetime
Spectroscopy (FLS), liposomes were stained with Oil-Red-O. Liposomes were prepared
with the same procedure above. 2X 10~ uM Oil-Red-O was added to the solution of lipids

in chloroform in the beginning of the preparation.

3.2.4 Preparation of Liposome-Polymer Mixtures

Stock solutions of polymers were prepared at a PEG concentration of 100 mg/mL
for the molecular weights of 1.5, 20, and 100 kDa. PEG 400 kDa solutions was prepared
at 50 mg/mL due to its high viscosity. The required amounts of PEG solutions were added
to the extruded 100 nm liposome solution slowly, and the final concentration of polymers
in the composite solution was kept the same with lipids, 20 mg/mL. After mixing, the
composite solution including 100 nm liposomes and polymers was vortexed for 15 min

prior to use.

3.2.5 Dynamic Light Scattering (DLS)

Hydrodynamic size, polydispersity index and diffusion constants of liposomes were
determined by Dynamic Light Scattering (DLS, Malvern ZS Zetasizer) with backscatter
detection at a scattering angle of 173° and a wavelength of 633 nm. Since low
concentrations are required for DLS measurements, the solutions were diluted to have a

concentration of 0.2%. Each measurement was repeated three times and averaged.

3.2.6 Differential Scanning Calorimetry (DSC)

TA Instrument’s Q25 AutoDSC was used to obtain the phase transition temperature
of liposomes. The 10-15 mg of samples were sealed in Tzero pans with Hermetic lids. An
empty pan was measured as reference. Samples were first heated to 60°C and equilibrated
for 5 min. Then, they were cooled down to 5°C with a rate of 2 °C/min. The crystallization

temperatures of liposomes were obtained using the cooling curve for each case. Enthalpy
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values are calculated from the area of exothermic peaks. The cycles were repeated several

times to ensure reproducibility of the data.

3.2.7 Rheology

Viscosity of liposomes-PEG solutions were measured using Anton-Paar rheometer
(MCR-302). CP50-1, a conic plate having 50 mm diameter and a cone angle of 1° was
used. Temperature was controlled using a Peltier control device. A hood coupled with
Peltier was used to prevent evaporation during measurements. Temperature of the system
was changed from 10 °C to 40 °C continuously with a heating rate of 1 °C/min. Data was
collected every 60 s at a constant shear rate of 30 s™!.

For microviscosity estimation, viscosity of glycerol-methanol- Oil-Red-O solutions
with varying ratios was measured with CP50-2, a conic plate having 50 mm diameter and
a cone angle of 2° at 35°C. Shear rate was changed from 1000 s! to 1 s, and the viscosity

data was taken at a shear rate of 10 s™! for all solutions.

3.2.8 Small Angle X-Ray Scattering (SAXS)

SAXS data was collected using Anton Paar SAXSpoint 5.0 at the sample to detector
distance of 500 mm. Quartz capillary sample holder was used to seal the samples, and
placed on a heated cooled sampler holder for temperature control. Over a total duration
of 1.5 hours, each frame was collected for 3 minutes. Background (water only) was
subtracted from the data. Data reduction was performed using SAXS analysis program of

the SAXSPoint 5.0.

3.2.9 Cryo-TEM

Sample was placed on a 400-mesh copper grid and transferred to Gatan cryo transfer
holder containing liquid N in it. Sample was investigated by cryogenic transmission

electron microscopy (cryo-TEM) operated at 120 kV (Hitachi HT7800, Japan).

3.2.10 UV-Vis Spectroscopy

UV-Vis spectra was obtained by a Shimadzu UV-3600 -UV-VIS-NIR Spectrophotometer

in transmission mode using quartz cuvettes from 400 nm to 700 nm at 35 °C. 5 minutes
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was waited before each experiment for the temperature equilibration. DI water, and neat
PEG solutions with appropriate molecular weights were taken as reference of the neat

liposome solutions, and liposome-polymer solutions, respectively.

3.2.11 Time-Resolved Photoluminescence

Time-resolved spectroscopy measurements were carried out by Picoquant
MicroTime 100 time-resolved confocal fluorescence microscope. The picosecond diode
laser (Aex = 375 nm) pulsed at 10 MHz repetition rate with 8mW power was used as the
excitation source via a 40X objective lens. A single photon sensitive detector (PMA
Hybrid 50) based on a photomultiplier tube (R10467 from Hamamatsu) and the time-
correlated single photon counting system (HydraHarp 400) were utilized. The data were
analyzed in fluorescence lifetime imaging (FLIM) mode with SymPhoTime 64
(Picoquant) software. PL decays were fit by a two-exponential decay, and the average

lifetime was calculated from an intensity-weighted mean.

3.3  Results and Discussion

3.3.1 Structure of Liposomes in Their Neat Form

We first investigating the structure of liposomes first in their neat form, and then
in polymer solutions. We start by measuring the hydrodynamic size of the neat liposomes
through extrusion process, and neat polymers by DLS, as shown in Figure 3.2. The
extrusion process was gradually decreased the size of the liposomes to 119.9 £+ 2.54 nm.

The polydispersity index of 0.075 + 0.010 yields a monodispersed vesicle solution.
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Figure 3.2 Hydrodynamic diameters of 400 nm, 200 nm, and 100 nm liposomes through
extrusion.

To confirm the unilamellar liposome structure, the lamellarity analysis was
performed by DSC and SAXS. Figure 3.3.a shows the DSC traces of obtained for
liposome solutions during extrusion process. DMPC and DMPG lipids have identical
hydrophobic tails, and a transition temperature from gel to fluid state was observed at =
24°C.'%2 We observed a sharp and intense peak for the unextruded liposomes as the
solution contains high fraction of multilamellar vesicles with highly ordered lamellar
structures at =~ 22.4°C. The intensity of the peaks decreases gradually through extrusion,
and a broad transition = 23 °C is obtained for 100 nm liposome solution suggesting a
transition from multilamellar to unilamellar structure. Due to the interbilayer interactions
in membrane, unilamellar structures have higher curvature, and lower lateral packing

which causes a broad transition in agreement with our observations. 6> 164
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Figure 3.3 a. DSC traces of 20 mg/mL unextruded, 400 nm, 200 nm, and 100 nm lipid
solutions. b. SAXS analysis of unextruded, extruded 400 nm, 200 nm, and 100 nm
liposomes and c. raw detector data.

SAXS offers more direct evidence for lamellarity compared to DSC. Scattering
intensity versus wave vector, ¢, for unextruded and extruded liposome solutions are
represented in Figure 3.3.b. The repeat distance of the stacked lipid bilayers including
water in between (see the sketch in the inset) can be calculated by d=27/q;. We obtained
a characteristic set of equally spaced two peaks was observed for unextruded
multilamellar liposomes at g;=1.0 nm™!, g;=2.0 nm™!, corresponding to the Bragg spacing
of 6.28 nm in agreement with the reported values for multilamellar vesicles.!'® As the size
of the liposomes decreased to 400 nm and 200 nm, the intensity of the peaks decreases
without changing the q positions. The disappearance of the peaks for 100 nm vesicle
solution confirms the unilamellar structure. Since unilamellar vesicles are representative
of the protein-free part of the cell membranes, and their properties such as permeability,
and viscosity are well-controlled, we continue our further analysis mostly based on 100

nm unilamellar liposomes.

3.3.2  Structure of Liposomes in Polymer Solutions

It was shown that transition behavior of liposomes can be molecular weight
dependent, implying that the structure and dynamics of the membranes can change with
the length and size of the polymers.!>* 1% Therefore, we choose a wide range of PEG
molecular weights from 1.5 to 400 kDa for this study. Table 3.1 shows the hydrodynamic
sizes measured by DLS and calculated radius of gyration (Rg) values of PEGs. Rg is
<h®>

calculated according to the following equation; R, = o where <k’ >, (is the actual

mean-square end-to-end distance of the polymer chain. <#’ >, value is taken as 0.805 for
M

PEG, and M is the molecular weight of the polymer.'®” Rg and hydrodynamic radius

values are close to each other, suggesting that the polymers do not form clusters in water.
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Table 3.1 Calculated Radius of Gyration of PEGs with various molecular weights

Radius of Gyration (nm) Hydrodynamic Radius(nm)
PEG 1.5 kDa 1.41 0.7840.10
PEG 20 kDa 5.18 6.50+1.70
PEG 100 kDa 11.5 10.10£2.13
PEG 400 kDa 23.16 18.17+3.28

We then prepared the liposome-polymer solutions containing 1.7 w% lipids and 1.7
w% polymer in water. Figure 3.4.a shows the hydrodynamic sizes of 100 nm
DMPG/DMPC liposomes in polymer solutions. The diameter of the liposomes increased
gradually as the polymer molecular weight increases, suggesting an attractive interaction
between lipid bilayer and polymer chains, illustrated in Figure 3.4.b. The interaction
between PEG and lipids is shown to be hydrogen bonding between the ether oxygen of
PEG and hydrophilic headgroups as recently shown by Zhang et al.'>° Moreover, as PEG
has terminal OH™ end groups which make it hydrophilic, it prefers to stay in the
bilayer/water interface due to energetic barrier as was also shown by MD simulations. !>
Also, the penetration of the PEG chains into bilayer is possible only if the terminal groups
of polymers are modified to contain hydrophobic groups.'®® Therefore, in our case, it is
expected to observe a bound layer of polymer on the outer surface of the membrane as
suggested by DLS. The thickness of this bound layer, J, can be calculated by comparing
the size increase in liposomes. Figure 3.4.c shows the dependence of ¢ on the PEG My,
and its value ranges from =1 nm to =20 nm. J values are in agreement with Rg values of
polymers, and also a linear relationship with log 0 « log My is observed with slope of
0.58, in agreement with good solvent condition for PEG-water system.'® This suggest
that the adsorbed PEG chains on DMPC/DMPG bilayers exhibit nearly Gaussian statistics
with no strong collapsing, flattening or stretching due to high entropic barrier, similar to

the case of attractive polymer nanoparticle mixtures.!”®
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Figure 3.4 a. Hydrodynamic diameter of 2 w% 100 nm DMPC/DMPG liposomes mixed
with 2 w% PEG solutions with the molecular weights of 1.5, 20. 100, and 400 kDa at
35°C b. Schematic representation of the attachment of PEG chains on lipid bilayer
surfaces. d represents the thickness of the adsorbed layer. c. Molecular weight dependence
of & in PEG-liposome solutions. d. UV-vis spectroscopy results of 2 w% 100 nm
DMPC/DMPG liposomes and mixed with 2 w% PEG solutions at 35°C. The dashed line
represents aggregated vesicles after 1 week of preparation. e. DSC results of neat 2 w%
100 nm DMPC/DMPG liposomes and 2 w% 100 nm DMPC/DMPG liposomes mixed
with 2 w% PEG solutions at 35°C. f. SAXS results of neat 2 w% 100 nm DMPC/DMPG
liposomes and mixed with 2 w% PEG solutions at 35°C. Inset shows the attachment of
PEG chains into lipid bilayer.

