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Abstract

The development of nanoparticle formulations, particularly lipid-based
nanoformulations, holds immense potential in drug delivery applications
owing to their biocompatibility and versatility. Recent successes, such
as lipid nanoparticles (LNPs) in delivering COVID vaccines, underscore
their significance. Phosphatidylcholine (PC) lipids, major constituents
of cell membranes, possess self-assembling properties, forming various
nanostructures including bilayers and micelles. However, understanding
the dynamics of lipid-based nanoformulations is crucial for optimizing drug
delivery efficiency. One challenge in computational studies of drug targets
has been the determination of membrane protein structures. Achieving high
drug loading efficiency while maintaining the stability of the micelles is a
significant challenge. The ability of the micelles to effectively encapsulate
and retain drugs can vary depending on factors such as drug hydrophobicity,

micelle composition, and preparation methods.

In this thesis, extensive atomistic molecular dynamics simulations were
conducted to investigate various lipid-based drug delivery systems, aim-
ing to elucidate the underlying mechanisms governing their behavior and
interactions. The focus was on understanding the internal and interfacial
structures and properties of micelles, as well as exploring the influence of
different lipid compositions on micellar dynamic systems and drug localiza-
tion within micelles. Our findings elucidate the unique effects of different

micelle components on membrane properties, shedding light on the molec-
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ular mechanisms underlying drug delivery processes. Understanding how

drugs interact with micelles is crucial for optimizing drug delivery systems.

In the subsequent chapter, the complex interplay between drugs and
lipid-based micelles was investigated, revealing distinct preferences of
Camptothecin (CAMPT) and Doxorubicin (DOX) within micellar environ-
ments. Disparities between PP-micelle and PL-micelle systems underscore
the significance of lipid composition in dictating micellar stability and
dynamics. Detailed analyses of micelle composition, internal structure, and
hydration behaviors provide insights for optimizing drug delivery systems.
Further investigations in subsequent chapters focus on drug orientation, lo-
calization, and hydration behavior within Solid Lipid Nanoparticles (SLN)
and Liquid Lipid Nanoparticles (LLN) systems. Results highlight dif-
ferences between SLN and LLN in drug encapsulation and distribution,

offering implications for nanoparticle design and drug delivery efficacy.

In conclusion, the comprehensive exploration of lipid-based drug de-
livery systems through atomistic molecular dynamics simulations offers
valuable insights into their behavior and interactions. Emphasizing the influ-
ence of lipid composition on micellar stability and dynamics, this research
provides a foundation for the design of lipid-based drug delivery vehicles.
Furthermore, the importance of tailoring drug-micelle interactions to spe-
cific drug properties is highlighted, with implications for the advancement

of drug delivery systems, particularly in the realm of cancer therapy.
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Chapter 1

Introduction

1.1 Lipids

Lipids, in broad terms, can be classified as hydrophobic or amphiphilic
small molecules. The amphiphilic nature of certain lipids grants them the
ability to organize into structures such as vesicles, liposomes, or membranes
when placed in an aqueous environment. This characteristic reflects the dual
affinity of amphiphilic lipids, possessing both hydrophobic and hydrophilic
properties, enabling them to arrange in specific configurations that are vital
for various biological functions. Lipids encompass a wide range of organic
compounds, including fats, waxes, sterols, fat-soluble vitamins (A, D, E, K),
monoglycerides, diglycerides, phospholipids, etc. They play crucial roles in
storing energy, signaling, and as structural components in cell membranes
and they have applications in the cosmetic and food industries, as well as in
nanotechnology.[3-6]

The lipid bilayer, a fundamental structural component of cells, serves as
a functional barrier that provides subcellullar compartments and separates
the cell from its external environment. Lipids extend beyond their structural

role in membranes; they serve as energy sources, signaling molecules, plat-
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forms for protein recruitment, and substrates for post-translational protein-
lipid modifications.[7-9] For instance, the signalling lipids have diverse

structures so that it can mediate specific ligand-receptor interactions.[10]

The lipid composition also plays a crucial role in facilitating membrane
deformation through spontaneous curvature, which refers to the preferred
curvature of a membrane or interface based on the intrinsic properties of
its constituent molecules. This tendency i1s determined by the molecular
shape and the balance between the sizes of the hydrophobic and hydrophilic
regions. Positive spontaneous curvature leads to structures like spherical
micelles, which minimize the exposure of hydrophobic tails to water by
clustering them together inside a spherical formation. Zero spontaneous
curvature leads to flat bilayers and negative spontaneous curvature can lead
to inverse structures, such as inverted micelles.[11, 12] Lipids containing
long and saturated fatty acids, such as sphingolipids, contribute to thicker
and less fluid membranes. This effect is because of the tight packing of
their hydrophobic tails and the resulting stronger lipid—lipid interactions.
In contrast, unsaturated lipids have the opposite impact due to kinks in
their acyl chains, which prevent tight packing amongst these chains and
lead to increased membrane fluidity. In artificial lipid membranes, the
interplay of saturated lipids, unsaturated lipids, and cholesterol is dynamic
and influenced by their ratio. This dynamic interplay results in the formation
of distinct regions characterized by high lipid packing, known as liquid-
ordered domains, and regions with less lipid packing, referred to as liquid-
disordered domains. [13-16]

1.1.1 Phospholipids

Phospholipids are the main components of the cellular membrane. A typical
phospholipid is composed of two hydrophrobic fatty acid tails, glycerol
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and a phosphate-linked head group thus it is renowned for the amphiphlilic
structures (in Figure 1.1). Due to their ability to self-assemble into other
structures (e.g. lysosomes and micelles), they are also commonly used in
drug delivery vehicles at various concentrations. Phospholipids are also very
important components of the structure for the lipid nanoparticles(LNPs)
and also help the process of endosomal escape.[17] Self-assembled phos-
phopilids in an aqueous milieu are able to produce various supermolecular
structures. Small changes in the length of lipid tail can noticeably alter
not only the concentration that lipids self-assemble in solution but also the
nature of aggregation. Lipid nanoparticles were used along with mRNA
strands encoding the SARS-CoV-2 Spike glycoprotein in the COVID-19
mRNA vaccines.[18] In recent years, phospholipid-based DDS have been
found to be effective in delivering a variety of drugs, such as Silybin
Phytosomem[19], Doxorubicin etc.[20] One type of phosphpilid that has
attracted great interest is phosphatidylcholine (PC). Just like many other
lipids, it can be modified to self-assemble into micelles or other nanopar-
ticles for specific uses, which have excellent biocompatibility and an am-
phiphilic characteristic for transporting both hydrophilic and hydrophobic
agents.

O Phosphate ester

0
I

J

Fig. 1.1 Phospholipids structure: the fatty acid esters highlighted in yellow.
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Phospholipids are classified based on their head groups, giving rise to
subclasses like phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), and phosphatidylinositol (PI). Phospholipids are
crucial for forming lipid bilayers, providing structural integrity to biological
membranes and influencing their fluidity. The lipid bilayer acts as a selective
barrier, regulating the passage of substances into and out of cells based
on the hydrophobic or hydrophilic nature of the molecules.[21-23] It also
participates in intracellular signaling, serving as platforms for signaling
proteins and activating pathways that control cell division, growth, and
calcium signaling.[24] Additionally the fatty acid tails of phospholipids
can be enzymatically cleaved for energy production through -oxidation
and certain phospholipids serve as precursors for bioactive lipid mediators
involved in inflammation, immunological responses, and blood coagulation.
The saturated and unsaturated fatty acids’ structures in Figure 1.2 display

different properties as stated previously.[25]
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Fig. 1.2 The lipid structure - Saturated (a) and Unsaturated fatty acids (b). Adapted with
permission from ref.[26]
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1.1.2 Triglycerides

Triglycerides are a type of lipid, which are the most common form of fat
in the human body and in food. It is normally composed of three fatty
acid molecules covalently bonded to a glycerol molecule. The fatty acids
can be different types, including saturated or unsaturated.[27, 28] Glycerol
is a three-carbon alcohol that serves as the backbone of triglyerides and
each carbon in the glycerol molecule forms an ester bond with a fatty acid.
Through a process called esterification, triglycerides can be formed, where
the hydroxyl (OH) groups of glycerol react with the carboxyl groups of
fatty acids. This reaction release three water molecules and forms ester
bonds between glycerol and the fatty acids. [29]

/\/\/\/\/\/\/\/\)J\OH Stearic Acid

\/\/\/=\/\/\/\)J\OH Palmitoleic Acid
\/\/\W/\/‘\)J\OH Oleic Acid

ottt o~~~ R
OH a-Linolenic Acid

Fig. 1.3 Illustrations of some examples for the saturated and unsaturated triglycerides.

The saturated acids have no double bonds between carbon atoms in
the fatty acid chain so they are typically solid at room temperature and
commonly found in animals fats, such as stearic acid shown in Figure 1.3.
In contrast, the unsaturated triglycerides have one or more double bonds
between carbon atoms in the fatty acid chain (palmitoleic acid in Figure

1.3. Depending on the number of double bonds, they are classified as
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monounsaturated or polyunsaturated, such as oleic acid and o-linolenic
acid respectively in Figure 1.3. Unsaturated fats are usually liquid at room

temperature and are commonly found in plant oils. [30-32]

Self-assembled Structures

As phospholipids are amphiphilic molecules, meaning they have both hy-
drohilic (water-loving) and hydrophobic (water-repelling) regions, sponta-
neously organize into various structures, driven by the interactions between

their different components (in Figure 1.4).

AR N
it =

Hydrophilic Bilayer Micelle
/ Head
g.g
W,
Hydrophobic

Tail

Reverse Micelle Liposome

Fig. 1.4 The self-organization of phospholipids results in the formation of distinct structures
with unique properties and functions. These structures are liposomes, micelles, reverse
micelle and lipid bilayers.

The most crucial self-organization of phospholipids occurs in cell mem-
branes. Cell membranes are primarily composed of a lipid bilayer, where
phospholipids arrange themselves into two layers with hydrophilic heads

facing outward and hydrophobic tails facing inward, shown in Figure 1.4.
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This lipid bilayer provides a selective barrier, controlling the passage of

1ons and molecules into and out of the cell. [33, 34, §]

In an aqueous solution, phospholipids can organize themselves into mi-
celles. Micelles are spherical structures where the hydrophilic heads of
phospholipids face outward, interacting with water, while the hydropho-
bic tails are tucked in the core, shielded from the surrounding aqueous
environment. This formation is driven by the hydrophobic effect, which
is a fundamental driving force for the self-assembly of molecules in aque-
ous environments. This effect arises from the tendency of hydrophobic
(water-repelling) molecules to minimize their contact with water. When
hydrophobic molecules aggregate, they reduce the overall free energy of the
system by decreasing the entropy loss associated with the structured water
molecules that surround them.[35-37] Micelles are used in drug delivery to
solubilize hydrophobic drugs in their core. The hydrophilic shell helps in
stabilizing the micelle and improving its circulation time in the bloodstream.
In contrast, a reverse micelle forms in a nonpolar or less polar polar solvent,
which the hydrophilic heads face inwards, creating a water core surrounded
by the hydrophobic tails.[38—40]

Liposomes are another common self-organized structure formed by
phospholipids (Figure 1.4). They are essentially a lipid bilayer assembled
into a spherical nanoparticle. Similar to micelles, the hydrophilic heads of
phospholipids are oriented toward the aqueous environment, both on the
inner and outer leaflet of the bilayer which makes up the vesicle, while the
hydrophobic tails are sandwiched between the lipid layers. Additionally,
liposomes are versatile drug delivery vehicles, which they can encapsulate
both hydrophobic drugs within the lipid bilayer and hydrophilic drugs in the
aqueous core. They can be used to improve drug targeting, reduce toxicity,

and enhance the stability of certain drugs.[41-43]



8 Introduction

The critical micelle concentration (CMC) is a crucial parameter in the
self-organization of phospholipids.[44] It represents the concentration at
which micelles start to form in a solution. Below the CMC, phospholipids
exist as individual molecules, but above this concentration, they aggregate
to form micelles or other self-organized structures. Eccentially, the self-
organization of phospholipids into liposomes, micelles, and lipid bilayers
highlights their ability to spontaneously form diverse structures with specific
functionalities. These structures play critical roles in biological systems,

technological applications, and pharmaceutical advancements.

1.2 Drug Delivery Systems

Effective drug delivery is primary for ensuring optimal therapeutic out-
comes. However, achieving efficient oral exposure poses significant chal-
lenges, especially in terms of drug absorption across the gastrointestinal
tract (GIT). Various factors contribute to the success of drug absorption, in-
cluding stability and solubility in gastrointestinal fluids, adequate intestinal
permeability, and resistance to metabolism within both the enterocyte and
the liver. In recent years, there has been a notable surge in the development
of new chemical entities (NCE) where low aqueous solubility emerges as
a significant obstacle to absorption. Addressing these challenges requires
innovative drug delivery systems that can enhance drug bioavailability and
therapeutic efficacy.[45-47]

Drug delivery systems (DDS) are designed to enhance the therapeutic ef-
ficacy of drugs by improving their pharmacokinetic and pharmacodynamic
properties.[48] Traditional DDS face challenges related to unpredictable

mechanisms of absorption, distribution, metabolism, and excretion within
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the body, leading to suboptimal drug levels at the intended site or negative
impacts on healthy tissues.

To address these limitations, various DDS have been developed to control
drug release and bioavaibility, ensuring targeted drug delivery to specific
cells or tissues. Oral DDS like enteric-coated tablets[49] or sustained-
release formulations[50] are some examples that designed to deliver drugs
optimally in the GIT. Nanotechnology-based DDSs, utilizing nanoparticles,
liposomes, dentrimers, and other nanoscale materials, have gained attention.
These systems encapsulate drugs, improving solubility and protecting them
from degradation or elimination by the body. Additionally, nanotechnology
enables targeted drug delivery to specific cells or tissues, such as cancer
cells, by leveraging unique features of the tumor micro-environment or cell

surface receptors.[51-53]

Advanced DDSs aim to precisely deliver drugs to the intended target
while minimizing adverse effects. The continuous evolution of technologies
and approaches in this field is expected to play a crucial role in enhancing
the efficacy safety, and convenience of drug therapies in modern medicine.
Although there has been extensive exploration of both polymeric and lipid-
based nanoparticles for delivering drugs, the works that are presented in

this thesis will specifically delve into lipid-based nanocarriers.

1.2.1 Nanocarriers Explored for Drug Delivery

Nanomedicine represents a rapidly advancing field with profound implica-
tions for cancer diagnosis and treatment. Nanoparticles, characterized by
their small diameter size (typically 1-100 nm) and large surface area relative
to volume, possess distinctive biological attributes. This unique combina-

tion enables them to efficiently bind, absorb, and transport anticancer agents,
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including drugs, DNA, RNA, and proteins, as well as imaging agents. In
chemotherapy, nanocarriers fall into two primary categories based on their
intended mode of drug delivery: targeted and non-targeted. These vehicles
utilize organic molecules as a major building block and inorganic elements
(often metals) as their core materials. Organic nanocarriers are found in
variety of structures such as liposomes, lipids, dendrimers, carbon nan-
otubes, synthetic polymers and emulsions.[54, 55] The advantages of these

nanocarrier formulations are summarised in Figure .1.5 show.

Formulation Protection
of poorly water soluble of incorporated agents
active agents from degradation
Elimination Targeting
from the body intact to a specific organ,
or biodegraded form i i tissue and cell type
Multimodality Controlled Release
for muitimodal diagnostics of incorporated active
and therapeutics agents

Fig. 1.5 Advantages of nanocarrier formulations in medicine field

Lipid nanoparticles (LNPs) have revolutionized drug delivery systems
through their applications in delivering siRNA to the liver ( in the case
of Onpattro[56] ), and being integral components in the development of
mRNA vaccines by Pfizer-BioNTech and Moderna for COVID-19.[57, 58]

1.2.2 Lipid Nanoparticles (LNPs)

Nanostructed lipid carriers are composed of a blend of solid and liquid
lipids, typically in ratios ranging from 70:30 or 99.9:0.1.[59] By mixing

solid and liquid lipids in different ratios, the combination allows for the
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creation of a less order (liquid) lipid nanoparticles (LLN), providing more
space for the active components. Lipid-based nanoparticles, including lipo-
somes, solid lipid nanoparticles (SLN), and nanostructured lipid carriers
(NLC), have garnered significant attention in drug discovery and cancer
treatment. These lipid nanosystems can incorporate chemical modifica-
tion to avoid immune detection (utilizing substances like gangliosides or
polyethylene glycol (PEG)) and enhencing drug solubility. Furthermore,
lipid-based nanoparticles can be synergistically employed with other thera-
peutic strategies to enhance patient responses. Numerous antitumor agents,
including cisplatin, irinotecan (IRI), paclitaxel (PTX), doxorubicin (DOX),
oxaliplatin, daunorubicin, cytarabine, or vincristine, have been investigated
in nanoformulations. Some of these formulations have undergone analy-
sis in clinical trials and/or are commercially available for clinical use in
patients.[60, 61]

General Composition and Structure of LNPs

The origin of lipid nanoprticles (LNPs) can be traced back to the 1990s,
with significant contributions from Cullins group, who pioneered research
on pH-sensitive LNPs.[62] LNPs are constructed with an outer layer com-
prising a mixture of functional and helper lipids. Functional lipids are
primarily represented by an ionizable cationic lipid, while helper lipids
encompass substances, like distearoyl phosphatidylcholine (DSPC), di-
oleoyl phosphatidylcholine (DOPC), dioleoyl phosphatidylethanolamine
(DOPE), stearoyl oleoyl phosphocholine (SOPC), polyethylene glycol-lipid
(PEG-lipid), and cholesterol.[63, 64] Figure.1.6 shows that a typical lipid
nanoparticles structure allows modular encapsulation of both small and
large mass drugs. It is often designed to encapsulate various types of

cargoes for drug delivery.
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Types of cargo that can be loaded into LNPs
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Fig. 1.6 The general structure and composition of LNPs (Lipid Nanoparticles) with various
lipid components. Reproduced with permission from ref. [65]

These lipidic components play a crucial role in maintaining the structural
integrity of LNPs, thereby their enhancing their stability and ensuring
the effective intracellular delivery of the payload. PEG-lipid components
like polyethylene glycol-dimyristoyl glycerol (PEG-DMG), polyethylene
glycol-distearoyl phosphoethanolamine (PEG-DSPE), polyethylene glycol-
distearoylglycerol (PEG-DSG), PEG-cholesterol, PEG-chondroitin sulfate,
and others provide steric stability to LNPs by limiting particle aggregation,
maintaining low particle diameters, and promoting the long-term colloidal
stability of LNPs.[66, 67]

LNPs as Drug Delivery Vehicles

While the scaling up of formations remains a challenge in the clinical trans-
lation of many nanotherapeutics, LNPs stand out as they have successfully
overcome this hurdle. Unlike most nanoparticles, LNPs have undergone
scale-up with predictable colloidal attributes and demonstrated in viva ef-
ficacy, enhancing their clinical translatability.[68] Thus, this subsection
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provides the most significant advances made in recent years about the used

of LNPs in the treatment of the most common types of cancer.

