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SYNOPSIS

The coating of proteins and lipids around nanoparticle surfaces is known as
the “protein corona” and “lipid corona” respectively. While protein corona
formation is well-studied /7,2, the mechanism and stability of lipid corona
formation are less understood and have recently attracted attention in
nanoscience. Although some studies emphasize the role of electrostatic
forces between nanoparticles (NPs) and lipid vesicles in lipid corona
formation /3,4/, little is known about the specific roles of physicochemical
properties of NPs and lipids that influence this process. This thesis uses
aromatic amino acid-functionalized NPs as model systems to interact with
lipid vesicles based on following the hypothesis. In some virus particles, the
capsid, made of protein, encases the viral genome (either DNA or RNA)
with lipid membrane wrapping. Given that amino acids are the building
blocks of proteins, it is plausible to hypothesize that amino acids could self-
assemble on the surface of NPs and potentially attract lipid molecules from
membranes to form a lipid coating, or "lipid corona”. The thesis provides a
detailed exploration of lipid corona formation, focusing on the influence of
lipid (charge, concentration, phase state, chain length, hydrophobicity, and
head group area) and NPs properties (surface charge, surface ligands
functionalization, and metallic core). Our findings reveal the formation
mechanism of lipid corona for the development of potentially smart NPs for
various biomedical applications due to their unusual stability against
external stimuli. Additionally, we examine how protein molecules interact

with different lipid-coated NPs.

Summary of the Thesis Work

The contents of each chapter included in the thesis are discussed as follows:
Chapter 1. Introduction and General Background

This chapter briefly introduces nanoparticle classifications, their

applications, limitations, and various model membrane systems that mimic
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cellular membranes. It also covers the physicochemical properties of lipid
vesicles and explores nanoparticle interactions with lipid vesicles and
proteins. Finally, we discuss the motivation and main aim of the research
presented in the thesis.

Chapter 2. Interaction of Aromatic Amino Acid-Functionalized Gold
Nanoparticles with Lipid Bilayers: Insight into the Emergence of Novel
Lipid Corona Formation

This chapter describes the interaction of aromatic amino acid-functionalized
gold nanoparticles (Au-AA NPs) with lipid vesicles and the formation of a
lipid corona using spectroscopic (steady-state UV-visible and fluorescence)
and imaging techniques (CLSM, HR-TEM, and AFM). Different aromatic
amino acids (namely phenylalanine, tyrosine, and tryptophan)
functionalized gold nanoparticles are synthesized by an in situ method
where the amino acids act as both reducing and stabilizing agents. Amino
acids were selected as ligands for AuNPs because they improve the
biocompatibility of the capped nanoparticles and help address key
challenges in biomedical applications.The charge and concentration of lipid
molecules are varied to understand the nature of the interaction between
nanoparticles and lipid vesicles. Our study demonstrates that in the presence
of high lipid concentration, Au-AA NPs intrinsically tow the lipid molecules
from the lipid vesicles and decorate themselves by lipid molecules leading
to unique lipid corona formation. The lipid corona formation is attributed to
the strong electrostatic interaction between the Au-AA NPs and lipid
bilayer. In contrast, at low lipid concentration, Au-AA NPs undergo lipid-
induced aggregation. Lipid-nanoparticle interaction is found to be a time-
dependent phenomenon and depends on the surface charge of both the lipid
and Au-AA NPs. Our results indicate that the partial lipid coating is an
intermediate step of lipid-induced aggregation and lipid corona formation
of the Au-AA NPs (Figure 1). Significantly, we found that the colloidal
property of these lipid-coated nanoparticles (lipid corona) is able to resist

extremely harsh conditions e.g. high acidic pH, several repetitive freeze-
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thaw cycles, and high salt concentration. The increased stability of Au-AA
NPs with a lipid corona presents opportunities to design robust

nanomaterials with potential biomedical applications.
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Figure 1. Schematic representation of lipid-induced aggregation and
formation of a “stable lipid corona” of the Au-AA NPs through the “partial
lipid coating” on the Au-AA NPs surface. Stability of the native Au NPs and
lipid-coated Au NPs against external stimuli. Schematics are not drawn to

scale.