Figure 3.4.d shows the absorption spectra of liposomes in neat form and in polymer
solutions. The absorptions represent a typical spectrum of individually dispersed
nanoparticles in solution and increase slightly in the PEG solutions, which is due to the
size increase of the liposomes. The SAXS results in Figure 3.4.e show that 100 nm
unilamellar liposomes did not change their structure in the presence of PEGs as no Bragg
peaks are observed. In the crosslinked PEG chains, the transition from unilamellar
structure into multilamellar structure was observed previously due to osmotic pressure
exerted on the membrane.!”> However, in the uncrosslinked solution state, we did not
observe such a structural change for liposomes even in the highest osmotic pressure with

PEG 1.5 kDa. This shows that not only the osmotic pressure but also the elastic stresses
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and confinement can play significant role on the multilamellarity of the liposomes. The
unilamellar structure was also evidenced by DSC results in Figure 3.4.f as no
characteristics peaks of the multilamellar structure was observed. The change in T. (=1°C)
with PEG molar mass is negligibly small. However, Table 3.2 shows = 30% decrease of
the specific enthalpy for all polymer-liposome solutions with respect to the neat liposome
case. A reduction in enthalpy suggests that PEG caused a change in lateral packing of

171

membranes, confirming the physical attachment of the PEG chains on the bilayer

surfaces.

Table 3.2 Hydrodynamic Diameter, Polydispersity Index (PDI), Crystallization
Temperature (Tc), Translational Diffusion Constant (DT) at 35°C and 15°C of neat 20
mg/mL 100 nm DMPC/DMPG liposomes and in PEG solutions with varying molecular
weights.

Hp (nm) PDI Tc (°C) Specific Dr (m2/s) (35°C)  Dt(m?/s) (15°C)
(35°0C) Enthalpy (J/g) (x 1012) (x 1012)
Liposome only 1199+ 1.11 0.075 £0.010  22.84%0.11 0.335£0.013 5.21 3.73
In PEG 1.5kDa 121.4 £0.20 0.074+0.009 23.5540.19 0.242+0.015 5.12 3.61
In PEG 20kDa 129.6%+ 1.10 0.077£0.014 23.3940.02 0.241£0.017 5.03 3.58
In PEG 100kDa  135.7 +2.13 0.113+0.022 23.9540.32 0.234+0.020 5.02 321
In PEG 400kDa  157.7+ 3.28 0.150+0.025 22.5840.07 0.256+0.012 4.40 2.72

We finally investigated the stability of liposomes by DLS in the presence of PEGs
in Figure 3.5. Neat liposomes and liposomes in PEG 1.5 kDa solution are stable for 20
hours. Since the number of hydrogen bonds between lipid bilayer and polymer chains
increases with the increasing molecular weight, the highest stability, 3 days, in PEG 100
kDa and 400 kDa is an expected result.

39



Multiscale Dynamics of Lipid Vesicles in Polymeric Microenvironment
40

~H- 100 nm Liposomes
1100} -@-1n1.5kDa _—n

— -A- In 20 kDa .

E 800 In 100 kDa

— -@- In 400 kDa

Q 6001

&

[$)

-= 400+

£

©

c

>

3 f

.§ 200

T *—o—
“:“——_ - -

100 — : :
Ohr 4hr 20 hr 2 daysS days4 days
Time

Figure 3.5 The stability of liposomes in terms of their size in their neat form and in PEG
solutions obtained by DLS at 35°C.

3.3.3 Dynamics of Liposomes

In the dynamics section, we elucidate how PEG chains affect the dynamics of 100
nm liposomes at different time scales. First, the translational bulk diffusion of vesicles in
the presence of PEG chains are examined at 35°C where liposomes are in fluid phase, and
at 15 °C where they are in gel phase. Then, we investigated bulk viscosity of the solutions
by rheology to understand the effect of particle softness of liposomes on the viscosity of
the composite system., and microviscosity of lipid bilayer by FLS to show how the lipid

bilayer dynamics is correlated with the viscosity of the bulk medium.

3.3.3.1 Bulk Diffusion of Liposomes

Translational diffusion constants are calculated by DLS from the decay of
autocorrelation functions (Gz2). Diffusion constant is calculated from the fitting of G2

which is expressed as G,(q,r)= Aexp(-2I't) where I' is the relaxation rate and related to the
diffusion constant by I'=-D,q” and q is the wavevector. In Figure 3.6 a and b, G2’s with

respect to the delay times are displayed for the liposomes in water and in dilute polymer
solutions (0.2 %) at 15 °C and 35 °C. In all cases, simple diffusion behavior is observed

from the single exponential decay of the relaxation behavior. For the neat liposomes,
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5.21 x 10712+ 0.018m?/s and 3.73 x 1072 + 0.013m?/s for 35 °C and 15°C,
respectively, and in agreement with previous studies.** "> Such a nearly 1.5 fold decrease
at 15°C is expected since liposomes behave as hard spheres at gel phase, whereas the
bilayer turns into soft particle at fluid phase. In presence of PEGs, the diffusion constant
is highly dependent of Mw as seen from the Table 3.2. However, Dr is unaffected up to
100 kDa at 35°C although the remarkable slowdown starts at >20 kDa at 15°C. The
diffusion of liposomes is not facilitated by the fast diffusion of polymer chains, instead
their motion slows down by the local viscosity increase due to the adsorption of polymer
at 15°C. Although PEGylated stealth liposomes are widely preferred in drug delivery
applications as they increase the biodistribution and half-life of the liposomes, they affect
and slow down the diffusion of liposomes with respect to temperature and chain length.

These results can be useful tools for liposome and polymer-based design of drug delivery

systems.
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Figure 3.6 Autocorrelation functions of neat 100 nm DMPC/DMPG liposomes and 100
nm DMPC/DMPG liposomes mixed with PEG solutions at a.15°C and b. 35°C. c. PEG
molecular weight dependent diffusion constants of liposomes at 15°C and 35°C. d.
Schematic representation of the effect of PEG chains on translational liposome diffusion.
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3.3.3.2 Macroscopic Viscosity of Liposome Solutions

As the structure of liposomes are highly dependent on temperature, they exhibit
several morphologies at gel and fluid phases which gives unique rheological properties
to them. We used rheology to observe the bulk viscosity of liposomes with respect to
temperature. Figure 3.7.a shows the comparison of the temperature dependent bulk
viscosities of 400 nm, 200 nm, and 100 nm liposomes in the absence of polymers from
10°C to 40°C. For better clarification, the viscosity of DI water is added. The addition of
liposomes to water increased the viscosity at all temperatures changing with size and
lamellarity. Since the nominal lipid concentration is the same for all solutions, the
reduction of viscosity is due to the decrease in the number of liposomes and the effective
volume. The lamellarity effect becomes significant after passing across the transition
which results in a thermal-thickening effect being more severe as the fraction of
multilamellar vesicles increases. Owing to soft and deformable structure of liposomes,
the collective lipid motion enhances the reconfiguration under deformation, thus, greater
resistance to flow observed beyond transition. Also, the broadened transition through 100
nm liposomes confirms the DSC results since the structural order within a single bilayer
is lost more rapidly. The results indicate that the transition behavior can be modulated

based on liposome properties without any chemical constituents.
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Figure 3.7 a. Relative viscosity of 400 nm, 200 nm, 100 nm liposomes with respect to
water. Vertical dashed line shows the phase transition temperature. Viscosity of b. neat
1.7 w% PEG solutions with varying Mws (1.5 kDa, 20 kDa, 100 kDa) and c. composite
solutions containing 1.7 w% lipids and 1.7 w% polymer in water. d. Relative viscosity
of composite solutions containing 1.7 w% lipids and 1.7 w% polymer in water with
respect to neat PEG solutions.

Figure 3.7.b shows the viscosity of neat polymer solutions with different Mws.
They exhibit a typical polymer behavior decreasing viscosity with increasing

temperature. With the addition of liposomes, viscosity values show a significant change
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and increase nearly 2-fold suggesting liposomes act as reinforcing nanoparticles in the
composite solution. (Figure 3.7.c) The relative viscosity of the solutions is presented in
Figure 3.7.d for better analysis. In 20 kDa and 100 kDa solutions, viscosity increases
compared to neat and in 1.5 kDa solutions due to the slight size increase of liposomes,
and it remains nearly the same upon transition. Clearly, the magnitude of the increase is
amplified with increasing PEG chain length. The interaction of the bound chains can
cause a transient network (like entanglement) which results in higher viscosities at 7 >
Tm. Also, as the polymer-polymer interaction is enhanced with membrane softening,
higher temperatures result in enhanced polymer-polymer interaction and thermal
thickening. As the chains get shorter, the interaction of the bound polymers is less likely,

thus, the viscosity shift and thermal transition is less pronounced.

The reinforcing behavior of liposomes with temperature and PEG chain lengths is
investigated by using two viscosity models; Einstein and Krieger-Dougherty for neat 100
nm liposome solutions and liposomes and PEG 100kDa solutions at 2.5 w%, 2 w%, 1.5

w%, and 1 w% liposome concentrations. The viscosity data is presented in Figure 3.8.a.
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Figure 3.8 a. The viscosity of the mixture of 100 nm liposomes and PEG 100kDa
solutions and 100 nm liposome solution at 2.5%, 2%, 1.5%, and 1% concentrations.
Volume fractions versus relative viscosity of the neat 100 nm liposome solutions and
liposomes in 1.7 w% PEG (100kDa) solutions at four lipid concentrations (2.5 w%, 2
w%, 1.5 w%, and 1 w%). The curves show the predictions from Einstein and Krieger-
Dougherty viscosity models at b. 35°C and c. 15°C. Error bars represent propagated error.