A number of anticancer drugs have been encapsulated in solid lipid
nanoparticles (SLNs) and investigated in both in vitro and in vivo studies
since the 1990s. These drug classes include anthracyclines, taxanes, camp-
tothecins, etoposide, fluorodeoxyuridine, and retinoic acid.[69—72] Animal
experiments have demonstrated that SLNs can increase the area under the
curve (AUC) of encapsulated drugs by 3- to 20-fold, along with a signifi-
cant extension of the half-life of the encapsulated agent compared to the
corresponding free drug. The AUC provides valuable information about the
overall exposure of the body to a drug, taking into account both the extent
(how much) and the duration (how long) the drug remains in the blood-
stream. A larger AUC generally indicates greater drug exposure.[73, 74]
Additionally, the stealth form of SLNs, achieved through PEGylation, fur-
ther enhances the AUC and the half-life of encapsulated drugs more than
non-stealth SLNs. Previous investigations on the cytotoxicity of cholesteryl
butyrate, doxorubicin (DOX), and paclitaxel (PTX) encapsulated SLNs

were conducted in the human colorectal HT-28 cancer cell line.[72]

Nanostructured lipid carriers (NLPs) is a second generation of lipid-
based nanoparticles, building upon the foundation of SLPs. NLCs are
developed from SLPs to address their limitations by combining solid and
liquid lipids, such as glyceryl tricaprylate, ethy oleate, isopropyl myristate,
and glyceryl dioleate. This combination provides flexibility in formation
and improve the stability of encapsulated drugs. Thus, NLCs aim to enhance
drug loading capacity and prevent drug expulsion during storage, which
can occur due to lipid crystallization in SLNs. The mean particle size is
comparable to SLPs, typically ranging from 10 to 1000 nm. The particle size
can vary depending on the lipid composition and the manufacturing process
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utilized. Despite their advantages, NLCs may still face challenges such as
drug expulsion after polymorphic transitions of lipids during storage and

relatively lower drug loading capacity compared to other nanocarriers.[75]

There are several notable contributions in the field of nanoparticle-based
drug delivery systems, particularly the application of NLCs. Fluvastatin,
when combined with lipoic acid and ellagic acid in an NLC formulation,
demonstrates potential for prostate cancer therapy.[76] The combination
shows enhanced efficacy in inducing cell death compared to free drugs, sug-
gesting promising prospects for cancer treatment. Artesunate nanoparticles,
modified with hyaluronic acid and cell-penetrating peptides, demonstrated
efficient targeting and penetration of tThe properties of polymeric micelles,
including their ability to load drugs and their fate in vivo, are influenced
by the design of the amphiphilic block copolymers. Ideally, polymeric
micelles should efficiently load, protect, deliver, and release the entrapped
cargo at the targeted site with favorable pharmacokinetic characteristics.
Amphiphilic polymers can be structured in various ways, such as having ran-
domly combined monomer units with different hydrophobicities represented
by two conjugated blocks (A-B type copolymers) or alternating blocks with
different hydrophobicities (A-B-A type copolymers). Alternatively, the
hydrophilic backbone chain of a polymer can be grafted with hydrophobic
blocks (graft copolymers)umor cell membranes. This targeted delivery
system showed promising results against cancer HepG?2 cells, indicating
its potential in cancer therapy with enhanced efficacy and specificity.[77]
NLCs loaded with orcinol-glycoside and coated with polyethylene glycol
(PEG) exhibited anticancer activity against gastrointestinal cancer cell lines
and hepatoma.[78] This nanoformulation shows promise for oral delivery,
suggesting its potential as an effective and convenient treatment option for

certain types of cancer.[79]
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Recently, a diverse range of liposomally encapsulated anticancer drugs
has obtained clinical approval and is commercially available, with numerous
other formulations under investigation across various stages of clinical trials
or awaiting approval. Advancements in liposomal design have given rise to
the next generation of lipid-based nanoparticles, such as lipid micelles, solid
lipid nanoparticles, nanostructured lipid carriers, and lipid-polymer hybrid
nanoparticles. These innovations are believed to address current limitations
observed in liposome technology. Nevertheless, further research is needed
to optimize their capabilities as drug delivery systems. Alongside other
forms of targeted drug delivery systems, liposomes and lipid-based nanopar-
ticles are poised to enhance the efficacy and safety profile of anticancer

agents, thereby influencing the outcomes for cancer patients.[80]

1.2.3 Micelles as a Drug Carrier

Micelles are effective drug delivery vehicles, characterized by their spher-
ical colloidal nanostructures formed through the self-assembly of am-
phiphilic molecules in an aqueous environment. Micelles belong to a
class of amphiphilic colloids that spontaneously form at specific concen-
trations (CMC) and temperatures. The hydrophobic core functions as
reservoir for hydrophobic drugs, while the hydrophilic shell stabilizes the
core and enhances the water solubility of both the polymer and hydropho-
bic drugs, making them suitable for intravenous administration. Drugs
are incorporated into micelles through chemical, physical and electrostatic
interactions.[81, 82]

Lipid-core micelles are another category of lipid-based nanoparticles that
can be produced from phospholipids. The lipid-core micelles was initially
observed when mixtures of polyethylene glycol-phosphatidylethanolamine
conjugate (PEG-PE) reached a critical concentration, resulting in the for-
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mation of micelles rather than PEGylated liposomes. Recognizing the
potential of PEG-PE micelles as a lipid-based nanoparticle drug delivery
system followed shortly thereafter. PEG-PE not only extends the circula-
tion time of micelles but also contributes to their stability when used as the
hydrophobic block of copolymers, rendering these micelles highly stable.
This enhanced stability arises from the hydrophobic interaction between
the double acyl chains of phospholipids, enabling the solubilization of
hydrophobic drugs.[83, 84]

For instance, Genexol-PM (PEG-poly (D, L-lactide)-paclitaxel) rep-
resents the first polymeric micelle formation of paclitaxel, offering a
Cremophor-free option that can be administered without adverse reactions,
with a favorable toxicity profile observed in patients with advanced re-
fractory malignancies.[85] Multifunctional star-shaped polymeric micelles,
based on four-arm disculfide-linked poly (€- caprolactone)-poly (ethylene
glycol) emphiphilic copolymers coupled with folate ligands, exhibit high
stability and sustained release, with the potential for prompt release in
acidic environments.[86] (shows in Fig.1.7 ) The drug doxorubicin is encap-
sulated into cationic 1,2-dioleoyl-3-trimethylammonium propane/methoxy
poly (ethylene glycol) (DPP) nanoparticles to form micelles for intravesical
drug delivery, demonstrating anticancer efficacy against bladder cancer.
[87] Additionally, cholesterol-modified mPEG-PLA micelles (mPEG-PLA-
Ch) show high encapsulation efficiency and significantly reduce tumor size

compared to the pure drug (curcumin).[88]

Phenylboronic acid (PBA) can selectively recognize sialic acid (SA),
thereby targeting sialylated epitopes over expressed on cancer cells. Mi-
celles incorporating oxaliplatin exhibit enhanced tumor-targeting abilities
through specific interactions with SA, offering a promising strategy for

improving chemotherapy efficacy. Furthermore, lipid- and polyion complex-
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Fig. 1.7 Schematic illustration of DOX-loaded star-shaped micelles functionalized with folate
and responsive to intracellular redox conditions. Reproduced with premission from ref. [86]

based micelles have been explored for the rapid generation of multivalent
agonists targeting tumor necrosis factor receptors, showing promising ther-
apeutic efficacy.[89, 90]

When utilized as carriers for drugs in water-based solutions, micelles
have the capability to encapsulate poorly soluble non-polar pharmaceu-
ticals within their core. Polar molecules can adhere to the surface of
micelles, while substances with intermediate polarity are distributed along
the surfactant molecules at intermediate positions. The micelle’s corona
provides effective steric protection for the core and influences the micelle’s
hydrophilicity and charge, which depend on factors such as the length
and surface density of its hydrophilic blocks and the presence of reactive
groups suitable for further modification, such as the attachment of targeting
moieties.[91-93]
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The properties of polymeric micelles, including their ability to load
drugs and their fate in vivo, are influenced by the design of the amphiphilic
block copolymers. Ideally, polymeric micelles should efficiently load,
protect, deliver, and release the entrapped cargo at the targeted site with
favorable pharmacokinetic characteristics. Amphiphilic polymers can be
structured in various ways, such as having randomly combined monomer
units with different hydrophobicities represented by two conjugated blocks
(A-B type copolymers) or alternating blocks with different hydrophobicities
(A-B-A type copolymers). Alternatively, the hydrophilic backbone chain of
a polymer can be grafted with hydrophobic blocks (graft copolymers).[94—
96]

The hydrophilic shell of polymeric micelles, responsible for stabilization
and interaction with plasma proteins and cell membranes, typically com-
prises poly(ethylene glycol) (PEG) blocks with molecular weights ranging
from 1 to 15 kDa. Other polymers like poly(N-isopropylacrylamide) and
poly(alkylacrylic acid) impart temperature or pH-sensitivity to the micelles.
The hydrophobic core usually consists of biodegradable polymers such as
poly(B-benzyl-L-aspartate), poly(DL-lactide), or poly(e-caprolactone), or
non-biodegradable polymers like polystyrene or poly(methyl methacrylate).
Phospholipid residues or chitosan-grafted with hydrophobic groups are
utilized as core-forming compounds in some cases.[97-99, 83, 100] Using
simple model systems involving peptides solubilized in micelles and single-
component membranes, they provided insights into the interactions and
structures of the Neu and Neu™ TM domains and their disruptive mutants,
shedding light on previous findings obtained in E. coli membranes. And
analysis of the peptides’ behavior in model membranes indicated that they
are shielded from solvent exchange, likely due to interactions with the lipid
headgroups. The mutants exhibited altered secondary structures and tilt

angles, indicating changes in their interactions with the lipid bilayer.[101]
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1.2.4 Self-assembly as a Drug Carrier

Self-assembly serves as a promising strategy for drug delivery, wherein
molecules organize themselves into ordered structures spontaneously driven
by free energy. This process offers a straightforward approach to con-
structing nanoscale bioactive materials, making it highly attractive for
various biomedical applications, including tissue engineering, regenerative
medicine, and drug delivery. One of the key advantages of self-assemblies
lies in their tunable structural features, which can be adjusted through molec-
ular chemistry and environmental conditions such as pH, ionic strength,

solvents, and temperature.[102]

In the context of cancer therapy, self-assembly can be utilized to design
drug carriers that inhibit tumor recurrence. For instance, the self-assembly
of the photosensitizer chlorine €6 (Ce6) and the chemotherapeutic agent
doxorubicin is achieved through electrostatic, # — 7 stacking, and hy-
drophobic interactions. When administered intravenously, both free Ce6
and nanoparticles (NPs) are distributed throughout the body. However,
self-assembly drugs exhibit exclusive accumulation at the tumor site. Ex
vivo imaging of excised tumors further confirms higher drug accumula-
tion in tumors with NPs compared to free Ce6 solution, highlighting the
effectiveness of self-assembly-based drug delivery systems in targeting
tumors.[103]

1.2.5 Molecular Dynamics Simulations in Drug delivery

Lipid-based nanocarriers, particularly solid lipid nanoparticles (SLNs),
and micelles have gained significant attention in the field of drug deliv-
ery. SLNs offer advantages such as efficient encapsulation and controlled

release of pharmaceuticals and lipophilic compounds. These carriers are



20 Introduction

known for their ability to protect chemically unstable compounds from
degradation, contributing to enhanced stability. It’s important to acknowl-
edge the reported disadvantages associated with SLNs. The highly ordered
recrystallization of the lipid matrix after cooling can pose challenges. This
phenomenon may lead to lower encapsulation efficiency, poor controlled
release, and physical instability of the nanoparticles. These issues can
impact the overall effectiveness of SLNs as drug delivery systems.

Understanding the internal structure of these lipid-based carriers is cru-
cial for optimizing their performance in drug delivery. The homogeneous
distribution, heterogeneous structure with lipid bilayers, and core—shell
structures, reflect the complexity of lipid-based nanocarriers and the need
for detailed characterization. Through molecular dynamics simulations, the
evolution of nanoparticle formation can be detailed and displayed (like the
Figure 1.8 shows) In the work by Chaban and Khandelia [104], MD simula-
tions offer a valuable tool to explore the internal structure of nanostructured
drug carriers at the molecular level. In their study using coarse-grained
molecular dynamics within the MARTINI framework, they focused on
lipid droplets composed of triolein and cholesteryl oleate. The presence
of a phospholipid monolayer formed by a mixture of POPC and POPE
phospholipid molecules adds an additional layer of complexity. The simula-
tion results provided insights into the molecular structure of lipid droplets,
indicating that cholesteryl oleate molecules tend to be located within the
hydrophobic core of the droplets, with limited penetration into the mono-
layer. This suggests the retention of a single phase between triolein and
cholesteryl oleate, forming the hydrophobic core of the lipid droplets.[104]
The findings from the study by Chaban and Khandelia (2014) provide
valuable insights into the formation and internal structure of lipid droplets
in systems comprising triolein, cholesterol, POPC, and POPE in a water

medium. These insights contribute to the broader knowledge base on lipid-
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based nanocarriers, aiding in the rational design and optimization of such

systems for drug delivery applications.[105]

-
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Fig. 1.8 Snapshots from MD simulation systems showing the evolution of self-assembly
mixed micelles. Reproduced with permission from ref. [106]

Understanding the interactions between micelles, membranes, and drugs
is fundamental to improving drug delivery systems. The interaction of
membrane with their surrounding environments is significantly influenced
by the type of micelles or lipid bilayers present. Studies have shown that
detergents such as dodecylmaltoside (DDM) closely mimic lipid bilayers in
their interactions with proteins, whereas short-tailed detergents like dihex-
anoylphosphatidylcholine (DHPC) can form non-physiological interactions
with protein termini. This suggests that selecting appropriate detergents
for experimental studies is crucial for maintaining protein integrity and
functionality.[107] MD simulations of Dodecylphosphocholine (DPC) mi-
celles have provided detailed insights into their structural and dynamic
properties. DPC micelles are found to be slightly prolate in shape with
limited water penetration into the micelle interior. The interaction of water
is mainly with the head groups, and the micelle’s dynamic behavior aligns
well with experimental NMR data. These findings highlight the importance
of head group interactions in defining micelle behavior.[108] Simulations
involving Poly-g-caprolactone (PCL) and Methoxy-polyethylene glycol
(MePEG) block copolymers interacting with lipid bilayers reveal significant
morphological changes in the micelles. The hydrophilic-to-hydrophobic
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ratio plays a critical role in these interactions, demonstrating phenomena
such as the ’snorkeling effect,” where hydrophilic segments penetrate into

the bilayer while hydrophobic segments remain in the micelle core.[109]

Polymer micelles have been shown to enhance the solubilization of
lipophilic, poorly water-soluble drugs. MD simulations combined with
experimental validations suggest that calculating Flory-Huggins interaction
parameters can predict drug incorporation efficiency into polymer micelles.
This theoretical approach aids in optimizing drug delivery formulations,
reducing the reliance on extensive experimental trials.[110] Coarse-grained
MD simulations have explored the self-assembly of paclitaxel-loaded poly-
meric micelles, focusing on the effects of drug-polymer ratio and process
parameters. The simulations reveal that increasing the drug content can
lead to a transition from spherical to ellipsoidal micelle shapes, with larger
micelles demonstrating improved structural stability and reduced solvent
accessibility. These insights can inform the design of more stable drug de-
livery vehicles.[111] Investigations into smart nano-drug delivery systems
using modified PNIPAAm-b-PEG block copolymers have shown promising
results for curcumin encapsulation. The MD simulations predict favorable
encapsulation processes, increased drug solubility, and polymer phase tran-
sitions that align well with experimental data. This suggests that smart
polymers can significantly enhance the therapeutic efficacy of hydrophobic
drugs.[112] Detailed studies of drug-micelle interactions, such as those in-
volving dodecyl--D-maltoside (DDM) micelles, show that micelle hydration
1s limited but dynamically influenced by the acyl chains’ flexibility. This
dynamic interaction between the micelle’s core and the solvated outer shell
provides a nuanced understanding of micelle hydration and stability.[113]
MD simulations investigating drug delivery mechanisms, such as the inter-
action of bile micelles with lipid membranes, have proposed models like

the shuttle and elevator hypotheses. These models explain how micelles



1.3 Lipid Digestion on Drug Delivery 23

facilitate drug incorporation into cellular membranes, providing a molec-
ular basis for observed drug absorption patterns. The simulations reveal
that amorphous drug aggregates solubilize more quickly than crystalline
nanostructures, enhancing drug absorption efficiency.[114—118]

These simulation studies contribute valuable information about the be-
havior of lipid-based carriers at the molecular level, aiding in the understand-
ing of their internal structure and interactions. Integrating experimental
observations with molecular dynamics simulations enhances our ability to
design and engineer lipid-based nanocarriers with specific properties for

drug delivery applications.

1.3 Lipid Digestion on Drug Delivery

The role of enzymes in controlling structural changes in biomaterials, par-
ticularly lipids, within the body, is crucial. Lipids serve various functions,
including providing energy and acting as carriers for lipophilic nutrients
and drugs. Enzymes, such as lipases and phospholipases, play a crucial
role in transforming dietary lipid species into absorbable components. In
oral drug delivery, lipases are responsible for cleaving fatty acid moieties
from triglycerides, the primary lipid consumed in the diet. Triglycerides
are essential for transporting lipophilic nutrients through the blood and
lymphatic systems. However, due to their poor solubility in aqueous en-
vironments, triglycerides are broken down by lipases in the gut into more
polar 2-monoglycerides and fatty acids. These absorbed components are
then reassembled into triglycerides by intracellular enzymes for transport
throughout the body. Phospholipases disassemble specific parts of phos-
pholipid molecules, primarily removing one fatty acid residue to produce

lysophospholipids with different surfactant properties. Similar to triacyl-
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glycerol lipases, the cleavage of fatty acids from phospholipids enables the
absorption of phospholipid components for reuse by the body.[119, 120]

Although the biochemical process of lipid digestion is well understood,
the physical-chemical and structural aspects of lipid fate are less well-
known. During lipid digestion, the production of polar amphiphilic lipids
at lipid-aqueous interfaces of fat droplets impacts lipid self-assembly in the
gut. The critical packing parameter concept predicts structural transitions
based on the polar lipid compositions. These transitions involve changes
in the curvature of lipid-aqueous interfaces, progressing from lamellar
and vesicular structures to inverse bicontinuous cubic phases and inverse

micellar phases with increasing critical packing parameter values.