Chapter 3. Mechanistic Pathway of Lipid Phase-Dependent Lipid
Corona  Formation on  Phenylalanine-Functionalized  Gold
Nanoparticles: A Combined Experimental and Molecular Dynamics

Simulation Study

This chapter examines how lipid properties, including phase state and head
group area, influence lipid corona formation and lipid-induced aggregation
of phenylalanine-functionalized gold nanoparticles (Au-Phe NPs) at
varying lipid concentrations in different media. The zwitterionic lipid
vesicles of different phase transition temperatures, namely DOPC (Tm = -
20 °C), DLPC (Tm = -1 °C), DMPC (T =23 °C), and DPPC (Tw =41 °C),
are chosen to see the interaction with Au-Phe NPs. Complementing
spectroscopic and imaging techniques, coarse-grained molecular dynamics
(CGMD) simulations are used to gain molecular insights into lipid-NPs
interactions. The study shows that a lipid corona forms at high lipid

concentrations for all lipid types, regardless of phase state or head group
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area. CGMD simulations reveal that more DPPC molecules are required to
form a lipid corona compared to DOPC as DPPC has a smaller head group
area than that of DOPC. Lipid phase state, head group area, and buffer
medium are crucial in lipid-induced aggregation behavior of Au-Phe NPs.
The NPs are found to undergo aggregation at low concentrations of DPPC
(ordered state) but remain stable at low DOPC concentrations (liquid-
crystalline state). At low lipid concentrations, DOPC forms a complete lipid
corona around one individual Au-Phe NPs, while DPPC forms a partial
coating around all Au-Phe NPs, leading to aggregation (Figure 2).
Interestingly, despite their differing phase-transition temperatures, both
DLPC and DMPC induce aggregation of Au-Phe NPs at low concentrations
of lipid due to their similar head group areas at room temperature. DPPC-
coated Au-Phe NPs are found to exhibit more stability than DOPC-coated
ones in the freeze-thaw cycles. Based on stability, for the first time, we

categorize lipid coronas as "hard lipid corona" and "soft lipid corona".

Ordered Phase Disordered Phase

WY,
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NPs: Lipids (2:1) NPs: Lipids (80:1)

o »
g ‘.‘ '.‘"_: Ae A_n’ 5
o O : ] e e 3
‘::'*.,7}‘@ "o ¢ o - 1{‘ o
R -.\% N o e e
ARt & ‘ '.fc,.-"(' ‘
00 3
lipid corona Lipid corona withree NPs

Hard lipid corona Partial lipid corona o Soft lipid corona

Figure 2. Schematic representation of lipid corona formation and lipid-
induced aggregation of Au-Phe NPs at two different concentrations and

phase states of the lipid bilayer (ordered and disordered).



Chapter 4. Formation of Lipid Corona on Ag Nanoparticles and Its
Impact on Ag* Ion Dissolution and Aggregation of Ag Nanoparticles

Against External Stimuli

This chapter investigates how the metallic core and surface ligands affect
lipid corona formation. For this, tyrosine and tryptophan-functionalized
silver nanoparticles (Ag-Tyr and Ag-Trp NPs) are synthesized and then
allowed to interact with lipid vesicles of varying surface charges and phase
states. We also examine how different zwitterionic and positively charged
lipid-coated Ag-Tyr and Ag-Trp NPs resist aggregation of NPs and Ag* ion
dissolution under external stimuli, including acidic pH, high NaCl
concentration, and freeze-thaw cycles. Our results show that lipid corona
formation and lipid-induced aggregation mainly depend on surface ligands,
regardless of the metallic core. Both gold and silver nanoparticles
functionalized with aromatic amino acids interact with lipid vesicles in a
similar fashion. The lipid corona significantly imparts the stability of Ag-
Tyr and Ag-Trp NPs against external stimuli compared to native Ag NPs
(Figure 3).

J 2
4
Acidic pH

Ag-AA NP
High NaCl Ag" ion dissolution

concentration

Freeze-Thaw
cycles
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Lipid corona s
Prevention of

Ag" ion dissolution

Figure 3. Schematic representation of the stability of the native Ag-AA NPs
and lipid-coated Ag-AA NPs against different external stimuli.