Einstein model assumes rigid spheres in dilute solutions where they all have

independent movements, and is given by; n =1+2.5¢p where n_is the relative viscosity, and

¢ is the volume fraction of spheres in solution. Krieger-Dougherty is commonly used for
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the concentrated suspensions'” with 1 :(1_i)‘f‘¢~w Here, —Aand @ are 2.7 and

0.71, respectively for spheres in submicron sizes. !’* We measured relative viscosities by
rheology and calculated the volume fractions based on nominal lipid concentration, size
and area per lipid information provided in the Appendix section. The symbols in Figure
3.8 b and c¢ show the calculated volume fractions and their corresponding relative
viscosity values, and the dashed lines present the predictions from the models. Clearly,
the Einstein model fails to explain the observed trend whereas The Krieger-Dougherty
model reasonably accounts for the neat liposome data at the fluid and gel states. In the
presence of PEGs, The Krieger-Dougherty model still fairly explains the observed
behavior at 15 °C (except only for the solution with the largest liposome volume fraction
which diverges from the prediction) whereas at 35°C the model significantly
overestimates the effective volume fraction of the liposomes at all nominal lipid
concentrations, suggesting that the size increase of the liposomes in the fluid state is not
alone sufficient to explain the viscosity shift; the particles turn from hard-nanoparticles
to soft-nanoparticles.!” As the model still predicts the viscosity trend in the fluid phase
of the neat liposome solutions, the soft particle behavior is mainly due to the presence of

PEG chains that are dynamically coupled with the flexible membrane.

3.3.3.3 Microscopic Viscosity in Bilayers

We investigated the microscopic viscosity of bilayers in the presence of PEGs by
FLS at 15°C and 35°Cin this section. Estimation of the microviscosity of the lipid
membranes is a well-studied technique using fluorophores.!’®'7® We stained liposomes
by Oil-Red-O which is a hydrophobic fluorescent probe locating in the lipid bilayer, and
used to monitor the cell membranes in biological applications.!”® Férster-Hoffman theory
relates the lifetime of the probe with the viscosity of the local microenvironment by the
following equation; In(t)= A + Bln () where 7 is the fluorescent lifetime (FL) of the Oil-
Red-O, 1 is the viscosity, A and B are the intercept and slope of the line, respectively. '8
A calibration curve for the probe is required to determine the changes in the lifetime of
the probe in the environments with known-viscosities and to obtain the constants of the
Forster-Hoffman equation. For this reason, we have used methanol-glycerol solutions in

varying ratios since Oil-Red-O is soluble in both as lots of examples are found in
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literature.!””- 18 The viscosity of the solutions is measured with rheometer as shown in
Figure 3.9.a, and the lifetime of the Oil-Red-O in each solution is measured by FLS . The
calibration curves presented in Figure 3.9b and c. The linear dependence at both

temperatures indicates the validation of the Forster-Hoffman theory.
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Figure 3.9 a. Viscosity of oil red o in glycerol and methanol mixtures as a function of
shear rate at different glycerol compositions Average fluorescence lifetime of Oil-Red-O
in methanol-glycerol mixtures at various compositions plotted against viscosity at b. 15°C
and and c. 35°C.

Then, the fluorescent lifetime measurements on 100 nm neat liposomes and
liposomes in the presence of PEGs was performed as shown in Figure 3.10 a and b at
15°C and 35°C, respectively. , the spatial identification of the measuring point and the
fluorescence probe is crucial to monitor the targeted chemical and biological
processes.!”® 182 As the hydrophobic nature of our probe, the Oil Red-O, maintains their
localization within the membrane, which enables the estimation of microviscosity of the
lipid bilayers. The average lifetime calculated from the exponential decay and the

estimated microviscosities within the lipid bilayers are given in Table 3.3.
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Figure 3.10 Time-resolved fluorescence decays of Oil-Red-O inside lipid bilayer in the
presence of different PEG Mws at a. 15°C and b. 35°C.
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Table 3.3 Lifetime of Oil-Red-O and microviscosity of lipid membranes in 100 nm
liposome solutions in the absence and presence of PEG with various Mw’s.
Tavg Microviscosity Bulk Viscosity Tavg Microviscosity Bulk Viscosity
(ns) (cP) (cP) (ns) (cP) (cP)
35°C 35°C 35°C 15°C 15°C 15°C
100 nm liposomes ~ 24.01+0.032 28.7540.85 1414 28.9140.038  142.82+13.54 1546
inPEG 1.5kDa 206140013 1.0240.01 1.156 273840033 3.362£0.29 1.827
inPEG 20kDa  21.43+0.022 2.3940.05 3.406 275940036 5.69+0.53 4.163
in PEG 100kDa 227240019 8.59+0.15 6.874 28.4240.029  43.93%3.2 8.247
in PEG 400kDa 239140028 26.24+0.68 23.94 287440031  95.09+7.34 5335

The microviscosity of the neat liposomes was decreased from 142.82 cP to 28.75
cP at 15°C and 35°C, respectively as in agreement with the literature.'>® !83 The lifetime
of the probe and thus, the microviscosity is changed with respect to PEG molecular
weight. In 400 kDa, the microviscosity is close to the neat liposomes, whereas it decreased
with the decreasing molecular weight for the gel and fluid phase of liposomes. It is a clear
indication that the microenvironment of liposomes is strongly affected by the existence
of PEG chains, and tunable with changing the chain length. As the chains get shorter, the
relaxation becomes faster, and the dynamical coupling between the membrane and the
polymer segments is more pronounced, which may facilitate the thickness fluctuations

and/or membrane undulations.

3.3.4 Osmotic Pressure Analysis

The effect of PEG on lipid bilayers is primarily known to increase the osmotic
pressure, thus cause the dehydration of the membrane, and it is definitely effective for the
high concentrations of PEG. Therefore, we assessed the osmotic pressure effect of PEG
to observe the possible influences on the results. 1.5 and 20 kDa, the Mws applying the
highest osmotic pressure are chosen and the liposome size is measured by DLS on varying

concentrations of PEG (from 0.2 w% to 10 w%) as shown in Figure 3.11. Low
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concentrations of PEG increase the size of the liposomes up to ~3%, however, the size
starts decreasing due to dehydration. We, thus, conclude that the size increase seen in
DLS for small PEG concentrations is due to the bound PEG layer whose thickness

increases with the expected size dependence of PEG My,.
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Figure 3.11 Hydrodynamic sizes liposomes in varying a. PEG 1.5kDa and b. PEG 20kDa
concentrations from 0.2 to 10 w%. Gray-shaded area represents the concentration range
in which the size of the liposomes starts decreasing.

In order to evaluate osmotic pressure effect on bulk thermal thickening, we
prepared additional liposome-PEG solution by hydrating the lipids with 20 kDa PEG
solutions to form liposomes containing PEG everywhere (inside and outside of the
vesicles). The solutions were then extruded using the same protocol to obtain identical
size and polydispersity of the liposomes (confirmed with DLS). Figure 3.12 shows no
difference in the transition behavior of liposomes when compared to the data presented
in Figure 2C (for empty liposomes at the same PEG concentration). Therefore, the

observed viscosity shifts are not related to the osmotic pressure variation but due to the
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hard-to-soft particle transition as discussed above. We also confirm the existence of PEG
layer with respect to concentration on the liposome surface by zeta potentials as shown
in Table. The PEG layer on liposome causes a shift of the hydrodynamic slip layer; the

zeta potential increases from =~ -9 mV to ~0 with PEG addition.

Table 3.4 Zeta potential values of liposomes in varying PEG 1.5kDa and PEG 20kDa
concentrations from 0.2 to 2.5 wt%.

PEG 1.5kDa PEG 20kDa
PEG Zeta Potential PEG Zeta Potential
Concentration (%) (mV) Concentration (%) (mV)

0 -9.78+1.32 0 -9.78+1.32
0.2 -9.11+1.01 0.2 -4.3440.91
0.5 -2.53+0.53 0.5 -2.511+0.47

1 -1.05+0.23 1 -1.484+0.27
1.5 -0.9524+0.07 1.5 -1.184+0.12

2 -0.360+0.04 2 -0.20440.02
2.5 -0.150+0.01 2.5 -0.20910.01

10
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Figure 3.12 The comparison of the viscosity of 100 nm liposomes in PEG 20 kDa
solution where PEG chains are outside and both outside and inside (elimination of
osmotic pressure)

Recently, Sahu ez al. suggests that the microviscosity of unilamellar DMPC
vesicles increases with the addition of PEG-400 (400 Da) and PEG-6000 (6 kDa) as a

result of high osmotic pressure of PEG molecules.'*® The polymer concentration used in
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this study was 25 w% that is adequately high to have an effective osmotic pressure leading
to vesicle aggregation and fusion according to our observations. This is unlike our study
where the osmotic pressure is not as effective due to low concentration of PEGs. Instead.
the addition of the PEG chains caused a dynamical coupling and accelerated lipid

dynamics.
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Chapter 4:
SHEAR-TRIGGERED RELEASE OF LIPID VESICLES FROM
TISSUE-MIMETIC HYDROGELS

4.1 Introduction

Shear-responsive materials have received tremendous attention in drug delivery
applications due to their easy access, and applicability as localized delivery while not
causing damage to healthy tissues efficiently remains as a challenge.!* '35 As one of the
fundamental forces associated with blood flow, shear forces contribute to vital biological
processes including proliferation, platelet aggregation, and assisting barrier formation. '%¢-
188 Cardiovascular diseases, such as stenosis, or thrombosis, result in more than one order
of magnitude higher shear stresses due to constrictions in the vessels.'®1°° These changes
in the flow field cause perturbations in local microenvironments of cells and tissues, and
can be used as an advantage to design shear-sensitive drug carriers to respond only in
high-shear environments; however, their dynamical features associated with the shear
induced structural variations must be well-understood.