1.3.1 Lipid composition during digestion

Lipids serve various functions, including providing energy and acting as
carriers for lipophilic nutrients and drugs. Enzymes, such as lipases and
phospholipases, play a crucial role in transforming dietary lipid species into
absorbable components. [121] During lipid digestion, the production of
polar amphiphilic lipids at lipid-aqueous interfaces of fat droplets impacts
lipid self-assembly in the gut. The critical packing parameter concept
predicts structural transitions based on the polar lipid compositions. These
transitions involve changes in the curvature of lipid-aqueous interfaces,
progressing from lamellar and vesicular structures to inverse bicontinuous
cubic phases and inverse micellar phases with increasing critical packing

parameter values.[122]
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1.3.2 Effect on Drugs by Lipid Digestion

The process of lipid digestion plays a crucial role in drug, delivery by facil-
itating the dissolution and transportation of lipophilic compounds through
the GIT, thereby enabling the absorption of otherwise insoluble substances.
Synchrotron sources offer high flux and large area detectors, allowing for
the rapid measurement of X-ray diffraction patterns from very low con-
centrations of crystalline material dispersed in a formulation.[123] This
capability enables the study of dissolution, amorphization, precipitation,
and polymorphic transformation of drugs in dilute suspension on timescales

relevant to digestion processes.

In some cases, the drug may exhibit higher solubility in the undigested
formulation lipids compared to the digestion products. This can lead to drug
precipitation during digestion, as evidenced by characteristic diffraction
peaks growing over time in powder X-ray diffraction (XRD) measurements.
The precipitation occurs rapidly, making it challenging to obtain kinetic
information using traditional analytical methods. Such behavior often
indicates poor performance of the formulation in vivo, as the presence
of precipitated crystalline drug is typically associated with reduced oral

bioavailability.

Alternatively, the antimalarial drug artefenomel (OZ439), when paired
with ferroquine, shows promise as a single-dose cure for malaria.[124] Arte-
fenomel, being amphiphilic, forms micelles and other aggregate structures
in aqueous solution. However, its precipitation risk upon exposure to gas-
trointestinal environments necessitates careful formulation. Time-resolved
X-ray scattering studies during digestion of milk and infant formula, po-
tential lipid-based formulations for low-income settings, have revealed

rapid formation of the poorly soluble hydrochloride salt or free base form
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of artefenomel. This transformation occurs concurrently with solubiliza-
tion, highlighting the intricate interplay between drug precipitation and

solubilization during lipid digestion.[125]

Lipid digestion serves not only to absorb lipids for energy and structural
purposes but also facilitates the absorption of lipophilic nutrients. Instead
of resisting digestion to maintain an unfavorable state, there’s potential in
leveraging lipid digestion to enable the absorption of otherwise insoluble
drugs. Studies have shown that administering the drug and lipid separately
can be as effective as combining them in a lipid-based formulation. Co-
administration offers opportunities, especially for drugs with poor solubility
in undigested lipids or stability issues in lipid formulations. Fatty acids
formed during digestion play a crucial role in solubilizing weakly basic
drugs by forming lipophilic ion pairs.[126] Various studies have demon-
strated the solubilization of solid crystalline drugs during lipid digestion
using pharmaceutical lipids, milk, and infant formula. These studies high-
light the evolving perspective on lipid-based formulations, the potential
benefits of leveraging lipid digestion, and the various factors influencing
drug solubilization during digestion.[127, 128]

1.4 Motivation

The development of nanoparticle formulations, particularly lipid-based
nanoformulations, holds immense potential in drug delivery applications
due to their biocompatibility and versatility. Lipid nanoparticles have gar-
nered increasing interest, especially with the success of lipid nanoparticles
(LNPs) in delivering COVID vaccines. Phosphatidylcholine (PC) lipids,
major constituents of cell membranes, exhibit self-assembling properties,

forming various nanostructures such as bilayers and micelles.[129]
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Understanding the dynamics of lipid-based nanoformulations is crucial
for optimizing drug delivery efficiency. Molecular dynamics (MD) simu-
lations offer a powerful tool to investigate the interactions of lipid-based
nanoformulations with model lipid membranes. By exploring the dynamics
of lipid micelles at various stages of digestion with model membranes,
our study aims to provide insights into the enhanced permeability of these
nanoformulations and their potential to improve drug delivery to cells. Our
findings highlight the unique effects of different micelle components on
membrane properties, shedding light on the molecular mechanisms under-
lying drug delivery processes. Understanding how these drugs interact with
micelles is crucial for optimizing drug delivery systems. Our research also
explores the influence of lipid composition on micellar dynamics and drug
localization within micelles.

1.4.1 Structure of Thesis

The structure of this thesis is as follows:

In Chapter 2, I provide a detailed description of the molecular dynamics
(MD) method utilized as the primary technique in our research. This chapter
outlines the theoretical framework and computational procedures employed
to simulate the dynamics of lipid micelles and drug interactions within

lipid-based nanoformulations.

Chapter 3 focuses on exploring the dynamics of lipid micelles at various
stages of digestion with model membranes. The aim is to provide insights
into the enhanced permeability of these micelles and their potential to
improve drug delivery to cells. Through a combination of MD simulations
and detailed analyses, we investigate the behavior of lipid micelles within

model membranes to understand their interactions and transport properties.



28 Introduction

In Chapter 4, delves into the behavior of different drugs, specifically
CAMPT and DOX, within lipid-based micelle environments. The objective
1s to understand how these drugs interact with micelles to optimize drug
delivery systems. Through comprehensive analyses of drug-micelle interac-
tions using MD simulations, aim to elucidate the mechanisms underlying

drug localization and release within lipid-based nanoformulations.

Chapter 5 serves as the conclusion of our research, summarizing the
key findings and insights gained from our investigations into lipid micelle
dynamics and drug interactions. The implications of our findings for the

field of drug delivery and propose avenues for future research are discussed

In Chapter 6, outlines potential directions for further research building
upon the findings presented in this thesis.



Chapter 2

Methods

2.1 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations are a powerful computational tech-
nique employed in the field of molecular modeling to study the dynamic
behavior of atoms and molecules. These simulations provide valuable in-
sights into the motions, interactions, and structural alterations of systems at
the atomic and molecular scales. The first MD simulation can trace its ori-
gins to the late 1950s, reported by Alder and Wainwright.[130] The method
has been applied to systems with hard spheres and particles who interact
via a square well potential of attraction. Notably, it successfully calculated
equilibrium properties, revealing the differences in the equation of state
between hard spheres and previous Monte Carlo results.[130, 131] Over
the past decades, researchers have developed and summarized a number of
techniques in order to improve MD simulations, and some of these have
become crucial foundations for the MD software packages of today, such
as time integration algorithms, neighbor list periodic boundary conditions
etc.[132—134]
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Ideally, the time-dependent Schrédinger equation is able to predict all
properties of all molecules with absolute precision ab initio. However,
it is necessary to introduce approximations when dealing with a larger
number of particles in larger systems.[135] In many biomolecular systems,
empirical models that are parameterized on experimental data or on data
from ab initio or semi-empirical quantum mechanical calculations, are
commonly chosen, such as classic Coulomb interactions between atomic
charges, instead of employing a quantum description of the electrons.[136]
These models perform better when it comes to observations over larger
time, such as microsecond.[137]

The macroscopic properties obtained through experimental measure-
ments do not constitute direct observations; instead, they are averages
derived from billions of molecules reflecting a statistical mechanics ensem-
ble. The two predominant methods for generating equilibrium ensembles
with statistical accuracy are molecular dynamics simulation and Monte
Carlo simulations. MD simulations have the advantages of reproducing the
kinetics associated with non-equilibrium properties, including processes
like diffusion or folding times.[138]

MD is a deterministic way to simulate the movement of all atoms and the
principle behind MD simulations is relatively simple. The required input
includes the positions, velocities and masses of all atoms. The simulation
is divided into sequential time steps, usually on the order of femtoseconds,
and the general workflow summary can be found in Figure 2.1 . In each
step, forces between each atoms are computed, and the results are integrated
to derive new positions and velocities. This process is iterated until the
simulation ends. Throughout all theses time steps, material properties can
be computed based on the atoms’ positions, forces and velocities.[137]
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Fig. 2.1 A typical workflow of molecular dynamic simulations algorithm summary.

2.1.1 Force Fields

As discussed previously, while molecular dynamics (MD) simulations of-
fer advantages in reproducing kinetics associated with non-equilibrium
properties, such as diffusion or folding times, their applicability can be
limited by the spatial or time scales required, often due to the expensive
computational costs associated with ab initio methods. In such cases, we
need to employ a higher level of approximation and turn to empirical force
field (FF) based methods. These models allow comprising of hundreds
of thousands of atoms to be studied over timescales ranging from several
nanoseconds to even microseconds. Many different experimental results
can be used to validate the quality of a force field as it plays a particularly
important role in MD simulations. A force field is a mathematical expres-
sion that defines how the energy of a system depends on the coordinates
of its particles. It comprises an analytical expression for the interatomic
potential energy, denoted as U(ry,ry, ..., ;) and a collection of parameters
associated with this expression, where r represents a point in microscopic
phase space.[139, 140] The forces on particle i can be determined by taking
the derivative of the potential energy with respect to the position of particle

I
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(2.1)

To simplify the calculations, the electronic effects are ignored com-
pletely in this method and it only account for positions of the nuclei of the
atoms. The parameters within the force fields are generally derived from
quantum approaches like density functional theory. There are a variety
of force fields which exist, including CHARMM][141], AMBER[142] and
GROMOS[143]. Even though these different force fields are similar in their
functional forms, there are some differences in the terms and parameters for
these force fields. The potential energy commonly comprises both bonded
and non-bonded terms as follows:

U(r) = Uponded(r) + Unon—pondea(T) (2.2)

In this work, the CHARMMZ36 all-atom force field[144] was used where

the potential energy is classically modelled as follows:

U=Y k(rij—ro)*+ Y ko(6x—60)>+ Y, ko[l+ (cosng;j;i—5)]

bonds angles dihedrals
+ Y ko(ogu—o)+ Y k(lx—1lo)?
impropers Urey—Bradley
12 6
G G . .
Py <4g[(_) _(—> +kﬂl%>
non—bonded L 1 1

(2.3)
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Bonded Terms

The first five terms in Equation 2.3 are bonded interaction potential terms
( Figure2.2), standing for bond stretching, angle bending, dihedrals and
improper dihedrals respectively, where kj, kg, kg, kg, and k,, are their
respective force constants. The last of the five bonded interaction terms is
the Urey-Bradly potential, which is an extra special term used in CHARMM

force-field for 1,3 atom interactions.[145]

The bonding stretching term is a harmonic potential used to model the
interaction between two atoms i, j connected by a single covalent bond, ( r;;
- 1o ) describes the deviation from the equilibrium distance. The bond angle
potential in the second term is characterized by a harmonic approximation
and serve as indicators of the deviation from ideal geometry, similarly,
where 6, - 6 stands for the deviation from the equilibrium bond angle.
The torsional angles in the third term, n represents the dihedral multiplicity,
the number of energy minima found in the rotation of the ijkl dihedral angle,
0; jk; 18 the dihedral angle formed between the planes of i-j-k and the j-k-/
(in Figure 2.2(c)), and 9 is the phrase shift. The improper dihedral term
is implemented in the CHARMM force field to preserve the chiralities in
chemical structures and ensure the planarity of ring structures, where ®; i
- y signifies the deviation in the out-of-plane angle. The Urey-Bradly
potential was introduced as an extra correction to the 1, 3 angle potential,
where 1 - 1g is the distance from the 1, 3 bonded atom to the equilibrium
distance. By using this additional harmonic potential, it can be used to

describe the bending motions within bonded angles.

Overall, the terms representing bonded interactions aim to account for

the stretching of bonds, the bending of valence angles and the rotation
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between planes. By summing them, it can give the total bonded energy of

entire system.[146]

(a) Bonds

(d) Urey-Bradly
(e) Improper Dihedral

Fig. 2.2 Bonded potential terms used in classical MD force field

Non-Bonded Terms

12 6
U(Y)Non—Bonded = Z el () (2
g g (2.4)

Lennard—Jones

qiq;
-y M
Coulomb TL'E()F,'J'

The non-bonded terms characterize the van der Waal and Coulomb (elec-
trostatic) interactions (last two terms in Eq. 2.3) between atoms not directly
connected by bond angles or covalent bonds. The van der Waal interactions
are typically represented using 12-6 Lennard-Jones (LJ) functional form,
where r;; is the distance between two atoms, R,,;;, ;; 1s the distance at which
the LJ potential decreases to it’s minimum value and € is the depth of the
potential well (Figure 2.3). It is the LJ potential energy as a function of the
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distance r between two interacting particles, which commonly include both
attractive interactions rl.;6,

sive interactions ri;lz which dominate at small distances. These parameters

are commonly derived from simulations based on quantum mechanics or

which dominate at larger distances, and repul-

through the process of fitting experimental data. As depicted in Figure 2.3,
as rijj — oo, Ury — 0. Thus, the cutoff radius is normally applied at r¢,,
= 1.2 nm from organic forcefields, which is approximately 2.5 times the
sigma value for the interactions of carbon atoms. In CHARMM each single
particle has its unique parameters of &;; and o;;. For CHARMM force field,
the standard Lorentz-Berthelot combination rule was used. The g&;; and o;;

are generated by calculating the following form equations:

2.0

1.5

1.0

0.5

Potential U(r)Lennard — jones

1.0 1.5 2.0 2.5 3.0
Distance r;;

Fig. 2.3 The Lennard-Jones potential as function of distance between two atoms r and ;.

O;+0j (2.5)
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As for the electrostatic interaction, in classical fixed-charge force fields,
only pairwise Coulomb interactions between atom i and atom j are con-
sidered, where ¢;; 1s partial charge for g; and ¢g;, and € is the dielectric
constant between the distance from atom i to the atom j. The electrostatic
interaction between atoms is calculated in a pair-wise manner using the
Coulomb equation for atoms that generally are at a distance less than the
LJ cutoff distance ( reyiorf = 1.2 nm ). [140, 147, 148] The Particle-Mesh
Ewald (PME) technique is a method used in computational chemistry and
molecular dynamics simulations to efficiently calculate long-range electro-
static interactions in periodic systems. It relies on Fast Fourier Transform
(FFT) algorithm to transform the charge distribution from real space to
reciprocal space. The charge distribution is represented on a mesh grid
in real space then the FFT is used to convert this grid representation to
reciprocal space, where the long-range interactions are calculated. The
PME technique substantially accelerates the computation of electrostatic
forces and energies in simulations involving charged particles, such as ions

or molecules with net charges.

The Verlet cutoff scheme[149] is particularly useful for systems where
the majority of interactions are short-ranged, such as in many molecular
and biomolecular simulations. The simulation system is divided into short-
range and long-range regions based on a cutoff distance, often denoted as
Feurof - Interactions between particles within r¢,;, r¢ are computed explicitly
shown in yellow in Fig.2.4, while interactions beyond this distance shown
in black are handled separately.

The sum of the bonded and non-bonded terms can provide an approxi-
mation value for the potential energy of the whole system. Then the forces
acting on every atom can be calculated from the negative gradient of the

potential energy function so we can solve classical equation of motion and
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. rc utoff

Fig. 2.4 Tlustration of Verlet cutoff scheme method used in MD simulations.

the atoms’ position at each time step can be consequently determined later
on. This provides a detailed picture and better understanding of the dy-
namic behaviour and interactions of each molecule in the typical simulated
systems at the atomic scale. [131, 137, 150]

2.1.2 Force Calculation and Simulation Integrator

Once the potential energy function U(r") has been defined, the next step is
to calculate the forces (f;) acting on the atom i:

U ("
fi = —L (2.6)
8r,-
Time integration algorithms play a crucial role in MD simulation en-
gines, responsible for providing the trajectories of interacting atoms. These

algorithms are developed using the finite difference method, where time is
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discretized on a finite grid with a timestep denoted as 8¢. Given the atomic
positions, velocities, and accelerations at time ¢, the integration scheme
calculates these quantities for a later time t + 0¢. There are some com-
mon MD simulations, such as the Verlet algorithm[149] and the Leap-Frog
algorithm[151] etc.. Both the Leap-Frog and Verlet algorithms are effective
choices for time integration in MD simulations, and the choice between
them may depend on factors such as ease of implementation and specific
requirements of the simulation. The Verlet algorithm is more commonly
used in practice due to its good energy conservation properties. For the
velocity Verlet algorithm, it can be written as:

1 11
\£ (t + 5&) =v;(t) + Eﬁ-& (2.7)
ri(t+8t) =r;(t) —|—5tv,-(t+%5t) (2.8)

| |
vi(t+0t) = vi(t + 5&) +5



Chapter 3

Digestion of lipid micelles leads to
increased membrane permeability

Nanoparticles, particularly lipid-based formulations, are gaining promi-
nence in diverse applications, notably as drug-delivery vehicles (DDVs).
Phosphatidylcholine (PC) lipids, major constituents of cell membranes,
exhibit self-assembly into various nanostructures, making them attractive
for drug delivery. This chapter focuses on the interplay between dihex-
anoylphosphatidylcholine (2C6PC) micelles and model lipid membranes,
representing ordered (DPPC:CHOL) and disordered (DOPC) states.

Building upon our prior work on the structure of micelles containing
2C6PC digestion molecules by the calcium-dependent secreted phospholi-
pase A2 (sPLA») enzyme, this research explores how the natural digestion
process of lipid-based micelles influences interactions with lipid mem-
branes. Elevated sPLA, levels in inflammatory diseases and cancers provide
a targeted release mechanism for PC lipid-based DDVs. The enzymatic
digestion produces lysolipids and fatty acids, known enhancers of drug

transport across membranes.
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This study utilizes all-atom molecular dynamics simulations to unravel
the dynamics of 2C6PC micelle interactions at various digestion stages
with two different model membranes. The investigation aims to provide
insights into enhanced permeability and its implications for drug delivery.
The unique effects of micellar components on membrane properties are
examined, offering valuable perspectives on the dynamics of membrane
interactions.