Over time, zwitterionic lipid coatings on Ag NPs more effectively prevent
aggregation and Ag" ion dissolution than positively charged lipid coatings.
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The DOPC lipid coated Ag-Tyr NPs is superior to all other lipid coated NPs
(Ag-Tyr and Ag-Trp). These findings offer valuable insights for engineering
suitable lipid-coated nanoparticles for various biomedical and commercial

applications.

Chapter 5. Insight into the Lysozyme-Induced Aggregation of Aromatic
Amino Acid-Functionalized Gold Nanoparticles: Impact of the Protein

Binding and Lipid Corona on the Aggregation Phenomena

This chapter explores how the bare and lipid coated aromatic amino acids
functionalized gold nanoparticles interact with the oppositely charged
globular protein in order to understand the impact of lipid corona formation
on protein induced nanoparticle aggregation. The aggregation of negatively
charged aromatic amino acid (phenylalanine and tyrosine)-functionalized
gold nanoparticles (Au-AA NPs) in the presence of positively charged
lysozyme protein at different protein concentrations is first investigated and
the results are compared with those of conventional citrate-functionalized
Au NPs (Au-Cit NPs). Our results reveal distinct aggregation mechanisms

for Au-AA NPs at low and high protein concentrations (Figure 4).
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K & . Au-Cit NP ﬁ s
- ]
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Figure 4. Schematic representation of lysozyme protein-concentration

dependent Au-AA and Au-Cit NPs aggregation.
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Furthermore, different lipids and proteins bound to the surface of Au-AA
NPs have been found to inhibit lysozyme-induced aggregation of the Au-
AA NPs. Human serum albumin (HSA) and bovine serum albumin (BSA)
are bound to the surfaces of Au-AA and Au-Cit NPs through physisorption.
Human serum albumin (HSA)-bound Au-AA and Au-Cit NPs more
effectively prevent lysozyme-induced aggregation than bovine serum
albumin (BSA)-bound Au-AA and Au-Cit NPs. For the first time, the
significant roles of “hard” and “soft” lipid coronas in the aggregation of
phenylalanine-functionalized Au NPs in the presence of lysozyme are

discussed.
Chapter 6. Materials, Methods, and Instrumentation

In this chapter, the materials used in the thesis works, various protocols
regarding the nanoparticle’s synthesis, lipid vesicle preparation,
nanoparticles/lipid mixture formation, nanoparticles/protein mixture
formation and characterization techniques that were used throughout the

thesis have been discussed in detail.
Chapter 7. Conclusion and Future Outlook

This thesis provides detailed investigations to the mechanisms of lipid
corona formation around aromatic amino acid-functionalized nanoparticles
(NPs) and lipid-induced NPs aggregation. It examines how lipid properties
(charge, concentration, phase state, chain length, hydrophobicity, and head
group area) and NPs properties (surface charge, ligands, and metallic core)
influence these interactions. The stability of various lipid-coated NPs under
different external conditions and their interactions with proteins are also

explored.

As a future prospect, quantifying and understanding the mechanism of
cellular uptake of these lipid-coated NPs could guide nano-researchers
toward using these robust NPs in catalysis, drug delivery, and photothermal

therapy within cellular environments.
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Chapter 1

Introduction and General Background

1.1 Introduction

Nanoscience has given breakthroughs in every sector of scientific domains
and nanotechnologies make our life easier in modern days. Nanotechnology
applies the nanoscience theory to the practical applications in industry,
medicine, and energy [1,2]. Furthermore, nanomedicine utilizes
nanotechnology to develop medicine [3]. Nanoparticles, nanostructured
surfaces, and nano analytical techniques are developing in nanomedicine
for diagnosis, treatment, and therapy of diseases to improve the human
health [4,5]. When the engineered nanoparticles (ENPS) come into the
vicinity of living systems, the cellular membrane acts as their initial point
of contact as a frontier between cell and nanoparticles [6]. Cellular
membranes are composed of phospholipids, thus the suspended
phospholipid vesicles or supported phospholipid bilayer [7,8] are often used
as models to study the interaction between nanoparticles (NPs) and cell
membranes. Also, when nanoparticles come to contact with the biological
fluids, several proteins and metabolites (lipid, nucleic acid, amino acid, and
carbohydrate etc.) readily adsorb to the surface of the nanoparticles to form
the “biomolecular” corona and govern the physicochemical properties of
NPs [9,10]. Apart from direct intravascular injection (e.g., in medical
treatments), the primary exposure route for nanoparticles is via inhalation
and they interact with the pulmonary surfactant which consists of ~ 90%
lipid-cholesterol and ~ 10% proteins [11,12]. Therefore, systematic
investigations of the interactions between engineered nanoparticles with
lipid vesicles, protein or both is a burgeoning interest among the researchers
in the field of nanoscience. All these studies will not only help to understand



the biomolecular interactions with NPs but also pave the way to engineer a

new class of nanoparticles for advancing biomedical applications.