Nanoparticle-based systems have emerged as suitable platforms for precise delivery
as they can be engineered to dynamically engage with their biological environment in
direct physical or chemical contact.!”! The difficulty of spatiotemporal and dosage-
controlled release that are not cell or tissue-specific require smarter and on-demand drug
delivery systems which recognize their environment and response in a dynamic way.
Among many nanoparticle based systems, liposomes with a wide range of sizes are
promising candidates with their structural versatility, excellent biocompatibility and
biodegradability.* *> Owing to their soft and deformable structure originating from weak
intermolecular interactions between lipid constituents, liposomes are also attractive
candidates for shear-deformable nanoparticles alternative to solid or internally
crosslinked polymer nanoparticles.!®> °* Various studies have revealed that high shear
may lead to changes in structure as well dynamics of liposomes such as increase in
membrane permeability, lamellar packing, membrane fusion, and pore formation.!+1%7

Thus, drug release kinetics and encapsulation properties of liposomes can be well-tuned
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by shear forces. However, the stability of liposomes under high shear remains as one of
the significant challenges.'*® For this purpose, the combination of liposomes and hydrogel
matrices brings important benefits by providing physical stability to liposomes, and
mechanical support to the whole system with strong (visco) elastic behavior.'*®

Hydrogels are commonly used as tissue scaffolds and extracellular matrix (ECM)
models due to their non-toxic, biodegradable structure, and adjustable properties such as
osmotic pressure, stiffness, and mesh size to be well-suited with biological
environments.'*® 1% The mobility and diffusivity of liposomes depends on the membrane
properties as it is known that liposomes with moderate rigidity and neutrally charged
membrane can move faster in biological hydrogels.?”® Besides, hydrogel properties such
as mesh size, crosslinking type, and adhesiveness significantly affect the diffusion rate of
liposomes.?’! Although there have been studies of liposome-hydrogel complexes
responding to increased release properties under compressive and tensile forces, all these
examples are based on the rupturing and destructing the lipid bilayer within the hydrogel
matrices;*® 1¥7 the case where liposomes diffuse out of the hydrogel environment to
effectively release their cargo in response to applied (endogenous or exogenous) shear
stress remains unexplored.

In this work, we took the first step towards understanding the way that the liposomes
interact with the surrounding hydrogel matrix, and how the composite system respond to
an applied shear deformation from linear to nonlinear regimes. We used nearly
monodisperse unilamellar DMPC/DMPG liposomes as model nanocarriers and combined
them with photo-crosslinked ECM-mimetic PEGDA hydrogels having different
stiffnesses. Using small-angle X-ray scattering (SAXS), dynamic light scattering (DLS),
differential scanning calorimetry (DSC), bulk rheology, and fluorescence lifetime
spectroscopy (FLS), we first investigated the structural and dynamical features. In the
presence of liposomes, the stiffness of the hydrogels could be tuned from 1 Pa to 180 Pa
by changing the crosslinking density, and temperature-sensitive viscoelastic properties
and swelling capacity was observed. The presence of liposomes provides composite
hydrogels with temperature-controlled swelling capacity of that is sensitive to membrane
microviscosity. Remarkably, increase of shear deformation from linear towards nonlinear
regime results in ~2-fold increase in the liposome release under transient and cyclic
stimuli with the increased gel mesh size. Considering that shear force is one of the

fundamental forces associated with biofluid flow, these findings enhance our
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understanding of the underlying mechanism and rational design of shear triggered

liposomal drug delivery systems.

4.2  Experimental Methods

4.2.1 Materials

Lipids 1,2-dimyristoyl-sn-glycero-3-phospho-choline (DMPC) and 1,2-dimyristoyl-
sn-glycero-3-phospho-(1°-rac-glycerol) (sodium salt) (DMPG); and mini-extruder were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Polyethylene (glycol)
diacrylate (PEGDA) 10kDa, and 2-Hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959) were purchased from Sigma-Aldrich and used as

received.

4.2.2  Preparation of Liposome Solutions

Liposomes were prepared with the well-known thin film hydration and followed by
extrusion method. First, DMPG (5% w/w) and DMPC were dissolved in chloroform and
vortexed one hour. The solution was evaporated in a vial, and then kept under vacuum at
80°C for 24 h. The thin film of the lipids was hydrated with PEGDA solution. The final
concentrations of liposomes and polymer were arranged as 20 mg/mL in the composite
solution. The solution was vortexed for 2 h for complete dissolution, and then extruded
via a mini extruder. The temperature of the extruder was kept at 40°C during extrusion.
The solution was subsequently extruded 15 time through 400 nm and 200 nm membranes,
and 41 times through 100 nm membranes. Extruded solutions were used immediately

after preparation or stored at 40°C while mixing in a vortex and used in 24 hours.

4.2.3  Preparation of Liposome Solutions Containing Oil Red O

For Fluorescence Lifetime Spectroscopy (FLS) experiments, the same amount of
lipids and 2Xx 10® uM Qil-Red-O were dissolved in chloroform and vortexed one hour.

The same protocol was followed for the rest of the preparation as described above.
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4.2.4 Preparation of Liposomal Hydrogels

The stock solution of photo initiator, Irgacure 2959 was prepared in ethanol (70%v/v)
and water due to low water solubility. It was added to the extruded liposome-PEGDA
solutions at 4% w/w, and vortexed for 15 min. Then the solution was poured into the 8
mm disc shaped molds, and photo-crosslinked by UV lighting at 365 nm, 100 mW/cm?
at time intervals of 75 s, 105 s, 120 s, 150 s, 165 s. The distance of the mold containing
the solution from the UV source was kept constant as 8 cm for all experiments. The
hydrogels containing liposomes are called liposomal hydrogels throughout the paper.

For the neat PEGDA hydrogels, 2%(w/v) PEGDA 10 kDa solution was prepared and
Irgacure 2959 (4%w/w) was added to the solution. The hydrogels were prepared with the

same protocol as described above.

4.2.5 Dynamic Light Scattering (DLS)

Hydrodynamic size, and polydispersity index (PDI) values were obtained by
Dynamic Light Scattering (DLS, Malvern ZS Zetasizer) at a wavelength of 633 nm, and
a scattering angle of 173°. Solutions were diluted to 0.2% concentration for the

experiments. Each measurement was repeated three times and averaged.

4.2.6 Differential Scanning Calorimetry (DSC)

The phase transition temperature of the liposomes was determined using TA
Instrument’s Q25 AutoDSC. The 10-15 mg of samples weighed and sealed in Tzero pans
with Hermetic lids. For the hydrogel samples, the solutions were first put into the pans
and then photo crosslinked. Reference was taken as an empty sealed pan. All samples
were heated to 60°C, and waited for 5 min for the equilibration. Then, the temperature
was decreased to 5°C with a rate of 2 °C/min. Using the cooling curves, the crystallization
temperatures of liposomes were obtained. Enthalpy values for each sample was calculated
from the area of exothermic peaks. The reproducibility of the data was ensured by

repeating the cycles several times.
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4.2.7 Small-Angle X-ray Scattering (SAXS)

The lamellarity of liposomes were determined using Anton Paar SAXSpoint 5.0 at
the sample to detector distance of 500 mm. The solutions were put in quartz capillary
holder, and then photo crosslinked. Temperature was controlled using a heated cooled
sampler with the stability range of +£0.005°C. The data was collected over a range of
wave vectors, Q=0.01 to 6.86 nm™'. The background (water only) was subtracted for
proper reduction. SAXS analysis program of the SAXSPoint 5.0 was used for analysis

and data reduction.

4.2.8 Scanning Electron Microscopy (SEM)

The surface morphology of neat PEGDA and liposomal hydrogels were observed by
using scanning electron microscope (Zeiss Ultra Plus Field Emission Scanning Electron

Microscope). All the samples were gold-coated for 12 s before measurement.

4.2.9 Confocal Microscopy

Confocal microscope images were captured with (TCS SP8 DLS, Leica, Wetzlar,

Germany). All samples (stained with Oil Red O) were excited at 560 nm.

4.2.10 Rheology

Rheological measurements were carried out using Anton Paar rheometer (MCR 302)
equipped with a parallel plate with a diameter of 8 mm. Temperature was controlled using
a Peltier coupled with a temperature control hood to prevent heat loss and evaporation.
To eliminate the wall slip, sandpaper was used for measuring plate, and sample plate. It
was cut and sticked to be the same size as the measuring plate (8 mm diameter).
Frequency sweep tests were performed in linear viscoelastic region obtained from the
amplitude sweep tests (under a constant frequency of 10 1/s). Frequencies varied from
0.1 to 10 1/s. Temperature sweep tests were carried out from 10°C to 40°C at a heating

rate of 1°C/min.
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4.2.11 Time-Resolved Photoluminescence

Time-resolved photoluminescence spectroscopy measurements were carried out by
Picoquant MicroTime 100 time-resolved confocal fluorescence microscope. The
excitation beam was provided by an 8-mW picosecond diode laser operating at 375 nm
with 20 MHz repetition rate and focused on the sample by a 40X objective lens. For the
transient photoluminescence measurements, the single photon sensitive detector (PMA
Hybrid 50) with photomultiplier tube (R10467 from Hamamatsu) and the time-correlated
single photon counting system (HydraHarp 400) were used. The data were analyzed in
fluorescence lifetime imaging (FLIM) mode using SymPhoTime 64 (Picoquant) software,
where the PL decays were fitted by a two-exponential decay, and corresponding average

lifetimes were calculated from an intensity-weighted mean.

4.2.12 Water Uptake Ratio

Hydrogel samples were submerged into water at 15°C and 35°C, and then removed at
predetermined time intervals. Surface water was taken with a filter paper. Swollen
hydrogels were weighed, and the water uptake ratio was calculated by the following
equation:

M -M
Water Uptake Ratio (%) = STh x100
h

Where My and M}, are the weight of swollen hydrogel and hydrogel right after UV

crosslinking, respectively.

4.2.13 Time Dependent Liposome Release from Liposomal Hydrogel

Hydrogel samples were immersed a vial containing 1 mL of DI water, 200 uL of the
sample was taken at determined time intervals and 200 uL fresh water was added. The
samples were excited at 400 nm and the absorbance values were recorded by using a plate
reader (Synergy H1-MF, Biotek). DI water was taken as reference for the analysis of
released liposomes from the hydrogel since they were released through water medium.
Cumulative drug release was calculated using a standard curve constructed by subtracting
the background containing PEGDA and Irgacure 2959 at the same concentration. All

measurements were repeated three times for different samples and averaged.
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4.2.14 Shear-Stimuli Release of Liposomes from Hydrogel

Shear-stimuli release experiments were performed using a rheometer equipped with
a parallel plate with 8 cm diameter. Before the release experiments, amplitude sweep tests
were performed at varying strains from 1% to 1000% (at a constant frequency of 1 1/s) at
15°C and 35°C to determine the strain values for the experiments.