The research presented in this chapter is derived from an article published
in Nanoscale, where I am the first author, undertaking data curation, formal
analysis, investigation, methodology, software development, validation,
visualization, and drafting of the original manuscript. I carried out all of the
molecular dynamics simulations. The collaborative effort involved Demi L.
Pinke and M. Jayne Lawrence, who contributed to the conceptualization

and participated in the review and editing process.

3.1 Publication

Jun Xie, Demi L Pink, M Jayne Lawrence, and Christian D Lorenz. Diges-

tion of lipid micelles leads to increased membrane permeability. Nanoscale,
16(5):2642-2653, 2024.[152]
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Lipid-based drug carriers are an attractive option to solubilise poorly water soluble therapeutics.
Previously, we reported that the digestion of a short tail PC lipid (2C6PC) by the PLA2 enzyme has a sig-
nificant effect on the structure and stability of the micelles it forms. Here, we studied the interactions of
micelles of varying composition representing various degrees of digestion with a model ordered (70 mol%
DPPC & 30 mol% cholesterol) and disordered (100% DOPC) lipid membrane. Micelles of all compositions
disassociated when interacting with the two different membranes. As the percentage of digestion pro-
ducts (C6FA and C6LYSO) in the micelle increased, the disassociation occurred more rapidly. The C6FA
inserts preferentially into both membranes. We find that all micelle components increase the area per
lipid, increase the disorder and decrease the thickness of the membranes, and the 2C6PC lipid molecules
have the most significant impact. Additionally, there is an increase in permeation of water into the mem-
brane that accompanies the insertion of C6FA into the DOPC membranes. We show that the natural
digestion of lipid micelles result in molecular species that can enhance the permeability of lipid mem-
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1 Introduction

Nanoparticle formulations consisting of a range of materials
are being developed for a range of applications including
use as drug-delivery vehicles (DDVs)." ™ Lipid-based nano-
formulations are of particular importance due to their
biocompatability,’>*” and they have been of increasing inter-
est over the past few years as a result of the success of the
various lipid nanoparticles (LNPs) used to deliver the COVID
vaccines.'®

Phosphatidylcholine (PC) lipids are the major components
of cell membranes. Due to their amphiphilic nature, PC lipids
are able to self-assemble into a variety of nanostructures
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Mathematical & Engineering Sciences, King’s College London, London, UK.

E-mail: chris.lorenz@kcl.ac.uk
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tElectronic supplementary information (ESI) available: (i) A detailed description
of the analysis carried out for the various simulations, (ii) plots of the R; and
eccentricity of the micelles as a function of time (iii) the contacts between the
EO monomers and the hydration of the EO monomers on the polymers within
each micelle (iv) the intrinsic density of the various components within the
simulations for each micelle and (v) the outputs of the dimensionality reduction
and clustering of the molecules within each micelle. See DOI: https:/doi.org/
10.1039/d3nr05083a
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branes that in turn result in an enhanced delivery of drugs.

including bilayers and micelles. The molecular architecture of
the lipids can be tailored in order to generate a variety of
different self-assembled structures. For example, small
changes in the lipid tail length can alter the concentration at
which the lipid self-assembles (called the critical micelle con-
centration (CMC)) as well as the structure of the aggregates
formed, with the size of the aggregates formed increasing with
the length of the hydrophobic tails of the lipid molecules?

Within the body, PC molecules are degraded via the hydro-
lysis of the PC sn-2 ester bond, a process which is mediated by
the calcium-dependent secreted phospholipase A2 (SPLA,)
enzyme.'® This hydrolysis results in the production of lysopho-
sphocholine and fatty acid molecules.*>*' Previously we have
combined static and time-resolved small angle neutron scatter-
ing with all-atom molecular dynamics simulations to charac-
terise how the structure of micelles containing dihexanoylpho-
sphatidylcholine (2C6PC) changes as the molecule is digested
by sPLA, into 1-hexanoyl-lysophosphocholine (C6LYSO) and
hexanoic acid (C6FA) (Fig. S11). Our results show that as the
degradation progresses the cmc of the resulting micelles
decreases and therefore potentially affect the release of any
payload that they are carrying.”

The concentration of sPLA, is elevated in various inflamma-
tory diseases, atherosclerosis and cancers, specifically prostate,
breast and pancreatic cancer.”’° As a result, the release of
anti-cancer agents contained in PC lipid-based DDVs can be
triggered by an enzyme that is upregulated in the targeted

This journal is © The Royal Society of Chemistry 2024
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tissue and therefore would not require any external stimuli to
trigger the drug release.’’* Such enzyme triggered release
cxould be beneficial in a clinical setting,*® as the localised
release of encapsulated drug(s) would reduce their side effects.

The action of the sPLA2 enzyme on these phospholipid-
based DDVs will result in the production of bioactive mole-
cules in the form of the lysolipids and fatty acids. As free fatty
acids and lysolipids have been shown to enhance drug trans-
port across lipid membranes,**° the natural production of
these molecules is an attractive way to overcome various bio-
logical barriers, to drug absorption which is one of the most
significant challenges faced when developing an effective DDV.
Specifically, for anticancer DDVs, delivering the drug to the
exterior of a solid tumor is not sufficient as the drug has to
diffuse through the tumor microenvironment and get into the
tumor cells to exert its therapeutic effect.

In this manuscript, we present the results of all-atom mole-
cular dynamics simulations that were used to investigate the
interactions of 2C6PC micelles at various stages of digestion
with two model lipid membranes: an ordered membrane
(70: 30 mole ratio 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC):Cholesterol (CHOL)) and a disordered membrane
(pure 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)). Our
findings provide insight into how the natural digestion of the
2C6PC molecules in the micelles lead to their enhanced per-
meability and in turn may increase the delivery of any encapsu-
lated drugs to the cell. In particular, we demonstrate the
unique effects that each of the different components of the
micelles has on the interfacial and structural properties of the
two different membranes. Additionally, we show the different
dynamical properties of the various molecules comprising the
micelles have once they have inserted into each of the
membranes.

2 Results

2.1 Interaction of micelles with membranes

The micelles in each of the simulated systems remained intact
throughout the equilibration stages of the simulations, and
therefore are still whole in the snapshots taken from the begin-
ning of the production simulations (0 ns snapshot of Fig. 1
and 2). However, in all six of the simulated systems investi-
gated, the micelles were found to disassociate to varying
degrees during the production simulations of the micelles
interacting with the membranes. Fig. 1 and 2 show the inter-
action and penetration of the constituent molecules of the
three different micelles in the DOPC and DPPC-CHOL lipid
membranes, respectively.

As each of the micelles begin to disassociate while interact-
ing with the DOPC bilayer, the different molecular species
approach the interface of the lipid bilayer and then penetrate
into the membranes (see Fig. 1). The snapshots show that the
C6FA, C6LYSO and 2C6PC molecules penetrate the pure DOPC
lipid bilayer in differing amounts and to different depths.
During this penetration, the C6FA molecules were the first

This journal is © The Royal Society of Chemistry 2024
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species to insert into the lipid bilayer as they are small in size
and are the most hydrophobic. We have extended the simu-
lations with the product containing micelles in order to allow
more time for various components to interact with the
membranes.

We observed a significantly different behaviour of the
micelles when they were interacting with the DPPC-CHOL
membrane. Fig. 2 shows typical snapshots of the micelles
during their interaction with the more ordered membrane over
1 ps. The three main differences are: (i) fewer molecules pene-
trate into the membrane than in the DOPC membrane and in
particular there are very few C6LYSO or 2C6PC molecules
inserted into lipid bilayer even after 1 ps; (ii) aggregates of the
molecules in the Mixed and Pure-Lipids systems are observed
throughout the production simulations, which is not the case
when the micelles interacted with the pure DOPC membranes;
and (iii) Pure-Lipids micelles are more likely to remain predo-
minantly whole as some molecules are released and have less
impact on the DPPC-CHOL membrane than they did on the
DOPC membrane. The micelles destabilise as they begin inter-
acting with the lipid membranes. Via visual inspection, we
observe the micelles go through different aggregated states
during their destabilization. As 2C6PC and C6FA molecules
leave the micelles they interact with the lipid bilayers, while
the C6LYS molecules remain isolated in solution. As a result,
the different micelles demonstrate different rates of destabili-
zation. For instance, the pure-lipid micelles demonstrated a
longer duration of remaining intact compared to the other
two, indicating its higher stability, which is in line with our
previous findings.

The plots in the bottom row of Fig. 1 and 2 show the extent
to which the various constituent molecules comprising the
micelles insert into the lipid membranes. The trends shown in
the plots are consistent with the trends observed visually in
the snapshots for each system. In the DOPC membrane
systems, nearly all of the C6FA molecules are fully inserted
into the membrane after approximately 200 ns, indicating that
the C6FA can easily penetrate into the membrane. As the
2C6PC molecules are larger and have a preference to interact
with one another as opposed to inserting into the mem-
brane, they are observed to more slowly migrate to the mem-
brane’s interface and penetrate into the membrane until an
equilibrium was reached after ~1.2 ps, as seen in Fig. 1(c)
and (d). However, due to the more hydrophilic nature of
C6LYS is the least likely molecule to penetrate the mem-
brane, and as such seems to generally prefer to remain iso-
lated in solution. In the DPPC-CHOL membrane, we find
that approximately 40% less of the C6FA has inserted for the
Pure-Products and Mixed systems than observed in the
DOPC membrane (Fig. 2(b), (c) and Table 1). Additionally we
observe that very few C6LYSO (~8%) and 2C6PC (~4%) mole-
cules penetrate into the DPPC-CHOL membrane (Fig. 2(b-d)
and Table 1).

The behaviour of the various molecules that comprise the
micelles observed in our simulations are consistent with the
critical micelle concentrations (cmc) that have been measured

Nanoscale, 2024, 16, 2642-2653 | 2643
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Interactions of micelles with the DOPC membrane. (a) Representative snapshots of three different lipid-based micelles (C6PC purple, C6FA

sliver, C6LYS green) interacting with DOPC (cyan) membrane over time. From left to right, they are the Pure-Lipids, Mixed and Pure-Product
systems, respectively. Water molecules and ions were removed for clarity. The fraction of the micelle molecules that have inserted into the mem-

branes are shown in the bottom row for each of the three micelles (b—d).

for these molecules experimentally. While there is not any
published cmc values for C6LYSO, there are cmc values pub-
lished for C8LYSO (57 mM), C10LYSO (5.7 mM) and C12LYSO
(0.6 mM),*® so the cmc for C6LYSO would be greater than
57 mM. The cmc for 2C6PC was found to be ~14 mM.*""** As
we have studied the free hexanoic acid (C6FA), there are no
experimentally obtained cmc values, but a coarse-grain mole-

2644 | Nanoscale, 2024, 16, 2642-2653

cular dynamics simulation study reported a cmc of 9.26 mM at
50 °C, which is an order of magnitude larger than the cmc
found for the sodium salt of hexanoic acid.** Therefore the
fact that we find that the C6LYSO is the least likely of the mole-
cules to remain in the micelle or insert into the membrane,
and that C6FA is the most likely to be in either environment
agrees with the rank order of these cmc values.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Interactions of micelles with DPPC-CHOL membrane. (a) Representative snapshots of three different lipid-based micelles (C6PC purple,

CG6FA sliver, C6LYS green) interacting with DPPC-CHOL (DPPC cyan, CHOL grey) membrane over time. From left to right, they are the Pure-Lipids,
Mixed and Pure-Product systems, respectively. Water molecules and ions were removed for clarity. The fraction of the micelle molecules that have
inserted into the membranes are shown in the bottom row for each of the three micelles (b—d).

2.2 Effect of micelles on membranes’ structural properties

In order to determine how the insertion of the micelle com-
ponents into the membranes effect the structure of the lipid
membranes, we measured the area per lipid for each lipid
species, the membrane thickness, and the lipid order para-
meters. The area per lipid for the pure DOPC and DPPC-CHOL
membrane systems are 0.68 nm” and 0.57 nm?, respectively,
which are consistent with those reported elsewhere.**™*® The
area per lipid and membrane thickness for each simulated
system as the micelles interact with the membranes are shown

This journal is © The Royal Society of Chemistry 2024

in Fig. 3. In the three DOPC systems, we observe that the area
per lipid increases and the thickness decreases as more and
more 2C6PC inserts into the membrane. In all three systems,
the area per lipid is larger and the membrane thickness is
smaller than those measured in the pure DOPC membrane
(Fig. S131). The same general trends are observed for the
DPPC-CHOL membrane as well, where even the minimal
amount of 2C6PC that is able to insert into the membrane
results in a noticeable difference in the area and thickness of
the membrane. Table 1 summarises the calculated values of
area per lipid for all of the systems with the micelles.

Nanoscale, 2024, 16, 2642-2653 | 2645
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Table 1 Structural properties of lipid membranes. The properties of the DOPC and DPPC-CHOL membranes alone (Bilayer) and when they interact
with the Pure-Lipids (PL), Mixed (Mixed) and Pure-Products (PP) listed here include: (i) the thickness (nm) and area per lipid (nm? per lipid) for the PC
(APLpc) and cholesterol (APLcyoy) lipids in each system; (i) the fraction of the micellar component molecules ( fyiymcera. fceLyso & facepc) that inserted
into the membrane during the final 100 ns of the simulations; (iii) the average order parameter per tail of the PC lipids ((—Scp sn1) & (—Sch.sn2)); and
(iv) the average number of water molecules within the bilayers per lipid (ny,0) in each of the systems. Standard deviations for various quantities are
shown within parentheses

DOPC DPPC-CHOL
Bilayer PL Mixed PP Bilayer PL Mixed PP
Thickness 3.89 (0.04) 3.73 (0.05) 3.76 (0.04) 3.83 (0.04) 4.87 (0.06) 4.60 (0.07) 4.94 (0.03) 4.85 (0.06)
APLpc 0.68 (0.02) 0.74 (0.02) 0.72 (0.01) 0.71 (0.01) 0.58 (0.02) 0.57 (0.01) 0.59 (0.04) 0.58 (0.03)
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Fig. 3 Effects of the micelles on the structure of the bilayers. The distribution of the area per lipid for the (a) DOPC lipids in the DOPC membrane
and the (b) DPPC and (c) CHOL lipids in the DPPC-CHOL membrane are displayed. Also the distribution of the thickness of the (d) DOPC and (e)
DPPC-CHOL membranes is also plotted. Analysis of micelle-membrane was calculated over the last 200 ns of the production simulations.

2.3 Effect of micelles on the structure of lipid bilayers

To better understand the internal structure of the different
bilayers after they interact with the molecules comprising the
micelles, mass density profiles along the z-coordinate have
been calculated (Fig. 4). In the DOPC membrane, of the three
molecules comprising the micelles, the C6FA molecules insert
the deepest into the membrane and are generally found
amongst the ester groups of the lipids. Meanwhile, the 2C6PC
molecules are found amongst the PC headgroups and the ester
groups of the DOPC lipids, while the C6LYSO molecules are
found amongst the PC headgroups.

2646 | Nanoscale, 2024,16, 2642-2653

In the DPPC-CHOL membrane, only C6FA inserts into the
membrane to a significant extent. The C6FA molecules insert
slightly further into the hydrophobic region of the lipid mem-
brane. It is note worthy that in the mixed micelle system, we
do find some C6FA at the boundary of the two leaflets of the
DPPC-CHOL membrane.

To understand the orientation of the C6FA molecules that
have inserted into the DOPC membrane, we measured the
angle formed by the vector which connects the terminal
carbon (C2) in the hydrocarbon chain of the fatty acid to the
double-bonded oxygen (02) on the other end of the molecule
and the z-axis that is normal to the membrane’s interface

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Location of molecules comprising the micelles within lipid membranes. Mass density profiles of the DOPC ((a)—(c)) and DPPC-CHOL ((d)-(f))
membrane systems which have interacted with the three micelles that were studied (Pure-Lipids, Mixed and Pure-Products, respectively).

Headgroups refers to the choline and phosphate groups in the PC lipids.

(Fig. 5 and Table S2f). The C6FA molecules are primarily
oriented with their carboxylic acid groups located in the same
plane within the membrane as the ester groups of the phos-
pholipids with water and their hydrocarbon tails in the hydro-
phobic core of the DOPC bilayer (cos@ ~ 0.9). The mass
density profiles of the -COOH and C2 groups in the C6FA
molecules in the Pure-Products and Mixed micelle systems
help to identify the depth and orientation after penetration.
Fig. S8t shows that the C2 groups are closer to the mid-plane
of the DOPC bilayer while the hydrophobic tails prefer to
reside closer to the mid-plane than the COOH groups, indicat-
ing that the orientation of inserted C6FA tends to be parallel
to the z-axis. The same behaviour is observed for C6FA when
present in the DPPC-CHOL membrane, with there being a
more significant difference in the mean z-positions of the
-COOH and C2 groups indicating that the C6FA are less tilted
in the DPPC-CHOL membrane. Also in the DPPC-CHOL mem-
brane we observe that those C6FA molecules found in the
bilayer’s midplane are oriented parallel to the bilayer’s interface.

The 2C6PC molecules are also found to insert with their
tails within the hydrophobic core of the bilayer and the head-
groups are solvated. The headgroups of the 2C6PC molecules
inserted into the DOPC membrane are generally found to
possess similar tilt angles as found for the DOPC lipids (cos 0
~ 0.34) themselves. The tilt angle distribution measured for
the DOPC lipids is similar to those reported elsewhere for
DOPC membranes.*”

This journal is © The Royal Society of Chemistry 2024

The order parameter has been calculated to study the lipid
tail flexibility and is also related to the membrane thickness. It
was computed over the trajectories for both saturated and
unsaturated acyl chain carbon atoms from the lipid molecules
in the upper and lower leaflets separately. The results for the
mixed micelle system are shown in Fig. S4,7 and the behaviour
in the other systems are nearly identical. Similar values of
the lipid order parameter for DOPC (liquid-ordered) and
DPPC-CHOL (liquid-disordered) membranes have been
reported elsewhere.*®*® Interactions with the molecules from
the various micelles result in a more significant disordering of
the DOPC bilayer than the DPPC-CHOL bilayer as can be seen
from the average values of the lipid order parameter for both
of the snl ((—Scmsn1)) and sn2 ((—Scmsnz)) tails shown in
Table 1. Recent studies have shown that the increased free
volume in the middle of lipid bilayers is a result of the decreas-
ing the values of the lipid order parameters.”>>" In our case,
the localization of the molecules comprising the micelles
within the middle of the bilayer promotes a slight disorganiz-
ation of the carbons in both tails, which leads to the lateral
expansion of the membranes.