Suspending medium

Nanoparticle

"

Proteins

Solid-liquid
interface

Nano-bio interface Lipid bilayer

Figure 1.1 General representation of the interface between a nanoparticle
and a lipid bilayer. Figure reproduced with permission from [11]

(Copyright 2009, Springer Nature)

1.2 Nanoparticle’s classification and their
applications and limitations:
Over the last few decades, we witnessed continuous development in the

nanotechnology field. Nanoparticles have profound applications in
diagnosis, bio-imaging, and therapeutics field due to their excellent physical



and optical properties through small size, high reactivity, and high surface
area [13].

Considering the broader significance of nanoparticles, they can be classified
into three different categories: lipid-based nanoparticles, polymeric
nanoparticles, and inorganic nanoparticles. In the below, we briefly describe

each of the classifications.
1.2.1 Lipid-based nanoparticles:

Lipid-based NPs have several subset structures such as liposomes, lipid
nanoparticles (LNPs), and nanostructured lipid carriers (NLCs). Lipid-
based NPs are mostly used in delivery systems due to their biocompatibility,
formulation simplicity, large payloads of cargo molecules, high
bioavailability, and controllable physicochemical properties [14,15]. That's
why most common FDA-approved nanomedicines are lipid-based NPs
[16].

Liposomes are spherical nanoparticles, composed of phospholipids with at
least one lipid bilayer surrounding one internal aqueous interior. Liposome
can form unilameller and multilamellar vesicles structures which can carry
and deliver the hydrophilic, hydrophobic, and lipophilic drug molecules at
the target sites of the cell and organelles [17]. Also, liposomes can
encapsulate different solutes and release them at the specific sites rendering
it a prospectus drug delivery system [18]. One can easily modulate the
liposome size, lipid composition, surface charge, number of lamellae, and
surface modifications (anchoring different ligands and polymers during
synthesis) which alter the in vitro and in vivo function and stability of
liposomes [19]. Interestingly, liposomes are readily taken up by the
reticuloendothelial system (RES) for clearance, thus limiting the liposome’s
delivery function in cell. So, Surface modification of liposomes is essential

to boost circulation lifespan and delivery effectiveness [20,21].



Lipid nanoparticles (LNPs) are notable subsets of lipid-based NPs with
liposome-like structures and are widely used for nucleic acids delivery.
However, they differ from conventional liposomes as they possess micellar
structure within the particle core and their structure depends on the
formulation and synthetic parameters [22]. LNPs have become the most
promising materials for genetic therapy applications due to their high
efficacy to deliver nucleic acids, small size, easy synthesis procedure, and
serum tolerance ability [23,24]. Basically, lipid nanoparticles are formed
with four major components of lipids: cationic or ionizable lipids which can
form complex with negatively charged nucleic acids, phospholipid to form
particle structure, cholesterol for stability of particles and membrane fusion,
and PEGylated lipids to increase the circulation lifetime and serum stability
[25,26]. lonizable LNPs are recently preferred for delivery of nucleic acids
therapy as they are neutral charged at physiological pH but become
protonated in acidic endosomal compartments, helps the LNPs for
endosomal escape [27]. However, poor drug loading and biodistribution
limits the use of LNPs system [28].
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Figure 1.2 Classes of nanoparticles. Each set of nanoparticles have

multiple subsets, some of them are shown here. Each sets advantages and



disadvantages are also highlighted. Figure reproduced with permission
from [29] (Copyright 2020, Springer Nature)

Nanostructured lipid carriers (NLCs) are the alternative of first-generation
lipid-based nanoparticles, applied as a drug carrier in vascular aging-related
issues [30,31]. NLCs are made up of solid and liquid lipids, dispersed in
surfactant containing aqueous phases [32]. NLCs can be administrated in
multiple routes such as intravenous, pulmonary, oral, parental, and topical
[33]. NLCs have higher drug loading efficiencies and stabilities compared
to LNPs [34].