The hydrogel sample was put into a beaker which is fixed to the sample plate by tape.
The bottom of the beaker and the measurement plate was covered by sandpaper to prevent
wall slip. Before starting the amplitude sweep test, the beaker was filled with 1 mL DI
water. 200 uL of the sample was taken at determined time points, and 200 uL fresh water
was added. (See Figure 6a for experimental setup) All measurements were repeated three
times for different samples and averaged. Control experiments for the sandpaper in DI
water were performed by DLS and plate-reader, and we did not observe a peak in DLS or

an increase in absorbance.

4.3  Results and Discussion

4.3.1 Structure of Liposomes in Hydrogels

Liposomes were produced by thin film hydration and followed by extrusion method
(see Methods section for details). The thin film of the lipids was hydrated by PEGDA
solution to have a final concentration of 2% 100 nm lipids and 2% PEGDA 10kDa. The
polymer chains are also encapsulated within the liposomes; thus, increasing the stability
of liposomes by minimizing the osmotic pressure effect. Upon addition of the crosslinker
(12959 ,4% w/w) the PEG-liposome solutions were exposed to UV light at different time
intervals (75 s, 105 s, 120 s, 150 s, and 165 s) to form hydrogels with different
crosslinking densities and elastic shear moduli ranging from 1 Pa to 200 Pa, mimicking
various tissue environments (see Figure 4.1.a for the schematic and the rheology section).
Liposome-free PEG hydrogels were also prepared with the same UV time and
concentrations to compare the results. Figure 4.1.b shows the hydrodynamic size
distribution of neat PEGDA 10 kDa chains, neat (polymer-free) liposomes, and the
liposomes in uncrosslinked PEGDA solution in dilute regime. Nearly monodisperse
liposomes with diameters 119.9 + 2.54 nm and the polydispersity index of 0.075 + 0.010

were formed in the neat (polymer-free) form. The liposome size increases slightly to
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133.61+2.401 nm in the solution containing PEGDA but they remain nearly monodisperse

with polydispersity index of 0.0424+0.0041. About 6.85 nm increase in radii of the

liposomes in the PEGDA solution is close to the hydrodynamic diameter of single

PEGDA chain in water (= 7 nm) suggesting physical adsorption of PEG on hydrophilic

phospholipid heads on liposome surface.!>® 2> Also, the single PEGDA peak in DLS

confirms that the polymers do not form clusters in water.?%

a Photocrosslinking Liposomal Hydrogels
(
Hydrogel 4 A Y \
Formation (ca o 5- oY
| —
75s 105s 120s
L UV Time
PEGDA 10kD. 1 WY Times
b = 9 ! c 165 s d == 100 nm DMPC/DMPG
Neat 100 nm DMPC/DMPG liposomes __’___/1\_’_ 100 7 DM ES
= 100 nm DMPC/DMPG 0 in PEGDA hydrogel, 1655 UV
in PEGDA solution & .
2 z =
2 o 2
o
3 = 3
= > R=
)
-7 P ( (S (P IRV | L 1 L 1 |
10° 10 10° 10° 5 10 15 20 25 30 35 2 3 4 5 6

Hydrodynamic Diameter (nm)

f Neat PEGDA Hydrogel

Temperature (°C)

165 s

165s

57




Shear-Triggered Release of Lipid Vesicles from Tissue-Mimetic Hydrogels
58

Figure 4.1 Structural characterization of liposomal hydrogels. a) Schematic image of the
system. The extruded composite solution including 2% DMPC/DMPG liposomes and 2%
PEGDA 10 kDa was photo-crosslinked by UV light to form liposomal hydrogels. UV
exposure times were arranged as 75 s, 105 s, 120 s, 150 s, and 165 s to change the
crosslinking density. b) Hydrodynamic diameters of PEGDA 10 kDa chains, neat
DMPC/DMPG liposomes, and DMPC/DMPG liposomes PEGDA solution after
extrusion. ¢) DSC traces of liposomes in uncrosslinked PEGDA solution, and in
liposomal hydrogels. d) SAXS analysis of liposomes in uncrosslinked PEGDA solution,
and in liposomal hydrogel with a UV time of 165 s. e) Representative photographs of neat
PEGDA hydrogels and liposomal hydrogels. f) SEM images of neat PEGDA hydrogel
with UV time of 75 s, and liposomal hydrogels with UV time of 75 s, 120 s, and 165 s.
Inset shows the existence of liposomes. g) Stability of liposomal hydrogel with a UV time
of 165 s assessed by confocal microscopy.

We then investigated the lamellarity of the liposomes in hydrogels as unilamellar
liposomes can transform into multilamellar stacks at different environments.'% 1% In our
study, we first formed liposomes in uncrosslinked polymer solution, and then changed
the viscoelasticity of polymeric environment by crosslinking the PEGDA solution in the
presence of the vesicles. To determine if the continuous matrix of the crosslinked
polymers affect the unilamellarity of the liposomes, we used DSC and SAXS whose
signal are very sensitive to periodic stacking of bilayers in case of multilamellar vesicles.
Figure 4.1.c shows the specific heat flow curves of 100 nm DMPC/DMPG liposomes in
their neat form and in uncrosslinked PEGDA solution upon transition from fluid to gel
phase of bilayers. The neat liposomes showed a phase transition with one broad peak at
~22.84°C corresponding to the liquid crystal formation of bilayers, but no intense and
sharp peak related to the multilamellar structured vesicles (as shown previously'®* 20%)
exists. Similarly, no characteristic features of multilamellar vesicles were observed in
liposomal hydrogels regardless of the UV exposure time. PEG is known to dehydrate the
lipid bilayer and increase the lateral packing density of between acyl chains of the lipids
as the transition temperature appeared at ~21.90°C in polymer solution.'*® Although a
~1°C change was observed (see Table 4.1), PEG chains did not change the unilamellarity
of liposomes. The unilamellarity of the liposomes was also confirmed by SAXS as it
provides more direct structural evidence. Figure 4.1.d shows the scattering intensity as a
function of wave vector, g, of liposomes in uncrosslinked PEGDA solution and in
liposomal hydrogel with the longest UV time of 165 s. The absence of any Bragg peaks
at g=1.00 nm-1 and g=2.00 nm-1, which would result from multilayer vesicles'®> 202,
confirms that the liposomes retain their unilamellar structure even in the stiffest hydrogel

and that liposome restructuring such as aggregation or fusion is not favorable in these
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gels. This is in contrast to the observation by Bandara et al.'® where pre-formed
unilamellar liposomes were either added to the uncrosslinked gel precursors or directly
injected into hydrogels and transformed to multilamellar structure mainly due to osmotic

pressure across the membrane.

Table 4.1 Crystallization temperature TC (°C), and Specific Enthalpy (J/g) of 100 nm
DMPC/DMPG in their neat form and in uncrosslinked PEG solutions and in liposomal
hydrogels with different UV exposure times.

UV Exposure Time Tc (°C) Specific Enthalpy (J/g)
Neat Liposomes
22.8440.11 0.3354+0.013
Liposomes in
Uncrosslinked PEG 21.9040.21 0.30340.014
solution

75s 21.88400.04 0.29940.017

105 s 21.85+0.34 0.28740.023

Liposomal Hydrogels 120s 21.9340.16 0.27240.009
150 s 21.99+0.28 0.2694+0.011

165s 21.91+0.14 0.2454+0.041

The bulk liposomal hydrogels display whitish color compared to transparent look of
the liposome-free PEG hydrogels (Figure 4.1.e). The morphology of the gels was also
investigated by SEM as shown in Figure 4.1.f. The SEM image of neat PEG hydrogel is
also shown. The liposomal hydrogels have denser structure with more network
connections compared to the PEG hydrogel at the same UV exposure time of 165 s.
Although the morphology of the liposomal hydrogels with 105 s and 165 s UV time
shared a similar morphology, such as uniform rounded pores, and thin wall, the size of
the pores decreased with crosslinking density as expected. The individual liposomes (with
diameters of = 130 nm) in the hydrogel exposed are also clearly seen (Figure 4.1.f inset).
The stability of liposomes in same hydrogel matrix was also evaluated using confocal
microscopy by staining the liposomes with a hydrophobic fluorophore, Oil Red O (Figure
4.1.g)."” During the first two days, no vesicle signal was detected as 100 nm lipid vesicles

are lower than the resolution limit of the microscope with diffraction limit of ~200 nm at
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560 nm excitation. After two days, aggregation occurs, and the larger sized vesicles

became visible in the images of liposomal hydrogels observed on third and fifth days.

In summary, the structural analysis verifies that the liposomes retain their unilamellar
structure in the presence of PEG hydrogels with varying crosslinking density, and stable
for 2 days. It is important to obtain the structural information of the vesicles as the
physicochemical properties such as packing order, environment polarity, and stability,
depends on size distribution and lamellarity.'*> The obtained unilamellar liposomes are
attractive in this manner with their well-controlled structure mimicking the biological

membranes.