The radial distribution functions (RDFs) were used to deter-
mine the distribution of water molecules around the PC head-
groups of the DOPC and DPPC lipid molecules and around the
oxygen in the hydroxyl group of the cholesterol molecules in
our membranes. By calculating the integral of the RDF from 0
to a distance corresponding to the first peak minimum, the

Nanoscale, 2024, 16, 2642-2653 | 2647
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cule’s location in the z-dimension.

average number of waters in the first hydration shell can be
estimated. The RDFs are shown in Fig. S5 and S6.1 The calcu-
lated coordination numbers for the first shell and the coordi-
nation number of waters are reported in Table S3.T The inser-
tion of 2C6PC in the various membrane systems was seen to
result in a dehydration of the choline group within the head-
group of DOPC. This dehydration of the nitrogen atom in the
choline group of the DOPC molecules is likely due to the large
steric barrier that exists between the headgroups when more
and more molecules were inserted into membranes. Whereas
the hydration of the phosphate group is unchanged by the
presence of the molecules comprising the micelles within the
lipid bilayer. While significantly less 2C6PC inserts into the
DPPC-CHOL membrane, there is still a slight dehydration
observed of the choline group of the DPPC lipids.

We have also determined the amount of water that is found
between the phosphorous atoms in the lipid headgroups in
the upper and lower leaflets of the bilayers. The number of
water molecules within the bilayer per lipid molecule in the
bilayer is reported in Table 1. We see that in the DOPC mem-
brane there is an increased amount of water molecules that
permeate into the bilayer when the various components of the
micelle are present. While, in contrast, in the case of the
DPPC-CHOL membranes, there is a slight decrease in the
amount of water present in the bilayer after interaction with
the various molecules comprising the micelles. As the pene-
tration of water molecules into lipid bilayers is regularly used
to investigate the permeability of a membrane,>>>* these
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results demonstrate that as the micelle components partition
into the membrane they increase the permeability of the dis-
ordered (DOPC) membranes.

2.4 Dynamics of micelle components within lipid bilayers

The motion of each molecule that was initially in a micelle was
tracked in the z-dimension in each of the simulated systems
(Fig. S10 and S117). This allowed us to see that the C6FA mole-
cules generally move to membranes’ interface quickly. 2C6PC
molecules were also found to adsorb to the membrane inter-
face, while the C6LYSO molecules, which are more hydrophilic
than the other molecules comprising the micelles, remain iso-
lated in solution for longer and when they do come to the
membrane interface they only remain there for a relatively
short period of time.

Interestingly, we found that all of the micelle components
have the ability to flip-flop across the lipid membranes,
although we only observed the flip-flop of C6FA molecules
across the DPPC-CHOL membrane. Table 2 contains the total
number of flip-flops observed and the flip-flop rate for each
molecule type in both membranes. The flip-flop rate is
unchanged by the presence of the different molecules from
the micelles within the membranes. However, as would be
expected, we observe significantly less flip-flop of C6FA mole-
cules within the more ordered DPPC-CHOL membrane than
within the DOPC membrane.

In order to determine whether the micelle components
aggregate with one another within the DOPC membrane, we

This journal is © The Royal Society of Chemistry 2024
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Table 2 Flip flop of micelle components across model bilayers. The
total number of flip-flip events and the flip-flop rates (number per
microseconds, in parentheses) across the DOPC and DPPC-CHOL mem-
branes when they interact with the Pure-Lipids (PL), Mixed (Mixed) and
Pure-Products (PP)

DOPC DPPC-CHOL
System PL Mixed PP PL Mixed PP
2C6PC 3(01) 2(0.2) 0(0) 0(0) —
C6FA 42(1.8) 54(1.9) — 11 (0.7) 22(0.8)
C6LYSO — 16(0.8) 18(0.9) — 0 (0) 0(0)

have calculated the lipid enrichment index over the final 200
ns of each of those simulations. The lipid enrichment values
are representative of the local environment in the mem-
branes.” Fig. S12+ shows that none of the micelle components
(2C6PC, C6FA & C6LYSO) aggregate with one another within
the membrane, as generally their respective enrichment
indices are lower than 1.

3 Conclusion

In this manuscript, we have used all-atom molecular dynamics
simulations to investigate how the C6 phosphocholine
micelles at various stages of digestion after exposure to the
SPLA, enzyme interact with a disordered and an ordered lipid
bilayer. We observed that as the micelles begin to interact with
the bilayers they disassociate and release the various com-
ponents of the micelles although each of the molecules com-
prising the micelles behaves differently. The 2C6PC molecules
are more preferably found within a micelle and therefore we
observe an aggregate remaining as the disassociation pro-
gresses, although as the molecules are released they diffuse to
the interface of the membranes and insert into the bilayers. In
contrast, the lysophosphocholine (C6LYSO) molecules become
solvated in the aqueous environment and commonly remain
isolated in solution, but occasionally they adsorb reversibly to
the interface of the bilayers. The C6FA molecules are found to
disassociate from the micelles as they appear to prefer to
absorb into the lipid bilayers.

The various types of molecules in the micelles then pene-
trate the two different lipid bilayers to differing degrees with
more of each component inserting into the disordered DOPC
membrane than into the ordered DPPC-CHOL membrane.
This is due to the fact that there is less free volume available
for the molecules to insert into the DPPC-CHOL membrane
than in the DOPC membrane. Similar trends in the absorption
of lysolipids and fatty acids with 10-16 carbons in their hydro-
carbon chains have been observedexperimentally.>®

We found that each of the micelle components impact the
structural properties of the lipid membranes to differing
degrees. However, the insertion of the molecules have the
same general effect on both membranes. Specifically, the pro-
ducts of the lipid digestion (C6FA & C6LYSO) result in a small

This journal is © The Royal Society of Chemistry 2024
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increase in the area per lipid of the phosphocholine lipids in
each membrane and a slight thinning of both membranes.
This is consistent with various studies that found that when
fatty acids and lysolipids are added together to liquid ordered
and liquid disordered membranes they have little to no
effect on the permeation of small molecules into the
membranes.*®*%3%57 However, the 2C6PC molecules have
more of an impact on the area per lipid and the thinning of
the membranes.

In addition to the difference in the structural properties
caused by each micelle component, we also found that they
demonstrate different dynamic properties within the bilayers.
The C6FA molecules are found to flip-flop across the bilayers
significantly more and more frequently than either the
C6LYSO and 2C6PC molecules. This results from the C6FA
being the least hydrated of any of the micelle components
when inserted into the membrane and also they are signifi-
cantly smaller than the 2C6PC molecules. Previously, longer
fatty acid chains have been observed to flip-flop across lipid
membranes of varying composition.>*™*'

The findings presented in this manuscript provide the first
atomistic understanding of how a combination of lipids and
their digestion products affects model lipid membranes. In
doing so, we have shown that each micellar component has
differing degrees of effect on the interfacial and structural pro-
perties of the two model membranes studied. Additionally we
have shown that the molecules comprising the micelles have
significantly different dynamic properties once they are
inserted within the two bilayers. These results will be of par-
ticular interest when considering the design of novel lipid-
based drug delivery vehicles.

This is of particular interest when considering the appli-
cation of phospholipid drug delivery vehicles for anticancer
therapeutics. The concentration of the sPLA, enzyme is elev-
ated in cancerous cells which would then lead to a more rapid
digestion of the phospholipids into the corresponding lysoli-
pids and fatty acids. Our previous work® showed that the phos-
pholipid micelles were stable and as the amount of lysolipids
and fatty acids increased in the micelles, they became increas-
ingly dynamic. Therefore these phospholipid micelles would
then preferentially release their payload near cancerous cells
where the action of sPLA, would be enhanced. In this manu-
script, we have gone on to show that the lysolipids and fatty
acids produced during the digestion of the phospholipids then
result in the increased permeability of lipid membranes which
would result in faster diffusion of the therapeutics into the
cancerous cells. Therefore phospholipid drug delivery vehicles
may prove to be promising anti-cancer formulations moving
forward.

4 Methods

4.1 System setup

In this study, we used all-atom molecular dynamics simu-
lations to investigate the interactions between micelles con-
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taining 2C6PC and its hydrolysis products and a model dis-
ordered and ordered lipid membranes. Firstly, two model lipid
membranes were equilibrated: (i) a DOPC membrane (dis-
ordered) and (ii) a membrane consisting of 70 mol% DPPC
and 30 mol% cholesterol (ordered). In order to insure that the
micelles would not interact with themselves through the peri-
odic boundary conditions, the interfacial area of each mem-
brane was chosen such that it was greater than twice the dia-
meter of the largest micelle we planned to investigate in sub-
sequent simulations. The chemical structures of the various
lipid molecules comprising the membranes are shown in
Fig. S21 while snapshots of the two membranes are shown in
Fig. S3.f

Both of the lipid bilayers studied were generated by using
the CHARMM-GUI Membrane Builder.®” The bilayers were
neutralised using a salt concentration of 150 mM NacCl to
mimic the physiological environment. Table S1t contains the
molecular composition of both types of bilayers. The initial
dimensions of the simulated lipid bilayer systems were
10.8 nm x 10.8 nm x 9.0 nm (x x y x z dimensions).

These bilayers were equilibrated using the simulation proto-
col prescribed by CHARMM-GUI, whereby (i) initial structures
were energy minimized using steepest descent, (ii) systems
were equilibrated using the NVT (constant number of particles,
volume, and temperature) followed by the NPT (constant
number of particles, pressure, and temperature) ensembles for
at least 1.8 ns, and (iii) finally, MD production simulations
were performed using the NPT ensemble for 200 ns.

Subsequently, we investigated the interactions between
micelles representing varying degrees of digestion of the
2C6PC molecules and each of the two lipid membranes. Three
different micelle compositions (namely, Pure-Lipid, Mixed &
Pure-Products system) were investigated according to the per-
centage of 2C6PC that had been degraded. The Pure-Lipid
micelle system contains only 2C6PC. The Mixed micelle rep-
resents the state where approximately half of the 2C6PC have
been digested and therefore contains a mixture of the parent
molecule and both of the hydrolysis products (C6FA &
C6LYSO). Finally the Pure-Products micelle represents the
aggregate formed when after all of the 2C6PC has been hydro-
lysed and as a consequence contains only C6FA and C6LYSO.
The equilibrated structure of each micelle as reported in our
previous study” was used as an initial state of the micelle in
the simulations reported here. The number of each type of
molecule in the various micelles is given in Table S1.f We then
created six different systems, each one contained a single
micelle inserted into the aqueous environment approximately
2 nm above the surface of the equilibrated ordered or dis-
ordered membrane. Additional water and ions were added to
fully solvate the system and to maintain an ionic concentration
of 150 mM NaCl. Each of the micelle and bilayer systems had
initial dimensions of 11 nm x 11 nm X 13 nm. A detailed
description of the molecular components found in the simu-
lations of the two pure lipid membranes, and the six different
micelle and membrane systems is given in Table S1f and their
chemical structures can be found in Fig. S1 and S2.f The six
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resulting systems were then simulated by using the same pro-
tocol as described above for the two pure membrane systems,
and the parameters suggested by CHARMM-GUI. The starting
configurations were first energy minimized in order to remove
any possible bad contacts and then six short equilibration
simulations (a mixture of NVT and NPT) were performed
before the production simulations of at least 1 ps was
conducted.

The TIP3P and the CHARMMS36 forcefields®® were used for
water and all of the lipid molecules, respectively. Periodic
boundary conditions were applied in all three dimensions for
the simulated systems. All simulations were carried out using
the GROMACS MD engine.®* In the production simulations,
the temperature was maintained at 310 K with the Nosé-
Hoover thermostat with a time constant of 5 ps.®®®® Semi-
isotropic pressure coupling was used to maintain a pressure of
1 bar with the Parrinello-Rahman barostat,®”*® using a time
constant of 5 ps and a standard compressibility of 4.5 x 107>
per bar. The Verlet cutoff scheme was employed. Electrostatic
interactions were calculated using the particle-mesh Ewald
algorithm. Both electrostatic and van der Waals interactions
were cut off beyond 1.2 nm. All bonds involving hydrogen
atoms were constrained using the LINCS algorithm.®’

4.2 Analysis

In the simulated systems, the membranes are oriented such
that their component molecules lie in the xy-plane with
their normal vector in the z-direction and their hydrophilic
head groups on the exterior surfaces of the membrane. The
membrane thickness therefore was determined by calculat-
ing the difference between the average z position of the
phosphorous atoms of the PC lipid headgroups in the upper
leaflet of the membrane and the average z position of the
phosphorous atoms of the PC lipids in the membrane’s
lower leaflet.

The area per lipid (APL) was calculated using the Voronoi
tessellation scheme found in the FATSLiM python package.”®
The mass density profile for the membrane systems was
obtained utilizing the gmx density tool in the Gromacs
package. Using this tool we are able to find the average
distribution of different atom/molecules as a function of the
z-axis.

The lipid order parameter of each chain Scy was calculated
using eqn (1):

Scn == (3cos® 6 — 1) (1)

1
5
where 6 is the angle between carbon-hydrogen (C-H) bond
and the normal vector for the lipid leaflet. Scy is used to
describe the orientation of the C-H bond vector with respect
to the z-axis over all lipids and the sampling time. When Scy =
1, it means that the C-H bond is completely aligned with the
bilayer normal, whereas Scy = —0.5 means the C-H bond is
oriented perpendicular to the z-axis.”"”*

In order to investigate if there was any preferential inter-
action of the various components of the micelles with each
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other or with components of the lipid membranes, a lipid
enrichment index was used, which was defined as:

Epp = —2 (2)

where E,3 is the enrichment index of species B around species
A, N is the number of molecules of species B around species
A and Ny is the average total number of species B around any
species. When the value is below 1, it corresponds to depletion
of species B in the local environment of species A. On the
other hand, if E,p is larger than 1 it corresponds to an enrich-
ment of species B within the local environment of A.”?

The tilt angles of the headgroups of the PC lipid molecules
are defined as the angle between the vector formed between
the atom P and N in the PC headgroup and the z-axis (see
Fig. S21). Meanwhile, the tilt angle of hexanoic acid (C6FA) is
measured from the angle between the vector connecting the
C2 and 02 atoms (see Fig. S81) and the z-axis.”* Moreover, the
z-coordinates of each molecule has been measured as a func-
tion of time in order to track each molecules’ position.

Finally, radial distribution functions (RDFs) were calculated
by using the gmx rdf command. The RDF measures the prob-
ability of finding a specific particle (B) at a distance r from
another particle (A) as shown in eqn (3):

o) = LSS D) 3)

<pB> Na ieA jeB 4nr?

where (pg) is the bulk density of B.

Snapshots of the simulation systems were created using
Visual Molecular Dynamics (VMD).”® In addition to using the
gromacs tools noted above, all other analysis was carried out
with a mixture of python scripts developed in house and func-
tions found in LiPyphilic.”*
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Chapter 4

Impact of Anti-Cancer Drugs on the
structural and properties of a Lipid-based
Drug Delivery Vehicles

4.1 Introduction

Over the last few decades, the development of nanomedicine has emerged
as a pivotal area in nanotechnology, aiming to enhance healthcare through
the creation of drug nanocarriers. Many drug delivery systems (DDSs)
designed for anti-tumor drugs offer numerous benefits, such as the sol-
ubilization of hydrophobic drugs, increased cargo loading, extension of
systemic circulation, improvement of tumor targeting and cellular uptake,
and controlled release of cargo[153—157]. Enzymes play a crucial role in
regulating intricate structural modifications of biomaterials within our bod-
ies. Lipids, serving as a source of energy, also act as carriers for lipophilic
nutrients or drugs. They are notably significant substrates for enzymes,
with a wide range of phospholipases facilitating the transformation of lipids
from our diet into components that can be absorbed [121, 119].
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Phosphatidylcholine (PC) lipids are the primary constituents of cellular
membranes and have very distinct characteristics, such as the ability to self-
assemble as a result of their amphiphilic structure [158] and their excellent
biocompatibility [159]. Also they show great promise in enhancing the
effectiveness of drug delivery, offering a suitable approach to systematic
drug administration over the recent years[160]. Lipid micelles, conjugated
phospholipids or lysolipids can spontaneously self-assemble in aqueous
environments when lipid concentrations exceed their critical micelle con-
centrations (CMCs) and are commonly utilized in formulations for DDSs
[161-163].

Approximately 40% of new chemical entities in pharmaceutical re-
search exhibit poor aqueous solubility. Consequently, drugs with limited
water solubility constitute a substantial portion of global pharmaceutical
sales, estimated at approximately $37 billion[164]. Doxorubicin (DOX),
a widely used chemotherapy drug, belongs to a class of drugs known as
anthracyclines and is commonly used in the treatment of various types
of cancers, including breast cancer, leukemia, and lymphomas[165, 166].
Camptothecin (CAMPT) is a anticancer compound and known for its abil-
ity to inhibit the activity of the enzyme topoisomerase 1.[167-169] Both
drugs show poor water solubility, which hampers their clinical applica-
tion [170, 171]. Lipid-based delivery systems are promising carriers for a
range of water-insoluble drugs. When employed to transport hydrophobic
drugs, lipid-based drug delivery vehicles can encapsulate or embed the drug
molecules, which would improve the stability of water-insoluble drugs in
aqueous environments both in vitro and in vivo [163]. While there is grow-
ing interest in utilizing self-assembling micelles for drug-delivery purposes,
there is currently a limited comprehension of the specific molecular-scale

mechanisms responsible for the development of their favorable properties.
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In this study, we used all-atom molecular dynamics simulations to in-
vestigate both solubilization and localization in three different composition
of lipid-based micelle systems for two hydrophobic small molecule thera-
peutics, camptothecin (CAMPT) and doxorubicin (DOX). Our simulations
provide an insight into the interaction between these drugs and the micelles,
shedding light on their dynamic behaviour and impact on the micellar com-
position and stability. Specifically, the distinct characteristics observed for
CAMPT and DOX highlight the importance of considering the specific
properties of drug delivery vehicles. In particular, the observed trends
in this study on orientation, internal contact and hydration numbers pro-
vide a foundation for further exploration and optimization of drug delivery

systems.