1.2.2 Polymeric nanoparticles:

Polymeric nanoparticles are formed from synthetic or natural materials
which can be either monomer or pre-synthesized polymer. Polymeric
nanoparticles also have distinct structures, sizes, and characteristics that
make them an ideal candidate for drug delivery, cancer therapy, and wound
healing [35-37]. They are synthesized by different techniques such as
nanoprecipitation [38], emulsification [36], microfluidics [39], and ionic
gelation [40]. Different drug molecules, proteins, polyelectrolytes, small
molecules can be incorporated in different parts of NPs: within NPs core,
the polymer matrix, chemically conjugated on the polymer, and on the NPs
surface. The release of the cargo molecules forms the polymeric
nanoparticles can be controlled by modulating the surface charge, stimuli

responsivity, composition and stability [41,42].

Based on their different structural properties, polymeric nanoparticles are
classified into two categories [29]. One is nanocapsules, where the cavities
surrounded by the polymeric membrane or shell and other is nanosphere of
solid polymer matrix system. Further, the nanocapsules and nanospheres are

classified into polymersomes, micelle, and dendrimers.

Polymersomes are a hollow sphere within an aqueous core surrounded by

polymer bilayer membrane, made up by the self-assembly of amphiphilic
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block copolymers [43]. Similar to liposomes, the polymersomes are
amphiphilic and locally responsive in nature but exhibit greater stability and
cargo retention efficiency [44]. Poly(ethylene glycol) (PEG), poly(ethylene
oxide) (PEO), and poly(dimethylsiloxane) (PDMS) polymers are mainly
used for polymersome formation. Amphiphilic block copolymers can also
self-assembled to form nanospheres with hydrophilic core and hydrophobic
coating, known as polymeric micelles [45]. They can carry diverse small
molecules, providing longer circulation time and improved accumulation
[46,47]. Another class is the dendrimers, a complex highly branched
polymeric three-dimensional structure. They consist of several internal
repeating units that can carry drugs, nucleic acids, and small molecules
[48,49]. They often have multiple functional groups on the surface for
attaching biomolecules and imaging agents [50]. Charged polymers such as
poly(ethylenimine) (PEI) and poly(amidoamine) (PAMAM) are mainly
used for this purpose.

Overall, polymeric nanoparticles serve as efficient delivery materials since
they are biodegradable, water soluble, and biocompatible. The primary
downside of employing polymeric nanoparticles is the risk of particle
aggregation and cytotoxicity. Although just a few polymeric nanoparticles
have been approved by the FDA, many more are now undergoing clinical
testing [16].

1.2.3 Inorganic nanoparticles:

Inorganic nanoparticles have unique physical, optical, electrical, and
magnetic properties, making them promising candidates for diverse
biomedical applications. Iron oxide nanoparticles (IONS), mesoporous
silica nanoparticles (MSNs), quantum dots (QDs), and gold nanoparticles
(Au NPs) are four different forms of inorganic nanoparticles utilized for
drug delivery and imaging [51,52]. Various size, structures, and geometries

of inorganic NPs are easily formulated using various synthetic methods.



Gold nanoparticles (Au NPs) are extensively researched inorganic
nanoparticles that can be synthesized in a variety of sizes and shapes such
as nanorods, nanospheres, nanocubes, nanostars, nanoshells, nanoprisms,
and nanocages [53]. They possess excellent properties such as small size,
ease of surface ligand functionalization, biocompatibility, high volume to
mass ratio, optical and plasmon characteristics, and low toxicity [54]. All
these properties make Au NPs ideal candidates for photothermal treatment,
drug vehicles, biosensors, and bioimaging [55,56]. Furthermore, due to
their metallic properties, Au NPs have a variety of catalytic activities,

including peroxidase, oxidase, esterase, and superoxide dismutase [53].