4.3.2  Dynamics of Liposomes in Hydrogel Matrixes
4.3.2.1 Viscoelastic Behavior of Liposomal Hydrogels

The viscoelastic behavior of the hydrogels assessed by rheology depends on several
factors such as the composition, concentration, and the type of the dispersed materials.'%
The rheological properties of hydrogels are therefore expected to be affected significantly
by the addition of liposomes .!%7 1% To measure the viscoelastic properties of liposome-
hydrogel complexes, we performed dynamic (oscillatory) shear rheology. Figure 4.2.a
and 4.2.b show dynamic oscillatory shear rheology measurements of the hydrogels
without and with liposomes, respectively at 35°C. All hydrogels display robust solid-like
behavior with greater storage moduli (G’) compared to loss moduli (G’”) over the entire
frequency regime. Also, the G’ and G’ for all samples show negligible frequency
dependence-typical of gel-like behavior. As the UV exposure time increased, G’
increased due to higher crosslinking densities for both type of hydrogels. For the neat
PEG hydrogels, the storage modulus changed from 0.04 Pa to 55.92 Pa with the selected
UV times. We did not observe an increase in storage modulus beyond the 165 s UV time
where the crosslinking density reached at its maximum for our system. The addition of
liposomes in the hydrogels has a significant impact by shifting the storage and loss
modulus curves towards higher values. Since liposomes are soft and deformable particles,
the low bending elasticity enables them to reconfigure their structure under deformation,
therefore, liposomes behave as reinforcing particles and strengthen the elasticity of the

PEG hydrogels. However, this effect is most prominent for the softer gels as seen in
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Figure 4.2.c. As the crosslinker density increases, the free space where liposomes can
move decreases in the hydrogel matrix, thus, their contribution to the elasticity became
weaker. Nevertheless, the stiffnesses of the hydrogels obtained by using different UV
times match with the elasticity of the real tissues such as mucus, brain, bone marrow,

lung, and liver (see Figure 4.2.c)’* ; thus modelling biological cell in different ECM

environment.
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Figure 4.2 Rheological measurements of liposomal hydrogels and neat PEGDA
hydrogels. Storage and loss modulus of a) neat PEGDA hydrogels and b) liposomal
hydrogels as a function of frequency. c) Comparison of storage modulus values of neat
PEGDA hydrogels and liposomal hydrogels as a function of UV times. Storage values
were taken at the frequency value of 1 1/s. Error bars represents standard deviation, (n=3)
d) Storage modulus of liposomal hydrogels as a function of temperature. e) tand of
liposomal hydrogels as a function of temperature. f) Thermoreversibility of the storage
and elastic modulus of liposomal hydrogel in the temperature range of 15°C and 35°C.
Liposomes not only act as reinforcing nanoparticles for hydrogels but bring along
interesting thermoresponsive behavior. Lipid bilayer transforms from hard spheres with
impermeable particles to soft spheres with deformable structure beyond the transition
which can affect the elasticity of the whole hydrogel matrix. To observe how the softness
of the liposomes change the hydrogel stiffness, we performed temperature sweep
experiments from 10°C to 40°C (below and above the melting temperature of the lipids).

Figure 4.2.d represents the storage modulus of liposomal hydrogels in the temperature

range from 10°C to 40°C. We also included the temperature sweep of a neat PEG hydrogel
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in Figure 4.3.a which shows a typical hydrogel behavior with slightly increasing G’ and
G” with increasing temperature. In the liposomal hydrogels, the storage moduli increased
rapidly after the transition temperature and a thermal-stiffening effect was observed. (See
Figure 4.2.¢ for the relative G’ with respect to G’ at 10°C ) Besides, the effect of transition
of liposomes was the most significant in hydrogel having the lowest crosslinking density,
which was closer to the liquid state. In our recent previous work, we observed the similar
transition behavior in the polymer-free liposome solutions and composite solutions of
liposomes and PEG with different molecular weights (from 1.5 to 400 kDa).2> We
observed an increasing thermal-thickening effect on the viscosity of the liposome
solutions due to enhanced dynamical coupling of PEG chains with highly mobile lipids
in the fluid phase compared to rather immobile (in the time-scale of polymer relaxation
time) lipids in the gel state Here, as the UV time increases, more polymer joins the gel
network and the number of the free polymers that can bound together decreases. This
effect can also be seen from the increasing tand (=G’’/G’) values of the hydrogels as the
stiffness decreased (see Figure 4.3.b). Although the lipid dynamics get faster and
resistance becomes stronger with temperature, the mobility of liposomes is suppressed by
the crosslinked polymer network. Figure 4.2.f shows the evolution of storage and loss
modulus of 180 Pa liposomal hydrogel with repetitive heating and cooling cycles between
15°C (below Tm) and 35°C (above Twm). The gel moduli display a good thermoreversibility
with returned modulus values to almost original values after a short period. The tan o

values show the gels are more solid-like nature at 35°C.

a 1 b
T
—10% E
%) E
3 | —
"y P
© 25960 o+
§ 10tk g Addasssnnang, AAAAAAAAAALALLLA
E “w© vy
w f 019 £ 0.1
g i S
=1 t = .
o3 10°t o v
I
% ® 1Pa 12 Pa & 180Pa
o A 30Pa 70 Pa
Al f e G o il i 0.01—— >
1073615 20 25 30 35 a0 OO 10 15 20 25 30 35 40
Temperature (°C) Temperature (°C)

Figure 4.3 a) Storage modulus (left axis) and tand (right axis) of neat PEGDA hydrogel
as a function of temperature. b) tand of liposomal hydrogels as a function of temperature.
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4.3.2.2 Microviscosity Estimation of Liposomes in Liposomal Hydrogels

After evaluating the bulk dynamics of liposomes in PEG hydrogels, we further
investigated the microviscosity of lipid bilayers in hydrogels to see the effect of the
mechanical properties (stiffness) of the hydrogel environment on membrane using time-
resolved fluorescence spectroscopy at 15°C and 35°C by staining lipid bilayers with Oil
Red O. The microviscosity of the lipid bilayers is associated with the membrane
permeability and contributes various cellular processes as an increase in rigidity decreases
membrane permeability.'>’” Fluorophores are widely used in the estimation of
microviscosity in lipid bilayers.!’® ' We chose Oil Red O since it is a hydrophobic
fluorescent probe which locates within the membrane, and widely used in biological
applications to monitor the cell membranes.'” 2% According to Forster-Hoffman
theory'®’, the lifetime of the probe depends on the viscosity of its local microenvironment
as expressed in the flowing equation: , In(t)= A + Bln(n) where 7 is the fluorescent
lifetime of the probe, Oil Red O, 1 is the viscosity, A and B are the constants. However,
this equation is not valid for our system since liposomes are located in hydrogel matrices
where the viscosity of the environment is assumed as infinite in gel-like structures.?%
Although it was not possible to calculate the microviscosity of lipid bilayers quantitively,
the fluorescent lifetime values of the probe were used to estimate the trend in

microviscosity as the theory suggests that there is a linear relationship between lifetime

and microviscosity.?"’
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Figure 4.4 Time-resolved fluorescence decays of Oil-Red-O inside lipid bilayer in
the uncrosslinked PEG solutions and PEG hydrogels a) 15°C and b) 35°C ¢) Comparison
of the lifetime of Oil-Red-O inside the lipid bilayer in PEG hydrogels with different
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stiffness values at 15°C and 35°C. Long dashed lines and short dashed lines indicate the
lifetime of Oil-Red-O inside the lipid bilayer in uncrosslinked PEG solution at 15°C and
35°C, respectively.

We performed the measurements on liposomal hydrogels and compared the results
with the uncrosslinked PEGDA solution before gelation at 15°C and 35°C (Figure 4.4.a
and 4.4.b). The average lifetimes were calculated from the exponential decays and
presented in Table 4.2. In the uncrosslinked PEG solution, the lifetime of the probe
decreases from 29.8 ns in the gel phase to 25.32 ns in the fluid phase as the lipids were
passed across the transition. Fluorescence intensity decreased fast at higher temperatures,
and the fluorescence lifetime becomes longer which shows the high temperature-
sensitivity of the lipid bilayer. In the hydrogel matrices, the bilayer microenvironment
was strongly influenced by the elasticity of surrounding matrix as the fluorescence
lifetime values increased as the gel stiffened suggesting an increase in microviscosity
inside the bilayers, see Figure 4.4.c. As the stiffness and crosslinking density of the
hydrogel increased, the crosslinked chains started applying an osmotic pressure through
the membrane. This stress results in water outflow from the bilayer (dehydration), in turn,
the membrane dynamics slows down. The dehydration level was higher in the fluid state
of the membrane at 35°C as the lifetime values increased as the polymer chains
crosslinked. It was reported that water population surrounding the polar headgroup is
greater in when the bilayer is in the fluid phase, which may facilitate a higher order of

dehydration compared to solid state.?%
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Table 4.2 The lifetime of Oil-Red-O on 100 nm lipid bilayer in PEGDA solution and in
PEGDA hydrogels at different stiffness. Error bars represents standard deviation, (n=3).

Stiffness ta,,g(ns) ravg(ns)
(Pa) 15°C 35°C
Solution 29.840.029  25.3240.039
1Pa 31.6140.033  30.78+0.033
12Pa  32.5240.032  31.204+0.037
30Pa  32.9740.041 31.7140.039
70Pa  34.0940.038 32.3840.043
180Pa  36.91+0.044  35.9740.041

4.3.2.2 Water Uptake Ratio of PEGDA Hydrogels and Liposomal Hydrogels

Next, we performed water uptake experiments to obtain the water uptake ratio of the
neat PEG hydrogels and liposomal hydrogels to investigate the effect of liposomes and
the rigidity of lipid bilayer at 15°C and 35°C as swelling behavior of hydrogels control the
release patterns of drugs from the hydrogel networks.®? Figure 4.5.a and 4.5.b shows the
water uptake ratios of neat PEGDA hydrogels. It is clearly seen that the crosslinking
density affects the equilibriums significantly. As expected, higher water uptake capacity
(up to 350%) was observed as the crosslinking density decreased. Due to the enhanced
swelling, the stiffer hydrogels showed lower uptake ratio (decreased to 50%) as a result
of higher elastic response of the chains against swelling. Also, a remarkable change was
not observed in the swelling behavior of PEG hydrogels with temperature. However, the
swelling of the liposomal hydrogels was extremely sensitive to temperature as seen from
Figure 4.5.c and 4.5.d. At 15°C, water uptake ratio decreased to 70% even for the softest
hydrogel with the lowest crosslinking density.

As the liposomes acts as hard spheres with impermeable walls at below T, the rate
of water permeation through the bilayer was restricted and decreased drastically>® (as
also suggested by FLS results, see Figure 4.4). In turn, the permeability of the membrane
increased swelling capacity of the whole system. At 35°C above the transition, the lipid

bilayer transforms through the fluid phase where water diffusion was facilitated. Thus, a
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similar swelling behavior and the degree of swelling equilibrium was obtained with the

neat PEG hydrogels.
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Figure 4.5 Water uptake ratio of neat PEG hydrogels a) at 15°C b) at 35°C. Percentage
swelling ratio of liposomal hydrogels c) at 15°C d) at 35°C. Error bars represents
standard deviation, (n=3).