4.2 Methods and Analysis

Simulations The initial state for each micelle in the simulations conducted
in this study was derived from the equilibrated structure described in our
earlier investigations. [2, 172] The models for the two types of drugs,
Camptothecin (a) and Doxorubicin (b) (Fig. 4.1), were parameterised using
the Ligand Reader & Modeler, which is part of CHARMM-GUI [173, 174].
These models were then used with the micelle structures to create three dif-
ferent systems, whose compositions are summarised in Table 4.1. Initially,
simulations were conducted with three, six and ten drug molecules to com-
pare their behavior. However, it was observed that with six or ten numbers,
the drugs tended to aggregate rather than interact with the micelles. To avoid
this aggregation and have better meaningful interactions with micelles, three
drug molecules were chosen for the final simulation systems. Thus, three

drug molecules were placed randomly around the pre-assembled micelle in
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CAMPT DOX
System C6FA COLYS 2C6PC CAMPT water | C6FA  CO6LYS 2C6PC DOX  water
Pure-Lipids 0 0 35 3 6085 0 0 35 3 6149
Mixed 16 12 16 3 6086 16 12 16 3 6290
Pure-Products 29 21 0 3 6292 29 21 0 3 6388

Table 4.1 Composition of each systems Details of six different simulated systems, including
number of molecules and drugs.

each system. In each system, water molecules are subsequently introduced
to fill the remaining free volume inside of a 60 A x 60 A x 60 Asimula-
tion box. All simulations were conducted using Gromacs 2019.[175] The
CHARMM TIP3P model was used for water molecules and CHARMM36
force-field was used to model the interactions of the micelles and the drug
molecules.[176, 175, 177] The NVT ensemble was used to thermalize the
systems, in which the Nosé-Hoover thermostat [178] was used to equili-
brate the systems at a temperature of 310 K. After 200 ps of thermalization,
the Nosé-Hoover thermostat and the Parrinello-Rahman barostat [179, 180]
were used to equilibrate the temperature to 310 K and the pressure to 1
bar, respectively, within the NPT ensemble for another 200 ps. Finally, a
production simulation was performed using the NPT ensemble, employing
the Nosé—Hoover thermostat and Parrinello-Rahman barostat. For each
system, the production simulation ran for an adequate duration to ensure
the micelle’s size and shape reached equilibrium. In all simulations, the
van der Waals interactions were truncated beyond a distance of 1.2 nm and
the particle-mesh Ewald algorithm was used to calculated the long-range
electrostatic interactions. We applied constraints to all bonds that included
hydrogen atoms by utilizing the LINCS algorithm [181].

Analysis All analysis was performed with in-house developed Python
scripts [182] alongside the python MDAnalysis[183], PySoftK [184] and
pySoftWhere [185]. The visualizations were produced using VMD[186].
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In order to determine the shape of the micelles during the course of
the simulations, we calculated each systems’ eccentricity (€) of the largest
micelles, defined as the Eq. 4.1 :

I .
e=1-—"2 4.1)

I ave

where Iy, represents the minimum moment of inertia, while I,y denotes
the average of all moment of inertia values computed. To identify the
number of molecules in each micelle, the Python module Networkx [187]
was used to study the aggregation of the lipid molecules and the drugs. Each
molecule was defined by one atom, and a distance cut-off was introduced
to identify if two molecules were considered part of the same micelle. The
fraction of each component that contributes to the formation of the largest
micelles was calculated by dividing the total number of molecules in the
largest micelle by the total initial number of molecules. The radius of
gyration R, (Eq. 4.2) was also calculated to have an indication of the size

and compactness of each micelle.

1
1125\ 2
Rg — (Zi|rl|| ml) - (42)

Yim;
where m; is the mass of atom i and r; is the distance between atom i and the
center of the mass of the bilayer. The radius of gyration was calculated by

using MDAnalysis function radius_of_gyration (). [188]

The interactions between pairs of molecules in our simulations were
analyzed by creating contact maps with MDAnalysis tools. Firstly, we
calculated the radial distributions (RDFs) between the molecules that we
wanted to study. The distance corresponding to the first peak in the RDFs
plots was used as the first neighbour distance between two molecules. A
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similar approach was used to study the hydration of molecules. Close con-
tact was defined when the distance between heavy atoms of the molecules
of interest was within 6 A, which was representative of the first neighbour
distance for the molecules of interest, and the count of contacts was calcu-
lated for each pair of heavy atoms on these molecules. This approach allows
us to track how two molecules interact. If there is no preference, the num-
ber of close interactions between two molecules will be roughly uniform
across all atoms within the two molecules. A larger number (darker color
in this paper) of close interactions between specific atoms might indicate a

preference.

Tilt angles were calculated to investigate the orientation of drug molecules
as they interact with the micelles. For the drug molecule CAMPT, we mea-
sured the angle between the vector formed by the carbon atoms C20 and
C6 and another vector formed between the center of mass of the micelle
and the C9 arbon atom within CAMPT to represent the center of mass
of the drug (see Fig. 4.1). Regarding the drug DOX, we determined the
angle between the vector connecting the C2 and C25 atoms and the vector
connecting the center of mass of the micelle and the C14 carbon within the

DOX molecule which represents its center of mass (see in Fig. 4.1).

To accurately examine the internal structure and the interfacial proper-
ties of the micelles, we employed the intrinsic core-shell interface (ICSI)
method provided by the python package pySoftWhere within PySoftK.[185,
184] We selected acyl chains of 2C6PC as the core in Pure-Lipids micelles
and the hydrophobic chain of the C6FA molecules in the Mixed and Pure-
Products micelles to represent the core of the micelles as they are the main
component as observed from the snapshots in Figures 4.2 & 4.2. A grid of

dimensions 30 x 30 was chosen. A comprehensive explanation of how this
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Fig. 4.1 Structures of drug molecules in simulations, including (a) Camptothecin, (b) Dox-
orubicin. All atom labels used on contact maps.

algorithm operates can be found in the work by Ziolek et al.[189] The ICSI
is defined by:

gt - 3 (A==E(e.00) ws

where r; is the r-position of atom i and £(8,¢) is the i-position of the
ICSI. The intrinsic surface approach, denoted as S;(r), which normalizes

the intrinsic density, is given by:

e 1V pox

i(r) = N (4.4)
where n; 1s the number of points found in the shell containing atom i across
all analyzed clusters. V,, denotes the average volume of the simulation
box, while N corresponds to the total quantity of random coordinates

utilized during the normalization process.
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Fig. 4.2 The interaction between drugs and different micelle systems Representative
snapshots from 2 s production MD simulation of three different lipid-based micelles (C6PC
purple, C6FA sliver, C6LYS green) with drugs CAMPT (orange) in a-c and drugs DOX (red)
in d-f respectively.

4.3 Results and Discussions

4.3.1 Effect of drugs in formation of micelles

The final snapshots for each system after a 2 ps production simulation are
shown in Fig. 4.2. We observed that almost all of the CAMPT molecules
in orange (Fig. 4.2a-c) formed extensive contacts with the micelles. Mean-
while, isolated free DOX molecules (red) in solution are observed (Fig.
4.2d-f). We quantified the number of different molecules within each of the
largest micelles in our simulations to better understand how the composition
varies across the different systems. Fig. 4.3 & 4.4 display the number of
the different molecule types within the largest micelles containing CAMPT
and DOX drugs. Also shown in the same figures below are the probability

distribution histograms for the size of micelles observed throughout the
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various systems. We observed that the composition of the micelles reached
equilibrium within 200 ns of the beginning of the production simulation.
It is clear to see that the PP-micelle systems exhibited more fluctuations
compared to PL-micelle systems so the values in histogram plots are more
distributed in Fig. 4.4d-f. When comparing the distribution of micelle sizes
in the systems with CAMPT (Fig. 4.3) and those with DOX (Fig. 4.4),
we observe that there are more free molecules in solution in the DOX sys-
tems. As micelle molecules were observed to disassociate while interacting
with drugs, we calculated the extent to which each constituent molecule
contributes to the formation of the largest micelles. Fig. 4.5 illustrates
the evolution of the fraction of each different molecule type in the largest
micelle changes over the entire production simulation, and it is clear that the
CO6LY S molecules are the most dynamic within the aggregation of the lipids,
as they exhibit the most significant fluctuations, particularly in Mixed-DOX
systems (Fig. 4.5¢). The micelles that encapsulate both drugs remain whole
during the duration of our simulations.

To facilitate a clearer comparison of the composition of the various
micelles, we have summarized the average total number of molecules and
the fractions of each component within the largest micelles in Table 4.2. As
the concentration of the product molecules from the degradation of the lipids
increases within the micelles, we find that the micelles become increasingly
dynamic as the standard deviation of the total number of molecules in
the largest micelles increases from 1.7 to 5.1 in CAMPT encapsulated
systems, and 2.2 to 4.9 in the DOX systems. There is also a decreasing
total fraction of the molecules within the systems as the concentration of
degradation products increases within the micelles from 95% to 80% in
CAMPT systems and 92% to 75% in the DOX systems.
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The number of molecules in the largest micelle in CAMPT systems is
generally larger than in the DOX systems, as detailed in Table 4.2. Interest-
ingly, COLYS is the least probable of the various micellar components to be
found in the largest micelles. Even in the Mixed-CAMPT systems, just half
of CO6LYS interacted with other molecules. In contrast, 2C6PC molecules
exhibit the largest uptake of the molecules into the largest micelle in Table
4.2. These results align with our previous work[2, 172], indicating that
CO6LYS, prefer to disperse in water solutions rather than remaining intact

within the largest micelles.

Similarly, the number of CAMPT drugs that are encapsulated within the
largest micelle is also larger than the number of DOX molecules encapsu-
lated in the same micelles. Particularly in the Pure-Product systems, where
~ 3 CAMPT molecules are found encapsulated in the largest micelle with
time, while only ~ 2 DOX molecules are encapsulated. Figures 4.6 and 4.7
show the evolution of the number of drugs encapsulated within the largest
micelle and the probability distribution of the drugs encapsulated within
the micelle. The PP-CAMPT micelles ( Fig. 4.6f) show that almost all
drugs are in contact with micelles throughout the trajectory. However in
DOX-Micelles systems, for a majority of the simulation the DOX molecules

are isolated in the aqueous environment (in Fig. 4.7d-f).

To gain a general understanding of the compactness and shape of the
micelles, we calculated the radius of gyration ( R, ) and eccentricity €
of each system (shown in Figs. 4.8 & 4.9) and summarised in Table 4.3.
Both the PP-Drugs systems form micelles that are predominately spherical
in nature (¢ ~ 0.16 (CAMPT-PP) & 0.17 (DOX-PP)). However the shape
of the PL-Micelle systems underwent significant changes throughout the
simulations in Fig. 4.8d & Fig. 4.9d while their compactness remained

relatively stable. In the case of Mixed-Campt micelles, there is a slightly
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Fig. 4.3 Largest micelle with CAMPT over the trajectory. The aggregation numbers of
the largest micelle overtime in each systems (a-c). Cluster size (i.e., the number of molecules
in each largest micelles) probability distributions for (d) PL-CAMPT, (e) Mixed-CAMPT, (f)
PP-CAMPT system

CAMPT DOX
PL Mixed PP PL Mixed PP
Total # 34.1(1.7) 403(3.6) 40.6(5.1) 33.4(22) 368(3.2) 37.6(4.9)
CAMPT 2.1(1.07) 24095 2.6(0.78) - - -
CAMPT(%) 71 81 87 . . .
DOX - - - 1.8(1.32) 1.8(1.20) 2.0(0.87)
DOX(%) - - - 59 60 66
2C6PC (%) | 95(0.05) 97 (0.04) - 96 (0.06) 95 (0.05) N
C6FA (%) - 89 (0.09) 86 (0.08) - 89 (0.04)  83(0.10)
CO6LYS (%) - 56 (0.16) 78 (0.20) - 68 (0.20) 65 (0.18)
Total Fraction | 95(0.05)  81(0.07)  80(0.10) 92(0.06) 82(0.07)  75(0.10)
(%)
Tilt Angle (°) 63.94 63.04 60.51 82.63 86.84 77.88
(1.83) (2.00) (1.50) 2.71) 2.51) (2.33)

Table 4.2 Effects on composition of micells with different drugs. The mean size of the
largest micelles and the average number of drugs aggregated with the largest micelle (the
fraction of drugs shown in the parentheses). Then followed by the fractions of each molecules
and the total number of molecules comprising the largest micelle. The last row presents the
mean tilt angles for each system (standard errors in parentheses).
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Fig. 4.4 Largest micelle with DOX over the trajectory. The aggregation numbers of the
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each largest micelles) probability distributions for (d) PL-DOX, (e) Mixed-DOX, (f) PP-DOX
system
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Fig. 4.5 The fractions of each molecule and the total number of molecules that formed the
largest micelle in each system.
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R, €
PL Mixed PP PL Mixed PP
CAMPT 23.1+3.0 29.7+34 27.4+3.2 030+0.13 0.19+0.09 0.16+0.08
DOX 25.6+4.1 289+34 274 +38 027+0.12 023+0.11 0.17+0.09
REF. 174+ 0.8 18+1 17+ 1 0.34 0.25 0.23

Table 4.3 The average and standard deviation for the radius of gyration R,, eccentricity € and
the mean size of the largest micelles over the trajectory for each systems. The values from
our previous study for the pure micelles without any drugs are shown as references(REF.)[2]
in the last row.

increasing trend in R, along with a shift towards a more spherical shape over
time, whereas in the Mixed-Dox micelles, a decreasing trend was observed.
The DOX micelles remain approximately spherical ( Table 4.3 ). Similar
trends in eccentricity € were observed in each system when compared to
our previous reference works [2], where PP-Micelle systems exhibited the
smallest values, and PL-Micelles showed the largest. However, there is a
distinct increasing trend ( R, ) in values when compared to the reference
values. This indicates that the solubilisation of the small molecules results
in a significant change of the internal structure of the micelle that results in

a change in their size and shape.

4.3.2 Effect of drugs on the internal structure of micelles

We subsequently employed the corresponding radial density (Fig. 4.10)to
determine the positions of different components including the drugs within
each micelle and all calculations were averaged over the trajectories. The
radial density profiles show that the drug CAMPT extensively inserted into
micelles (indicated by the orange line in Fig. 4.10a, 4.10c and 4.10e). In
contrast, (red line in Fig. 4.10b, 4.10d and 4.10f) there are not significant
densities of DOX molecules within the core of the micelles. We assume

this is due to the larger size of the DOX molecules and more hydrophilic
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Fig. 4.8 Size and Shape of micelles. Plots of the R, for the micelles with Campt drugs as a
function of time shows above three in blue. The eccentricity of the micells and drugs below

in yellow.
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Fig. 4.9 Size and Shape of micelles. Plots of the R, for the micelles with DOX drugs as a
function of time shows above three in blue. The eccentricity of the micells and drugs below

in yellow.
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chemical function groups properties of DOX molecules, in comparison to
the CAMPT molecules.

It 1s worth noting that we also observed an effect on the density of the
water molecules within the core of the micelles. The PL-micelle system
exhibits the smallest density of water within their cores, while the PP-
micelles have the highest. It demonstrates that the PP-micelle system
has a less stable structure, allowing water molecules to penetrate easily.
Additionally, due to the hydrophobic nature of tails of 2C6PC and the tail
of CO6LYS, 2C6PC and C6LYS are all encapsulated inside the micelles with
lower density values in Fig.4.10, which is consistant with other research
works that demonstrates that amphiphilic surfactants such as 2C6PC or
C6LYS prefer to accommodate their hydrophilic and hydrophobic region
inside as the core.[190] These findings also aligns with our previous results,
which showed that the hydrophobic region is primarily composed of C6FA
and the acyl chains of lipids[2]. These results corresponds with the findings

of fraction values and aggregated molecules in Table 4.2.

To investigate the orientation and localisation of drugs during their
interaction with micelles, mechanism of solubilisation of the drugs within
the micelles, we have measured the orientation of the drugs as they approach
and are encapsulated by the micelles. We measured the angles formed by
the vector connecting one side carbon (C8) atom in the benzene ring on one
side of the molecule to another benzene ring carbon atom (C20) on the other
side of the molecule the vector from the center of micelle mass to the center
of drug mass (Fig. 4.11 and Table 4.2). The results of these calculations
reiterates the observation that the DOX molecules are commonly found in
the aqueous environment where they have no preferential orientation (Figs.
4.11(e)-(g)), as a result the mean orientation angle is 900 (Table 4.2).
Meanwhile, the CAMPT molecules are commonly encapsulated within the
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CAMPT DOX
PL Mixed PP PL Mixed PP
03 150 (0.32)  1.32(0.32)  1.50(0.25) _ - -
04 2.13(033)  235(0.34)  2.13(0.34) - . .
N1 443(0.52)  472(053)  4.93(0.54) - - -
N2 0.80(0.37)  0.94(0.36)  1.16(0.39)

3.07 (0.28) 2.92 (0.27) 2.80 (0.28)

04
08 ; - - 3.46 (0.28)  3.46(029)  3.46(0.29)
010 ; ; - 096 (0.27)  1.30(027)  0.87 (0.27)

N ; - - 4.15(0.29)  2.80(0.29)  2.90 (0.28)

Table 4.4 Hydration analysis. The coordinate water numbers in the first shell with different
drugs’ oxygen atoms and nitrogen atoms. The first peak of water shell distances are shown
in parentheses.

micelles and are found to have a mean orientation angle of 600 which

represents the preferred orientation of the drug within the micelle.

Contact maps were constructed to help have a better understanding of
the drug-drug or drug-molecules interactions. By measuring the distance
between each heavy atom (except hydrogen atoms) of molecule of micelle
and a neighbouring drug molecule, we can generate the distance contact
maps. We then used the minimum distance between a drug molecule and a
molecule within a micelle as the characteristic distance to define a contact
within the system. If the distance between any two heavy atoms are within

the cut-off, we considered it as a contact.