4.4  Liposome Release from Hydrogels

As the diffusion properties of nanoparticles are known to affected by various
parameters such as temperature, size of the particle, or external stimulus, we first
investigate the liposome release from the liposomal hydrogels to examine the diffusion
of liposomes under static conditions. Then, shear stimulus was applied by rheology to the
stiffest hydrogel since it has the lowest time-dependent liposome release as the

experimental setup and methodology are shown in Figure 4.6.a.

4.4.1 Time-Dependent Liposome Release Kinetics from Hydrogels

We evaluated time dependent liposome release from liposomal hydrogels through DI
water with respect to rigidity of liposomes (Figure 4.6.b and 4.6.c). The release of the

liposomes was monitored and reached at equilibrium at 7 hours. As expected, release
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profiles changed according to the stiffness of the hydrogels. At 15°C, the fraction of
released liposomes reached up to 12% for the softest hydrogel (1 Pa), whereas it remained
3% for the stiffest hydrogel, 180 Pa. At 35°C, a similar release behavior was obtained
with a slight increase in the fraction of released liposomes which increased to 17% for
the softest and 4% for the stiffest hydrogel as the membrane became deformable with its
more fluid structure. Liposomes are widely used in drug release studies together with
hydrogels, and they are expected to be immobilized in the hydrogel matrix due to the
intact network bonds. In our case, the hydrogels were formed by chemical bonds
restricting the mobility of liposomes inside. To investigate the release behavior, first the
diffusion of liposomes should be elucidated as the vesicles which can diffuse fast could
release from the hydrogel at higher fractions. The diffusion of liposomes was found to be
temperature and rigidity dependent as the diffusion rate increased with the increasing
temperature in PEO hydrogel as Stokes-Einstein equation suggested.?”’ Liposomes with
moderate rigidity can exhibit superior diffusivity since they can fluctuate around their
initial radius and explore greater distances inside of the hydrogel. Besides, physical
parameters such as mesh size, and adhesion property of the hydrogel affects the mobility
of NPs in hydrogel.?”! As the crosslinking density changes, the mesh size of the hydrogel
changes inversely accordingly. Thus, we calculated the mesh size of hydrogels to analyze

the diffusion of liposomes from the hydrogels with different mesh sizes according to
1

B

3
following equation: § = [ j , where kg is Boltzmann’s constant, T is temperature and

0
Gois the constant elastic modulus at low frequency. Table 4.3 shows the calculated mesh
sizes of hydrogels at 15°C and 35°C. We used Go values of neat PEG hydrogels obtained
by rheology. The mesh size exceeded the size of the liposomes (~130 nm) for the three
softest hydrogels. (1 Pa, 12 Pa, and 30 Pa) We observed a significant increase in the
fraction of released liposomes after the mesh size became comparable or exceeded the

size of the liposomes, especially beyond ~300 nm.
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Table 4.3 Calculated mesh sizes of the hydrogels at 15°C, and 35°C.

Stiffness Mesh Size at Mesh Size at
35°C 15°C
1Pa 42.36 41.43
12 Pa 111.35 108.89
30 Pa 157.9 154.41
70 Pa 319.81 312.74
180 Pa 473.7 463.23

To understand the governing mechanism of liposome release, we further analyzed
the release curves by Weibull statistical distribution function which is applicable through
whole release process with high accuracy and providing physical characteristics of release

=]
systems?'”, and expressed as following: M () =M.(I1—¢ )

, where M, represents the
maximum released drug amount, 7, and f are the scale and shape factor, respectively. Fit
lines of Weibull CDF were shown from the dash-dot gray lines in the release curves. The
fit parameters were recorded in Table 4.4 for 15°C, and 35°C, respectively. All curves
followed the fitted lines as R? was greater than 0.98 in all cases. A value of B <0.75
represents the Fickian diffusion, the release mechanism governed by the concentration or
chemical potential difference. However, 0.75< B <1 is associated with a combined release

mechanism (controlled by both Fickian diffusion and swelling dependent). If the 3

exceeds 1, it means that the release mechanism is more complex.

Table 4.4 Fit parameters of Weibull CDF for time-dependent liposome release from
liposomal hydrogels at 15°C and 35°C.
15°C 35°C
R2 Ty B R? Tg B
1Pa 0.99643 0.8427 0.68957 0.99438 1.27878 0.92658
12 Pa 0.99571 1.0743 0.70469 0.99642 0.72922 0.93457
30 Pa 0.99125 1.33386 0.74128 0.99162 1.00174 0.85643
70 Pa 0.98366  1.01779 0.79544 0.98448 2.87033 0.89321
180 Pa 0.99088  1.16804 0.77456 0.98592 1.88011 0.88277
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At 15°C, B values were smaller than 0.75 and it exceeded 0.75 for the two stiffest
hydrogels with mesh sizes of smaller than 130 nm. As suggested by swelling experiments,
due to the high microviscosity of lipid bilayer, the swelling capacity of liposomal
hydrogels decreased significantly compared to neat PEG hydrogels. Therefore, this effect
was seen in the release data since [ values are smaller or slightly close to 0.75 which
means that the release mechanism was governed by diffusion. However, at 35°C, 3 values
were higher than 0.75 due to the high swelling capacity of hydrogels with permeable
liposomes. As the gel softens, the B values became higher which was a proof of increasing
swelling ratio.

Liposome release from different hydrogels was shown by Thompson et al.?!! It was
hypothesized that liposomes can release only if the bonds constructing the hydrogel
environments are physical, no release was obtained in the case of chemically crosslinked
hydrogels. Therefore, the gel can form temporary bonds enabling large pores for
liposomes to squeeze out. The agarose and gelatin hydrogels used in the study were stiffer
than our hydrogels (up to 30 kPa) and the mesh sizes changed between ~5 to 24 nm. In
our system, hydrogels were formed by chemical bonds that cannot form temporary pores
between crosslinked polymer chains. Also, we did not observe a sufficient release (~4%)
for the stiffest hydrogel with a mesh size of ~42 nm. As the hydrogel became softer, a
remarkable increase in the amount of released liposomes from the gel with a mesh size of
up to ~460 nm which is sufficiently larger than the size of the liposomes. Thus, although
the bonding type of the hydrogel is important, the mesh size is also an essential parameter
controlling the release mechanism from hydrogels. However, this release was limited as
we could obtain the maximum ~17% release from the softest hydrogel, where the
liposomes could diffuse out faster, at 35°C, and the fluid state of the lipid bilayer. More
importantly, we show in the next section that the oscillatory shearing of the liposomal
hydrogels in the non-linear deformation regimes enhances the mobility of the entrapped

liposomes in the gel matrix and increases the release rate of the particles.
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Figure 4.6 The fractional time-dependent and shear stimuli liposome release from
liposomal hydrogels a) The illustrative image of the time dependent liposome release at
static conditions(left), experimental setup (middle), and shear-stimuli liposome release
(right). Time dependent fractional liposome release at b) 15 °C and c) 35°C. Amplitude
sweeps of the stiffest liposomal hydrogel at d)15°C and e) 35°C with varying strains from
1 to 700%. 5%, 150%, 300%, and 500% were chosen for 15°C, and 5%, 100%, 150%,
and 300% were chosen for 35°C as marked with arrows on the figures. Shear-stimuli
liposome release from liposomal hydrogel at £)15°C and g) 35°C with varying strains.
Inset shows the released medium, the color of the solutions became whiteish as the strain
values increased with increasing amount of released liposomes. Error bars represent
standard deviation, (n=3)

4.4.2  Shear-Triggered Liposome Release Kinetics from Hydrogels

To stimulate the liposome release under shear, we chose the stiffest liposomal
hydrogel (~180 Pa) having the lowest release amount with the smallest mesh size (~46
nm). We first performed the amplitude sweep tests (Figure 4.6.d and 4.6.€) on the
liposomal hydrogels to determine the linear viscoelastic region (LVER) and to select the

appropriate strain values for shear induced release at 15°C and 35°C (since temperature is
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a significant parameter effecting the elasticity of hydrogels due to temperature sensitivity
of liposomes, see Figure 4.2.e). We chose four strain values for both temperatures, two
of which were in the LVER representing the quiescent state and the other two were
beyond the LVER mimicking the mechanical response of several biological tissues are
not linear.”'? 5%, 150%, 300%, and 500% were chosen for 15°C, and 5%, 100%, 150%,
and 300% were chosen for 35°C as marked on the graphs. The strain at the peak point of
G’’ 1s the deformation level at which the viscous dissipation reaches a maximum.

To realistically mimic the biological conditions (i.e., continuous shear force in
vessels), we applied the shear force on the hydrogels in a beaker filled with DI water so
that the release of liposomes could be followed instantaneously in aqueous environment
as the experimental setup was represented in Figure 4.6.a (see also Methods section for
details). Figure 4.6.f shows shear stimuli liposome release from the hydrogels at 15°C.
The release curve at static condition was added as the control experiment for comparison.
At 5% strain value, a similar release behavior with a slight increase (~5% of liposomes
were released) was obtained at 7 hours. As the strain value increased towards the
nonlinear regime, the fraction of the released liposomes increased significantly at shorter
times. The cumulative liposome release of 5%, 8%, 16%, and 26% were obtained for the
5%, 150%, 300% and 500% strains, respectively. We measured the hydrodynamic size
and polydispersity of the released liposomes after applied shear using DLS as shown in
Table 4.5. The size and polydispersity of the released liposomes increased only up to ~10
nm and ~0.15, respectively confirming that the liposomal structure is retained.

Similarly, at 35°C, the shear deformation increased the liposome release remarkably
as the LVER region was passed after 150% strain (Figure 4.6.g). At 300%, the maximum
liposome release was obtained as 43% over a short period of 3 hours. We collected the
release medium after each experiment, the increased amount of released liposomes can
be seen in the Figure 4.7 with increasing shear strain. Although the release times were
comparable with the 15°C, the total amount of released liposomes increased around ~17%
due to the increasing mobility of the lipid membrane which allowed the trapped liposomes
to escape from the hydrogel mesh. Table 4.6 shows the DLS data of liposomes after the
release experiments; the results were similar to those obtained for; thus, the liposomes

mostly remain intact during escape from the hydrogels.
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Amount of released liposomes

Figure 4.7 Representative images of the solution of released liposomes under shear at the
end of each experiment at 35°C with varying strains. The color of the medium became
whiteish as the strain values increased with the increasing amount of released liposomes
at 35°C.

Table 4.5 Hydrodynamic diameters of the released liposomes after applied strains at

15°C.
Applied Strain (%) Hydrodynamic Size (nm) PDI
No Strain 133.6%2.401 0.04240.0041
5 134.01+1.682 0.098+0.058
100 138.74+1.361 0.135+0.012
150 144.845.950 0.141+0.012
300 147.7+0.9452 0.133+0.030

Table 4.6 Hydrodynamic diameters of the released liposomes after applied strains at

35°C.
Applied Strain (%) Hydrodynamic Size (nm) PDI
No Strain 133.642.401 0.04240.0041
5 136.941.950 0.10240.029
150 147.542.120 0.14140.043
300 146.042.893 0.14040.036
500 148.240.850 0.156+0.058

We then analyzed the release behavior with the Weibull CDF as the fit curves were
shown on the data. Table 4.7 shows the model parameters for 15°C and 35°C, respectively.
At both temperatures, B values were similar to static case and at between 0.75 and 1 for

5% strain. As the strain values increased gradually from 0.77 to 1.11 at 15°C, and from
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0.89 to 1.29 at 35°C which means that release was governed by more complex mechanism

which is shear stimuli for our system.

Table 4.7 Fit parameters of Weibull CDF for shear-triggered liposome release from
liposomal hydrogels at 15°C and 35°C.

15°C 35°C
R e B R? T B
5% 0.98014  1.37574 077735 = 5%  0.98295  1.49435  0.8951
150% 098273 095992  0.98522  100% 0.99033  1.51005  1.11659
300%  0.98843 059097 1.04071 | 150% 0.99442 056647  1.06181

500% 0.99137  0.62252 1.11534 | 300% 0.98918  0.43323  1.27702

The enhanced release of liposomes from hydrogel environment was showed with
different types of mechanical deformation such as tension and compression by destroying
the structure of liposomes.!'*® ¥7 In all studies, the liposomes were connected to the
crosslinked matrix via chemical bonds causing the rupture of the vesicle membrane under
mechanical stress and enabling the release of cargo of the liposomes. As the force is
dissipated uniformly during compression and tension, vesicles could evade the stress
applied to the hydrogel, and no release was obtained in the case of physical bonding of
liposomes. However, in our system, we observed a remarkable liposome release under
large shear force although they were physically entrapped (possibly due to hydrogen
bonding between PEG and lipids in hydrogel matrix.!*

During the oscillatory shear deformation, the hydrogel is deformed in a way that
shear rate is zero at the center and maximum at the edges. By increasing the strain value
beyond the LVER of the hydrogel, this deformation resulted in the expansion in mesh
size of the hydrogel. (See right side of Figure 4.6.a) As a result, liposomes could diffuse

out through the hydrogel under shear force.
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Figure 4.8 Modulation of liposome release by varying the strain values a) The fractional
liposome release under low, medium, and high strain. The red lines represent 35°C, the
blue line represents 15°C. Error bars represents standard deviation, (n=3) The strain was
applied with the cycle of 20 min time periods. Strain values were categorized as low,
medium, and high with respect to the distance from the LVER. 5%, 300%, and 500%
were chosen for 15°C, and 5%, 100%, and 300% were chosen for 35°C release
experiments b) Representative images of modulated liposome release under low, medium,
and high shear.

We further investigated whether the amount of the released liposomes could be
modulated by continuously changing the shear strain. The liposome release was
monitored by applying low, medium, and high shear for 20 min periods. The applied
strain values were chosen as 5%, 300%, and 500% for 15°C, and 5%, 100%, and 300%
for 35°C release experiments. As shown in Figure 4.8.a, increasing the strains towards
high values increased the liposome release rates as the slope of the release curve increased
significantly for both temperatures. Then in the second cycle, the release rate slowed
down to the low strain values. (See the representation in Figure 4.8.b) This indeed mimics
the vessels in the body where different shear stresses are encountered as the size of the
vessels change. Likewise, in the case of stenosis in arteries, or some medical treatments
such as catheters or angioplasty, shear stress increases more than one order of magnitude
compared to a healthy artery. '¥% 0 This programmable release can adopt the dynamic
shear profile of the blood flow as it enables dosage and time-controlled release by

changing the shear strain.
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Chapter 5:
CONCLUSIONS & OUTLOOK

Advancements of pharmaceuticals industry offer novel drug delivery approaches to
increase the therapeutic efficacy. Dosage-controlled delivery through targeted locations
with keeping the drug safe is a major drawbacks of drug delivery applications. Liposomes
with their unique encapsulation properties are the most promising drug delivery platforms
and cell membrane models as, they are biocompatible, biodegradable, low-toxic, able to
entrap hydrophilic and hydrophobic drugs, and similar with the biological membranes.
They are small artificial vesicles made up from self-assembling of phospholipids, and
have tunable properties such as fluidity, rigidity, and permeability by changing surface
charge, size, lamellarity, and the type of lipid. The combination of liposomes with
polymers and hydrogels are widely utilized in all application areas of liposomes since
polymer chains provide liposomes mechanical and thermodynamical stability, increased
circulation-time, and responsive release properties. However, the effect of polymers on
structural dynamics of lipid bilayer and elucidating the interactions between them are

needed for rationale designs of liposome-polymer complexes.

In the first project named as “Multiscale Dynamics of Lipid Vesicles in Polymeric
Microenvironment”, we used unilamellar DMPC/DMPG liposomes as artificial cell
membrane models and investigated the effect of PEG chains, used as mimicking the
viscoelastic surrounding medium of the cells, on the structure and dynamics of liposomes
from bulk to nano scale. We observed that PEG chains formed an adsorbed polymer layer
on liposome surface due to attractive interactions between them, although they did not
cause a notable structural change as suggested by SAXS and DSC results. The mesoscale
membrane undulations are affected by the polymer layer when the lipids are in fluid
phase, since the viscous motion of the polymers and liposomes is coupled with
comparable time scales. At the macroscopic level, liposomes act as reinforcing particles
for polymer solutions with a remarkable increase in viscosity at the gel-to-fluid transition
temperature and thermal thickening thereafter. The microviscosity of the lipid bilayers is
directly affected by surrounding PEG chains and therefore by the relaxation of the whole
chain, resulting an enhancement of the membrane dynamics in the case of short chains

due to the fast relaxation time of the shorter chains, which enables dynamic coupling of
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membrane and polymer motion. In summary, we showed that nanoscale membrane
dynamics, diffusive motion, and rheological behavior of liposomes can be effectively

tuned by changing the polymer chain length, concentration, and lamellarity.

In the second project named as “Shear Stimuli-Responsive Liposome Release from
ECM-Mimetic Hydrogels”, we utilize liposomes as drug nanocarriers and PEG hydrogels
as surrounding medium. We showed a shear-stimuli based liposome release from the
hydrogels having different stiffness in the range of 1 to 180 Pa as matched with. To
elucidate the underlying mechanism behind the enhanced diffusion and release properties
at static and shear-applied conditions, we first investigated the structural and dynamical
interaction between liposomes and hydrogels. Liposomes acted as reinforcing
nanoparticles and improved the elasticity of hydrogels. The transition of the membrane
also affected the swelling behavior since microviscosity, and permeability of the lipid
bilayer is highly sensitive to temperature. We observed a mesh size-dependent liposome
release as a remarkable increase of the liposome release was obtained while the mesh size
is comparable to or larger than the liposome size with increasing temperature. Finally, we
design an experimental setup to instantaneously follow the liposome release in aqueous
environment. With a systematic application of shear force according the LVER of
hydrogels, the controlled and increased liposome release up to ~2-fold was observed with
deforming the hydrogel to expand the mesh sizes. In view of these results, we believe that
understanding the mechanism of shear stimuli for liposome-hydrogel systems will be
useful to design smarter and on-demand drug delivery systems being adaptable to

dynamic and complex environments of biological systems.
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APPENDIX A: CALCULATION OF THE VOLUME FRACTION OF
LIPOSOMES

For 100 nm liposomes at 35°C and 2%
concentration:

119.9
Hydrodynamic radius, R=——

199mm _ <5 95 nm,

Total surface area = 4n[R> +(R—t)*] where

tis the bilayer thickness obtained from SAXS/WAXS.

Total number of lipid molecules per liposome,

4R +(R-1)"] _4n[(59.59nm)’ +(59.95nm —6.28nm)’]

N =135601,
a .Onm

NTotal=

where a is area per lipid. (a is equal to 0.6 nm? 2"*for fluid phase, and 0.605nm? for gel

phase?!*.)

Total number of liposomes in solution:

M, *N, 0.027M x6.02x10% / mol
N. 135601000

Total

=1.19x10"liposomes | mL

NLiposomes=

Volume of a single liposome:

Vsing]e Liposome= % TCR3 = g TC(59.95)3 = 9025 1 8.6331’11’”3

Total volume of liposomes:

20 3
VTotalLiposomes = NLiposomesX Vsingle Liposome = 1.08 x 10" nm

Vliposomes 1.39x10* nm’ " ImL

=0.108
Vtotal 1mL 10*' nm

Volume Fraction= 3
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== 400 nm DMPC/DMPG %00,

Intensity

q [nm7]
Figure A1 SAXS data of 400 nm DMPC/DMPG liposomes at 150C, inset is raw detector
data. Bilayer thickness is obtained as 6.82 nm for the q*=0.92 nm™.

Table A 1 Calculated Volume Fractions of 100-nm Liposomes and 100-nm Liposomes in
PEG 100kDa solutions

100nm Liposomes 100nm Liposomes in
Dissosoes PEG100kDa
DLiposomes

Concentrations 35°C 15°C 35°C 15°C
0.08% 0.136 0.119 0.159 0.119
1.2% 0.108 0.095 0.136 0.103
1.7% 0.080 0.070 0.092 0.073
2.0% 0.052 0.046 0.064 0.048
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