In Fig.4.13, it shows that the primary contact regions of 2C6PC with
drug Campt molecues in PL-micelles are the hydrophobic tails of lipids,
which corresponding to atoms C23-C26 and C32-C36 along the horizontal
axis. We also observed that there is an increased number of contacts as
the atom moves further away from the hydrophilic head (i.e., the larger the
atom number, the greater the distance from the tail to the head). The regions
of the drug CAMPT interact with lipids 2C6PC primarily via its A ring,
which is part from the pyrrole[3,4-]-quinoline moiety. It is reasonable
as we have known that CAMPT is composed of a flat pentacyclic ring
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Fig. 4.10 Radial density of water (blue), COLYS(green), C6FA(gray), head groups of
2C6PC(mulberry), tail groups of 2C6PC(purple), CAMPT(orange) and DOX(red) in each
micelle systems as function of time.
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structure that includes three fused rings, specifically the the pyrrole[3,4-B]-
quinoline portion (rings A, B, and C) and the A ring (atom C15-C20) is
the more hydrophobic core of the CAMPT molecule. This ring plays a role
in its interaction with lipid bilayers and hydrophobic regions in biological
systems.[191, 192] From the chemical structure of CAMPT in Fig. 4.1a,
we can observe that the left side of CAMP molecules contain three oxygen
atoms and a hydroxy (-OH) group on atom C1, indicating more hydrophilic
nature. The atom N2 and C7-C8 also were observed with certain amount
of close contact due to it is very close to the ring A. Similarly, in Mixed-
CAMPT micelle system (Fig. 4.14), the hydrophobic tail of 2C6PC has
shown the tendency of interacting with ring A in CAMPT. Meanwhile, the
CAMPT molecules bonded with fatty acid products of C6FA on the more
hydrophobic part (atom C1-C5) and had less contact with carboxyl groups
of C6FA due to the hydrophilic nature (Fig. 4.16, 4.18). It is noteworthy
that not only did the pyrrole[3,4-f]-quinoline (comprising rings A, B and
C with atom C13-C20) exhibited extensive close contact with C6LY'S but
also conjugated pyridone moiety (ring D) with atom C1-C10 and N1, N2 in
Fig. 4.15 and 4.17.

Based on the chemical structure of DOX in Fig. 4.1b, we observe the
presence of four hydroxy (-OH) groups located at atoms C2, C12, C14 and
C18 respectively, indicating it is relativity more hydrophilic and is capable
of forming more hydrogen bonds. We found that the DOX molecules
exhibit a longer duration in solution (e.g. in Fig.4.4a-c), which aligns with
the results obtained from contact maps that display lower contact indices (
e.g., shown in Fig.4.19 - 4.24). The DOX molecules mainly have contacts
with micelles through hydrophobic interactions, leading to relative large
values on the contact maps, particularly on the fatty acid molecules C6FA,
tail groups C6LYS and lipid of 2C6PC. These results are consistent with
previous investigations that specified that DOX is considered a hydrophobic
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molecule mainly because it contains several aromatic rings in its structure
and hydrocarbon chains, such as the daunosamine sugar moiety etc.[193]
The results indicate that atoms C19-C26, C14-C16, O5-06, and 0O9-O10
formed contacts with each other. These findings are in agreement with
the work conducted by Fude Sun’s group, which demonstrated that the
DOX head (C16-C26 in our study) is oriented toward the bilayer center,

corresponding to the more hydrophobic core.[194]

We calculated the radial distribution functions (RDFs) for different drug
oxygen atoms or nitrogen atoms with the oxygen atom of surrounding water
molecules to analysis the hydration of the drugs in different micelle systems
in Fig. 4.12. To quantify the number of water molecules surrounding
the atoms within the first shell, we calculated the integral of the RDF
from O nm to the distance of the first peak minimum as the coordination
numbers in Table 4.4. Due to the insertion of CAMPT in the micelles, the
CAMPT-micelle systems exhibit distinct hydration characteristics. The
N2 in CAMPT has the least water number of molecules (0.80) within
the closest water shell at 0.30 nm, while N1 has the highest coordination
number (4.43). Interestingly, even though similar trends across all CAMPT
drug atoms, the less compact PP-micelle system consistently has the highest
number of water molecules for the cased of the nitrogens. This hydration
of the nitrogen atom N1 in the benzene ring suggests a hydrophobic nature,
consistent with its chemical properties and also consistent with contact
maps. For instance, N1 in CAMPT shows larger contacts and interactions
with the hydrophobic tails of lipids, as depicted in Fig. 4.13. As for the
DOX-micelle systems in Fig. 4.12 d-f, it demonstrate variations in the
number of water molecules surrounding specific atoms. For instance, O10
(0.96), being part of the more hydrophobic region, exhibits fewer water
molecules. In contrast, atoms like O4 (3.07), O8 (3.46), and N (4.15) in

systems such as PL-DOX show a higher coordination with water molecules
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(see Tab 4.4). This discrepancy can be attributed to the hydrophilic nature
of the DOX head. Similarly, in the contact maps regarding to DOX (for
instance, Fig. 4.19 of PL-DOX system), the atom O10 shows higher
contacts with the tails of C6PC, whereas the atom O4, O8 as well as N show
much less close contacts. We also observed a slight decrease in the number
of water molecules when fewer lipids are involved in the formation of the
complete micelle. This observation is reasonable because the structure
of the PL-micelle is the most compact, resulting in fewer DOX drugs
being inserted into the micelle and, consequently, more water molecules
surrounding it.

4.4 Conclusions

In this work, our results and analyses provided a comprehensive picture
on the behavior of different drugs, specifically CAMPT and DOX, within
lipid-based micelle environments. One notable observation was the distinct
influence of CAMPT on lipid-based micelles, with its hydrophobic core
facilitating extensive interactions, especially with the hydrophobic tails
of lipids, resulting in some changes in composition of micelles. And we
observed there are still some free isolated lysophosphocholine (C6LYSO)
molecules in the aqueous environment, the results are align with our previ-
ous findings. On the other hand, DOX, being more hydrophilic due to the
fact that it has more hydrophilic functional groups (e.g. -OH), displayed
a preference for staying with water molecules over the integration into

micelles, leading to fewer close contacts with micelles.

The detailed examination of lipid-based systems underscored the im-
portance of lipid composition in micellar dynamics. The fluctuations and

fewer molecules aggregated in PP-micelle systems compared to the more
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stable PL-micelle systems suggest that the lipid composition significantly
influences the stability and dynamics of micelles. This insight is pivotal
for optimizing drug delivery systems and tailoring them to specific drug
properties. The analyses of tilt angles and distance measurements offered
valuable insights into the orientation and localization of drugs within mi-
celles. CAMPT displayed a different pattern of localization at specific
radii from the center of micelle mass, which is that the hydrophobic parts
of the drug CAMP have shown the tendency embed into the micelle core
and more close contacts with hydrophobic tails of C6PC, C6LYS. While
DOX exhibited a propensity to remain in solution, influencing its overall
integration with the micelles. The radial distribution functions (RDFs) for
drug atoms with surrounding water molecules revealed intriguing hydration
behaviors. Lipid-based micelles with the less compact PP-micelle consis-
tently displayed fewer water coordination numbers. This finding indicates

the crucial role of micelles’ structure in influencing hydration dynamics.

Our simulations provide a comprehensive insight of the intricate interac-
tions between drugs and micelles, crucial for the design and optimization
of drug delivery systems. The observed behaviors of CAMPT and DOX
underscore the importance of tailoring drug-micelle interactions based on
the specific properties of the drug. The disparities between PP-micelle
and PL-micelle systems emphasize the significance of lipid composition
in dictating micellar stability and dynamics. This insight is invaluable for
guiding future research in optimizing drug delivery systems, allowing for

tailored approaches based on lipid composition.

In this manuscript, these findings provide a robust foundation for further
exploration and optimization of drug-micelle systems. The insights gained
from the detailed analyses of lipid-based micelle composition, internal

structure, and hydration behaviors offer valuable knowledge for the devel-
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opment of more efficient and stable drug delivery platforms. Therefor this
research would contribute to the broader field of drug delivery, offering
nuanced insights that can inform future studies and advancements in the
design of drug delivery systems.
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Fig. 4.13 The contact map between pairs of CAMPT and 2C6PC in the PL-micelles
system. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms. All atom labels used on contact maps are shown in Fig. 4.1.
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Fig. 4.14 The contact map between pairs of CAMPT and 2C6PC in the Mixed-micelles
system. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.
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Fig. 4.15 The contact map between pairs of CAMPT and C6LYS in the Mixed-micelles
system. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.
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Fig. 4.16 The contact map between pairs of CAMPT and C6FA in the Mixed-micelles
system. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.
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Fig. 4.17 The contact map between pairs of CAMPT and C6LYS in the PP-micelles
system. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.
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Fig. 4.18 The contact map between pairs of CAMPT and C6FA in the PP-micelles
system. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.
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Fig. 4.19 The contact map between pairs of DOX and 2C6PC in the PL-micelles sys-
tem. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.
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Fig. 4.20 The contact map between pairs of DOX and C6LYS in the Mixed-micelles
system. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.
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Fig. 4.21 The contact map between pairs of DOX and C6FA in the Mixed-micelles
system. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.
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Fig. 4.22 The contact map between pairs of DOX and 2C6PC in the Mixed-micelles
system. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.



4.4 Conclusions 87

(b) C6LYS

-0.4

88555 =
0o
C

[-%

C12
Ccl4

)
i
o

d

(a) Contact map between C6LYS and DOX

Fig. 4.23 The contact map between pairs of DOX and C6LYS in the PP-micelles sys-
tem. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.
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Fig. 4.24 The contact map between pairs of DOX and C6FA in the PP-micelles sys-
tem. Contact maps (a) shows the amount of contact and interactions between two pairs of
molecules. Higher values indicate closer contact. (b)(c) all coloured based on the amount of
contact with each atoms.



Chapter 5

Drug localisation

5.1 Introduction

Drug delivery systems (DDS) are sophisticated technological platforms
designed to package and preserve drug molecules in various formats like
tablets or solutions for effective delivery. They play a pivotal role in direct-
ing drugs to specific sites within the body, maximizing therapeutic benefits
while minimizing unintended effects[195, 196]. Drugs can be administered
through multiple pathways, including oral, buccal, sublingual, nasal, oph-
thalmic, transdermal, subcutaneous, anal, transvaginal, and intravesical
routes. The characteristics of drugs determine their behavior in the body
and their therapeutic impacts upon ingestion[197-200].

Controlled-release drug formulations have garnered significant attention
due to their advantages over traditional drugs. These formulations release
drugs at predetermined rates and duration, independent of body conditions,
and can offer consistent or adjustable release rates, lasting from days to
years[201, 202]. They enhance drug solubility, accumulation at target sites,
therapeutic efficacy, pharmacological activity, pharmacokinetic properties,

patient adherence, and reduce toxicity[196]. Active targeting strategies
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involve ligands or molecules that bind to target tissues, reducing side effects
and improving specificity, yet challenges such as immunogenicity and
degradation persist[203—205]. Responsive stimuli targeting, using factors
like pH, temperature, ultrasound, magnetic fields, or electric fields, further

enhance drug delivery to target cells[206, 207].

In our previous research (done by a previous PhD student Demi Pink
from our group), we investigated the internal structure and conformational
behavior of nanoparticles. Specifically, the SLN system studied comprised
triglyceride (tripalmitin) as the lipid core and Brij O10 (C18:1E10) as
the interfacial surfactant. The LLN system, on the other hand, comprised
triolein (GTO) as the liquid lipid core and Brij O10 as the surfactant shell. In
our study, we found that the liquid lipid aggregate consists of a lipid shell at
the interface with surrounding water, with lipids primarily adopting a trident
conformation to maximize contact with water molecules. Similarly, the
solid lipid aggregate has a lipid shell at the interface with water, but lipids
in the outer shell form various crystalline facets stabilized by interdigitation
of triglyceride tails. These crystalline facets were not observed in the
liquid aggregate due to the higher amount of nontrident lipid molecules
present.[208, 209]

In SLNS, a crystalline lipid shell is observed at the interface with water,
composed entirely of lipids in the trident conformation. The core of SLNs
primarily consists of nontrident lipid conformations that crystallize with
each other. Additionally, our studies revealed that the presence of a cis-
double bond inhibits lipid crystallization in LLNSs, leading to differences
in nanoparticle morphology compared to SLNs.Our results demonstrated
that Brij O10 increases ordering and crystallization in SLNs but decreases
ordering in LLNs by coating the lipid surface, thus making crystallization

unnecessary for shielding lipid hydrocarbon tails. Overall, our research
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provides insights into the structural differences and behaviors of SLNs and
LLNs, contributing to the development of more effective drug delivery
vehicles.[208, 209]

The preliminary analysis conducted by Demi on LLNs and SLNs, high-
lighting the differences and similarities in drug localization within lipid-
based nanoparticles (LLN and SLN) due to variations in lipid morphology.[1]
The localization of TSTP within SLN suggests that solid lipids inhibit drug
penetration into the lipid core, contrary to expectations regarding the role
of the crystalline trident shell. Similarly, while more TSTP penetrates the
LLN lipid core, reversible diffusion between Brij O10 and lipids indicates
drug instability within both LLN and SLN. The instability observed may
result from loading the drug into preformed nanoparticles or transitions in
lipid states, leading to drug expulsion or difficulty in locating stable cavities
within LLN’s closely packed lipids.[1]

Based on this analysis, schematics (Fig. 5.1) representing testosterone
propionate (TSTP) localization in SLN and LLN have been created. In
SLN, a shell of crystalline trident lipids surrounds a non-trident lipid core,
with most drug molecules localizing within the surfactant due to lipid crys-
tallization. In contrast, LLN lacks a crystalline shell, with drug molecules
distributed in the surfactant shell, lipid/surfactant interface, and lipid core,
attributed to the absence of a trident structure and the covering of lipids
by the nonionic surfactant, Brij O10 (C18:1E10). These findings highlight
the complex interplay between lipid morphology and drug localization,
offering insights into optimizing lipid-based nanoparticle designs for drug

delivery applications.[1]

Continuing on from work discussed in our previous works, TSTP loading
simulations with the SLN and LLN will be further analysised in this chapter.
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The drug’s orientation during the interaction into the surfactant and further

hydration analysis also will be discussed.

5.2 Previous simulation setup summary

All molecular species were modeled using the CHARMM General Force
Field (CGenFF), with the TSTP drug molecule’s structure generated us-
ing Avogadro. The final frames representing equilibrated SLN and LLN
nanoparticle structures, were used to initialize simulations. TSTP drug
molecules were randomly inserted into solvent boxes based on solubiliza-
tion data: 44 molecules for SLN (TPN and Brij O10) and 67 for LLN
(SBO and Brij O10). Both systems were thermalized at 309 K in the NVT
ensemble using the Nosé-Hoover thermostat, followed by pressure equili-
bration at 1 atm in the NPT ensemble using the Nosé-Hoover thermostat
and Parrinello-Rahman barostat for 200 ps each. Production simulations
were conducted at 309 K and 1 atm using the Nosé-Hoover thermostat and
Parrinello-Rahman barostat. The SLN and LLN systems were simulated
for 370 ns and 360 ns, respectively, with LINCS used for bond constraints
and a timestep of 2 fs.[1]

The simulations from our previous works aimed to analyze TSTP drug
molecule dynamics within SLN and LLN systems, exploring how lipid
ratios influence drug localization and interactions. Insights from these
simulations contribute to understanding the stability and structure-property

relationships of SLNs and LLNs as drug delivery vehicles.[1]
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5.3 Analysis

The tilt angle calculations were employed to have a better understanding of
the atomistic mechanisms that drive the interactions of the drug molecules
with the different triglycerides, which result in the previously identified
distinct insertions of the drug molecules into the two nanoparticles. Specif-
ically, for the drug molecule TSTP, the angle between the vector formed
by the carbon atoms C3 and C17 were used for measurement (find the
label reference atoms in Fig. 5.2). Additionally, another vector was formed
between the center of mass of the nanoparticle and the C19 carbon atom
within SLN systems, as well as the C22 carbon atom within LLN systems,
were used to assess the orientation of the drug molecules as they approach
the lipid nanoparticles. Determination of radial density functions R, was

calculated as described in previous chapters.

5.4 Results and Discussions

Tilt angle calculations were performed to analyze the orientation and local-
ization of drugs within SLN and LLN nanoparticle systems. Additionally,
the distance between the drugs and the center of nanoparticle mass was mea-
sured to assess drug penetration. The orientation angles of TSTP indicated
a even distribution of drugs from cosine values from -1 to 1 within both
SLN and LLN systems (Fig. 5.3(a-b)), suggesting no noticeable orientation
preference. Regarding drug localization, LLN systems exhibited a higher
proportion of drugs encapsulated within the nanoparticles compared to SLN
systems. In contrast, in SLN systems, drugs tended to be located either
inside (around 7.5 A) or outside (around 12.5 A - 20 A) the systems, indicat-

ing a more compact structure with fewer drugs penetrating the nanoparticles
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02 03 04
SLN 0.78 (0.33) 0.02 (0.32) 0.73 (0.33)
LLN 0.35(0.27) 0.07 (0.34) 0.65 (0.32)

Table 5.1 Hydration analysis of drugs. The coordinate water numbers in the first shell
with TSTP drugs’ oxygen atoms O2, O3 and O4 respectively. The first peak of water shell is
shown in parentheses.

as a whole. In LLN systems, drug distribution was more evenly dispersed,

suggesting greater system flexibility.

We calculated radial distribution functions (RDFs) to understand the hy-
dration behavior of drugs within different lipid-based nanoparticle systems
as the RDF provides information on the distribution of particles around a
reference particles, showing in Fig. 5.4. To quantify the number of water
molecules surrounding atoms from drug with the first shell, the integration
of the RDF up to the distance corresponding to the minimum of the first
peak were calculated to present the number of water molecules closely
associated with the drug atoms and all values have shown in Table 5.1. In
Fig. 5.4, the RDFs’ for oxygen O2, O3 and O4 from drug of TSTP were
used as reference atoms to see the distribution atoms from water atoms
(-OH). The similar trend can be observed in Fig. 5.4 in both SLN and LLN
systems, indicating that the hydration effects in these two systems might
follow the similar trend. The values of coordinate water number showing
in the Table 5.1 are showing relatively small, which all smaller than 1,
indicating the drug molecules are around the hydrophobic environment.
And the first peaks for each oxygen atoms are also very similar, with the

largest value 0.33 (nm) and the smallest 0.27 (nm).
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5.5 Conclusion

Based on our previous preliminary analysis, the study employed tilt angle
calculations and distance measurements to elucidate the orientation, local-
ization, and hydration behavior of drugs within SLN and LLN nanoparticle
systems in this chapter. Tilt angle analysis revealed a relatively even distri-
bution of drugs orientation within both SLN and LLN systems, suggesting
no significant orientation preference. However, LLN systems exhibited a
higher proportion of drugs encapsulated within nanoparticles compared to
SLN systems, indicating a more compact structure with fewer drugs pen-
etrating the nanoparticles as a whole. Conversely, in SLN systems, drugs
tended to localize either inside or outside the systems, implying greater sys-
tem rigidity. Additionally, the investigation into hydration behavior through
radial distribution functions (RDFs) as well as coordinate water numbers
showed similar trends for oxygen atoms from the drug TSTP across SLN
and LLN systems. The relatively small coordination numbers and con-
sistent first peak distances suggested that drug molecules predominantly
resided within hydrophobic environments. Overall, our findings highlight
differences in drug distribution and hydration behavior between SLN and
LLN systems, with implications for drug delivery efficacy and nanoparticle
design. These insights contribute to a deeper understanding of the complex
interplay between drug molecules and lipid-based nanoparticle carriers,
facilitating the development of more efficient drug delivery systems tailored

to specific therapeutic needs.
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Fig. 5.1 The cartoon schematic of drug-loaded Solid Lipid Nanoparticles (SLN) and Liquid
Lipid Nanoparticles (LLN) that presented in our previous works[1].

Fig. 5.2 The chemical structure of drug TSTP.
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Fig. 5.3 Orientation of drug TSTP in SLN and LLN. The scatter plots show the distribution
of the angles and localization of drugs TSTP in SLN (a) and LLN (b) systems respectively.
The black dash line illustrates the probable location of the lipid core within the systems.
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Fig. 5.4 Radial distribution functions for the drug of TSTPs’ oxygen atoms 02, O3, O4 with
the water oxygen (OH) in SLN (a) and LLN (b) systems respectively.






Chapter 6

Conclusions

Due to the low oral bioavailability resulting from the low water solubility
of drugs, the formation of new pharmaceutical products becomes a chal-
lenge for scientists. In the field of oral drug delivery, Lipid-Based Drug
Delivery Systems have garnered significant scholarly attention. Numerous
researchers have contributed extensive information highlighting the utility
of this delivery system in enhancing the oral bioavailability of medications.
Throughout these works in this thesis, all lipid-based drug delivery systems
were studied using atomistic molecular dynamics simulations to examine
the underlying mechanisms between the locations, interactions and geom-
etry of the molecules at different stages. The intention was to construct
suitable drug vehicles loaded with drugs in order to understand the internal
and interfacial structures and properties of micelles, and investigate the
effect that could be used on its potential applications. The conducted simu-
lations and further comprehensive analysis in the thesis have successfully
provided insights of the influence of different lipid composition on micellar
dynamic systems and drug localization within micelles, which providing a
better understanding of lipid-based nanoformations for more effective drug

delivery systems.
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In chapter 3, the study employing all-atom molecular dynamics simula-
tions has unveiled the intricate dynamics of C6 phosphocholine micelles
during digestion by the sPLA2 enzyme and their subsequent interaction
with disordered and ordered lipid bilayers. We observed a disassociation
of micelles and release of their components, with distinctive behaviors
exhibited by 2C6PC, C6LY SO, and C6FA molecules. The penetration of
these molecules into different lipid bilayers revealed preferences influenced
by membrane characteristics, due to the difference of free volume avail-
ability in these two membrane systems. Furthermore, our findings shed
light on the diverse dynamic properties within bilayers, particularly the
pronounced flip-flopping of C6FA molecules. These results contribute to
the first atomistic understanding of how lipid and digestion product com-
binations influence model lipid membranes, offering valuable insights for
the design of lipid-based drug delivery vehicles. The analysis conducted
in this study also demonstrates that lysolipids and fatty acids produced
during digestion enhance lipid membrane permeability, and potentially
could facilitate faster diffusion of therapeutics into cancerous cells. These
findings position phospholipid drug delivery vehicles as promising can-
didates for targeted anti-cancer formulations, providing a foundation for

future advancements in cancer therapy.

In the next chapter, the study sheds light on the intricate interplay be-
tween drugs and lipid-based micelles, offering valuable insights into their
behavior and interactions. Specifically, our findings highlight the distinct
preferences of CAMPT and DOX within micellar environments, empha-
sizing the importance of tailoring drug-micelle interactions to the specific
properties of the drug. The observed disparities between PP-micelle and
PL-micelle systems underscore the significance of lipid composition in dic-
tating micellar stability and dynamics. Furthermore, the detailed analyses

of micelle composition, internal structure, and hydration behaviors provide
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a solid foundation for the optimization of drug delivery systems. By eluci-
dating the complex mechanisms underlying drug-micelle interactions, our
research contributes to the broader field of drug delivery, offering more in-
sights that can inform future studies and advancements in the design of more
efficient and stable drug delivery platforms. In the following chapter, based
on our preliminary analysis, investigations on drug orientation, localization,
and hydration behavior within Solid Lipid Nanoparticles (SLN) and Liquid
Lipid Nanoparticles (LLN) systems were conducted. Results show that
while drug orientation is evenly distributed in both systems, LLN exhibit
higher drug encapsulation compared to SLN, indicating a more compact
structure. SLN systems show rigidity, with drugs localizing either inside or
outside. Hydration analysis suggests drug molecules predominantly reside

in hydrophobic environments.

In conclusion, the comprehensive exploration of lipid-based drug deliv-
ery systems through atomistic molecular dynamics simulations has provided
valuable insights into the mechanisms governing their behavior and interac-
tions at various stages. The study has successfully delved into the dynamics
of C6 phosphocholine micelles during digestion, shedding light on their
subsequent interaction with two different properties of lipid bilayers and
revealing distinct behaviors exhibited by molecules. The findings empha-
size the influence of lipid composition on micellar stability and dynamics,
providing a foundation for the design of lipid-based drug delivery vehicles.
Moreover, the investigation into the interplay between drugs and lipid-based
micelles has underscored the importance of tailoring drug-micelle interac-
tions to the specific properties of the drug. The analysis of works presented
in different micelle systems highlight the significance of lipid composition
in dictating micellar stability. Overall, this research contributes to the ad-
vancement of drug delivery systems, particularly in the realm of cancer
therapy, offering a deeper understanding of the complex mechanisms that
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can inform the design of more efficient and stable drug delivery platforms

for future applications.

Based on the work conducted in this thesis, there are several studies
that can be conducted to potentially improve current drug delivery system
technologies. For instance, tailoring the lipid composition of drug delivery
vehicles can enhance micellar stability and drug encapsulation efficiency.
Specifically, the balance between hydrophilic and hydrophobic components
should be adjusted to match the properties of the encapsulated drugs, en-
suring better stability and targeted delivery. Specific lipid combinations,
such as phospholipids and fatty acids, can be used to improve membrane
permeability and facilitate faster diffusion of therapeutics into target cells,
especially for cancer treatment. Designing drug delivery vehicles that can
selectively target cancerous cells or specific tissues will enhance the thera-
peutic efficacy and reducing side effects. This could involve incorporating
targeting ligands or using stimuli-responsive lipids that release drugs in
response to specific biological signals. This would allow the community
to investigate the potential of lipid-based systems to cross biological bar-
riers (e.g., blood-brain barrier) and deliver drugs to hard-to-reach areas,

potentially expanding the scope of treatments available for various diseases.

6.1 Further works

As simulations of the interaction between lipid-based micelles and mem-
branes or drugs have been performed, several avenues for further research
can be pursued. Additional simulations and further analysis will reveal the
effect of lipid digestion on membrane permeability and enhance mechanistic

insights into lipid-based formulations for drug delivery vehicles.
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To build upon the works discussed in Chapter 3, further investigations
can focus on how the presence of lysolipids and fatty acids resulting
from phospholipid digestion affects membrane permeability to different
molecules, including drugs and therapeutic agents. Although the obtained
results have shown increased permeability of lipid membranes during the
digestion of phospholipids, specific molecules that might potentially cause
these results remain unidentified. This could involve experimental val-
idation using in vitro models or computational simulations, such as en-
hanced sampling methods or free energy calculations, to predict permeabil-
ity changes in the presence of lysolipids and fatty acids within membranes.
Such additional work would help provide a clearer understanding of the
molecular mechanisms underlying the interactions between phospholipid
micelles, digestion products, and lipid membranes.

In addition to this, further exploration can also focus on strategies to opti-
mize the design of lipid-based drug delivery vehicles based on the findings.
This could involve modifying the composition of phospholipid micelles or
incorporating targeting ligands to enhance their specificity towards cancer
cells while exploiting the permeability-enhancing effects of lysolipids and
fatty acids. This could also extend the study to include other digestive
enzymes or conditions mimicking different stages of digestion. Doing so
would help understand how various enzymes interact with phospholipid
micelles and their subsequent effects on model membranes, providing in-
sights into the behavior of lipid-based drug delivery systems under different

physiological conditions.

As discussed in Chapter 4, simulations of CAMPT and DOX drug
loading with lipid-based micelles can be explored further. The impact of the
structure on drug-micelle interactions has been investigated, but different

sizes and chemical properties of other drugs could also be addressed through
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future works. By doing so, research can focus on their interactions with
lipid-based micelles and how their hydrophobic nature influences micellar
stability and composition. Examining other drugs in lipid-based micelle
systems can broaden the scope of this research and provide additional

insights into drug-micelle interactions.

By pursuing these research directions, as well as the many works pre-
sented in this thesis, it would be possible to further elucidate the complex
interplay between lipid digestion, drug delivery, and gain a comprehensive
understanding of how different drug properties and characteristics influ-
ence their interactions with micelles. Ultimately, this would advance the
development of lipid-based formulations for anticancer therapeutics and

potentially other biomedical applications.
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Figure S1: The chemical structure of three species. The parent 2C6PC molecules are degraded
via hydrolysis alongside the C6FA and C6LYSO product molecules.
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Figure S2: Chemical structures of DOPC, DPPC and cholesterol respectively.

Table S1: Detailed Description of the Composition of All of the Eight Simulated Systems.

System DOPC DPPC CHOL C6PC C6FA C6LYSO Na+ Cl- water MD
abbrevia- length
tion (ns)
DOPC 350 0 0 0 0 0 47 47 16824 200
DPPC- 0 308 132 0 0 0 43 43 15900 200
CHOL

DOPC- 350 0 0 0 29 21 111 111 40870 1000
Pure-

Products

DOPC- 350 0 0 16 16 12 110 110 39850 1200
Mixed

DOPC- 350 0 0 35 0 0 111 111 40901 1400
Pure-Lipids

DPPC- 0 308 132 0 29 21 58 58 21465 1000
CHOL-Pure-

Products

DPPC-CHOL- 0 308 132 16 16 12 59 59 21553 1000
Mixed

DPPC-CHOL- 0 308 132 35 0 0 57 57 20939 1000

Pure-Lipids
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Figure S3: Snapshots of two membranes in the 200 ns time frames of trajectory. Left is the
DOPC only system with ions, where Na+ is yellow, Cl- is blue, water is in red and DOPC is
located in the middle of the box. Right is DPPC-CHOL membrane, where DPPC shown in
grey and cholesterol in green respectively.
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Figure S4: Absolute values of order parameters, S.; , as a function of carbon number for the
(A) DOPC and (B) DPPC-CHOL membrane systems interacting with micelles.
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Table S2: The summary of each molecules’” mean tilt angle, and the standard errors are
shown in parentheses. The tilt angle reported for C6PC, DOPC and DPPC are calculated by
measuring the cosine of the angle formed by the vector defined by the P and N atoms in their
PC headgroups (Figs. S1 and S2) and the normal to the membrane; while the tilt angle of
C6FA is calculated by measuring the cosine of the angle formed by the vector connecting the
C2 and O2 atoms of the molecule (see Fig. S8) and the the normal vector of the membrane.

System DOPC- DOPC- DOPC- DPPC- DPPC- DPPC-
Pure- Mixed Pure- CHOL- CHOL- CHOL-
Products Lipids Pure- Mixed Pure-
Products Lipids
C6FA 0.644 0.635 - 0.681 - -
(0.008) (0.006) (0.003)
Ce6pPC - 0.327 0.301 - - -
(0.007) (0.004)
DOPC 0.338 0.344 0.344 - - -
(0.003) (0.002) (0.001)
DPPC - - - 0.341 0.343 0.391
(0.002) (0.004) (0.002)
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Figure S5: Radial distribution function (g(r)) of Ow around (a) the P and (b) N atoms in
the PC head groups in the three DOPC membrane systems (Pure-Products (blue) , Mixed
(green), Pure-Lipids (black)).
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Figure S6: Radial distribution function (g(r)) of Ow around (a) the P and (b) N atoms
in the PC head groups and (c) the O3 atom in the C6FA molecules (see Fig. S8) in the

three DPPC-CHOL membrane systems (Pure-Products (blue) , Mixed (green), Pure-Lipids
(black))
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Figure S7: Mass density profiles of atom P and N in DOPC (a) or DPPC-CHOL (b) mixed
membrane systems.
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Figure S8: Mass density profiles of -COOH and C2 for C6FA in DOPC membrane systems
with micelles (a) Pure-Products, (b) Mixed and DPPC-CHOL membrane systems with
micelles (¢) Pure-Products, (d) Mixed, (e) the structure of C6FA and atom labels that used
for measuring the orientations of C6FA
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Table S3: The first coordinate shell (nm) for the water oxygen atoms Oy with P, N, O3
from headgroups, glycerol ester and cholesterol respectively. The coordination number of
waters is shown in parentheses.

System  Pure- DOPC- DOPC- DOPC- Pure- DPPC- DPPC- DPPC-
DOPC Pure- Mixed Pure- DPPC- CHO- CHOL- CHOL-
Products Lipids CHOL Pure- Mixed Pure-
Products Lipids
P 0.448(6.4) 0.448(6.4) 0.448(6.3) 0.448(6.3) 0.443(0.59) 0.446(5.9)  0.444(6.0) 0.446(6.0)
N 0.459(18.4) 0.604(19.4) 0.582(17.5) 0.584(17.6) 0.589(17.4) 0.596(17.4) 0.590(16.9) 0.594(17.1)
CHOL- - - - - 0.357(2.0) 0.358(2.0) 0.362(2.0) 0.368(2.1)
03
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Figure S9: Number of flip-flip event for C6FA in DOPC-Pure-Products (a) and DOPC-Mixed
(b) systems over time.
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Figure S10: Z-coordinate of different molecules in DOPC membrane system profiles over
time (a-c)C6FA, (d-f) C6LYS, (h-i) C6PC and the number followed after the molecule names
indicate the index for different molecules. The red dashed lines represent the upper and lower
limits of the bilayers.
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Figure S11: Z-coordinate of different molecules in DPPC-CHOL membrane system profiles
over time ((a-c)C6FA, (d-f) C6LYS, (h-i) C6PC and the number followed after the molecule
names indicate the index for different molecules. The red dashed lines represent the upper
and lower limits of the bilayers.

S9



~~~
o
N—"

(b)

1.0 < 1.0

< 0.9 1.3 0.8 L

(<] (O]

) 0.8 0.8
g g g% g
c 0.6 c=l 0.6
Sn 0.6 1.0 E g8 E
Q> I Q ©
Lo c 2 c

v 0.4 -4 0.4

(<]
()

3) 1.0 1.0 1.1 0.2 0.2

o v 1.0 1.0 1.0 1.0

o o

a o

C6FA C6LYS popc 0.0 O C6FA C6LYS C6PC DOPC 0.0
Neighbour Neighbour
(c)
1.0
9 1.3 0.8 0.8
©O
(@] )
9 5]
g O.GE
£ S
O) —
« 0.4
() 1.0 1.0
o
) 0.2
a
C6PC DOPC 0.0
Neighbour
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Values above and below 1 indicate enrichment and depletion, respectively.

S10



(b)

~~~
o
N

N DPPC-CHOL

=]

N
o
N

°

-
o
-

= DPPC-CHOL 0.8
0.6 bopC DpoPC
0.7
0.5
0.6
>
.4? 0.4 Hos
o) Qo
©
Ros o004
e e
E a 0.3
0.0 .

o
o

.4 4.6 4.8 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70

3.8 4.0 4..2 4,
Thickness (nm) Area per lipid (nm?2)

Figure S13: Membrane thickness (a) and area per lipid (b) as function of time in pure
membrane systems.
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Properties of Pure Membrane

Different phases of pure lipid membranes have been studied by various simulation and
experimental methods. '™ In our study, we have measured several properties including the
membrane thickness, the area per lipid and the lipid tail order parameter, to capture the
differences in these two pure membrane systems and get them visualized shown in Figure S3.
During the 200 ns simulation performed for the two membranes, the thickness of the DOPC
system (Figure. S13(a)) fluctuates from 3.8 nm to 4.0 nm (the average value is 3.9 nm and
the standard deviation is 0.04) whereas there is a increasing trend for DPPC-CHOL up to
4.87 nm. When it comes to the area per lipid, we find again that the value is more or less
constant around 0.68 nm? (the average value is 0.68 nm? in DOPC membrane system (Figure.
S13(b)) whereas in the DPPC-CHOL system We find that the area per lipid decreases over
the first 25 ns and then reaches an approximate value of 0.57 nm? (the average value is
0.57 nm? and the standard deviation is 0.01 over the last 100 ns) . The fact that for the
DPPC-CHOL membrane we have found a larger membrane thickness and a smaller area
per lipid is in agreement with previous studies of similar systems which show these effects
as a result of the condensing effect of cholesterol in membranes.* % These results indicate
that these two lipid membranes represent two distinct phases, liquid-disordered (DOPC) and
liquid-ordered (DPPC-CHOL) phases. They are also in agreement with other studies that a
decreased membrane thickness is normally accompanied by an increase in area per lipid.”

The profiles of the deuterium order parameter for DOPC and DPPC-CHOL membrane
systems are shown in Figure S14(a) . The surface area of the lipids is normally inversely
related to the deuterium order parameter. A more compact bilayer usually has a higher
deuterium order parameter and vice versa.® We see that the value of order parameters for
DPPC-CHOL is much larger than those for DOPC, which means the DPPC-CHOL systems
are rigid in comparison with pure DOPC membrane and this trend is in agreement with the
previously studied by Verde et al.?!* As the tails of each DOPC have two-double bonds and

longer than DPPC (have two more carbon atoms), it also makes the structure of membrane
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less stable and more fluid so the twisted lines can be observed as well. It has been proposed
that the single bonds next to the double bond can rotate relatively easily.'’ The lowest point
in DOPC membrane system (the green and blue lines) are located in the 8 carbon where the
position of double bond atom is and it makes it unstable. Comparing to the DPPC-CHOL
membrane system (the red and black lines), each line for tails snl sn2 are more smooth and
it means the structure of lipid changed less.

By computing mass density profiles for these two different pure membrane systems showed
in Figure S14 (b) DOPC and (c) DPPC-CHOL, we can also determine the approximate

positions of upper leaflet and lower leaflet with z-coordinate of headgroups on each system.
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