Iron oxide NPs (IONs) are another well-studied inorganic nanoparticle,
making up the vast majority of FDA-approved inorganic nanomedicines
[57]. Iron oxide nanoparticles are magnetic and made up of maghemite
(Fe203) or magnetite (Fe3O4). The size of these nanoparticles determines
their superparamagnetic characteristics. IONs are widely used as
contrasting agents, drug vehicles, and thermal-based therapeutics [58,59].
Other typical inorganic NPs include mesoporous silica nanoparticles
(MSNs), which have large pore volumes and high surface areas for protein
and nucleic acid binding sites [60]. Their pore sizes, pore volumes, sizes,
and shapes are highly controllable, making them an excellent candidate for
gene and drugs delivery [61,62]. In addition, they are used as biosensors
and MRI contrast agents [63]. Quantum dots (QDs) are another type of
fluorescent inorganic nanoparticles that is commonly employed for in vitro

and in vivo imaging [64].

Inorganic nanoparticles have superior biocompatibility, stability, and a wide
range of applications, distinguishing them from organic materials.
However, their low solubility and long-term toxicity, particularly from

heavy metals, limit their clinical application [65].



1.3 Development of diverse model membrane systems

for cellular membrane mimicking:

1.3.1 Importance of model membrane development:

Cell membranes serve as barriers and gatekeepers, partitioning cells by
limiting what can flow through them. Cells execute a variety of vital
processes across their membranes, including signal reception (plasma
membrane) [66], metabolite conversion (adiposome organelle interface)
[67], and energy conversion (mitochondrial membrane) [68]. Cellular
membranes are typically composed of lipids, proteins, and carbohydrates.
The primary lipid components are the phospholipids, which form the
membrane's bilayer structure and offer a semifluidic environment for
proteins and peptides [69]. Membrane curvature [70], electrostatic potential
[71,72], spatiotemporal distribution of molecules [73], and the presence or
absence of certain domains (transient) [74,75] all play important roles in
membrane chemistry and function. From a molecular perspective, water
molecules or membrane hydration are also critical for membrane
organization, protein recruitment, maintaining ion gradients, and allowing
foreign substances into the cell compartment [76,77]. That’s why, in situ
real-time tracking and mapping of membrane structure, including hydration,
and its function in membrane-modifying mechanisms is essential for
understanding the chemistry of living systems. It is a daunting challenge,

and such advanced and complex technology has yet to be developed.
1.3.2 Evolution of model membranes:

In general, two main approaches are used to investigate membrane
functions: one is top-down and another is bottom-up approaches. In the first
approach, dye molecules or nanoparticles are utilized as probes to monitor
specific biological activities in living systems [78,79]. Using their optical

properties, single molecule imaging of membranes is possible in living



systems and can record subsequent images of dynamic membrane processes
[80,81]. However, this approach fails to deliver any molecular-level
information about the membrane interface. On the other hand, the second
approach employs considerably simpler model systems to simulate key
aspects of cellular membranes, such as lipid monolayers (LMs) and
supported lipid bilayers (SLBs) [82-84]. Lipid monolayers are single layers
of lipid molecules that grow at the air-water interface. Supported lipid
bilayers (SLBs) are two-dimensional thin film coatings consisting of a
single phospholipid bilayer formed by the fusion of lipid vesicles onto a
solid template. Both of the models, together with interface-spectroscopic
tools, assist researchers in understanding the fundamentals of membrane
interaction with protein, peptides, drugs, nanoparticles, and bio-analytes.
These models aid in understanding the role of electrostatics [85], water
[86], and membrane complexity [87], however, they cannot give real-time
molecular level information on each molecule interaction at the membrane

interface.
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Figure 1.3 Diverse model membrane systems for understanding the
complex biochemistry and physics of membrane interfaces. Figure
reproduced with permission from [77] (Copyright 2019, American
Chemical Society)



To overcome this, researchers developed model systems which can bring
together both the top-down and bottom-up approach such as liposomes
(small and large unilammellar vesicles, SUVs and LUVs as well as giant
unilammellar vesicles (GUVs)) [88], lipid droplets (LDs) [89], and
freestanding lipid membranes (FLMs) [73]. These free-floating membrane
systems are more realistic, and both molecular and hydration information is
coming out for a better understanding of membrane chemistry and the
development of biotechnology.

1.4 Physicochemical properties of liposomes:

The liposome first came to light in 1961 by a British biophysicist, Dr. Alec
D. Bangham [90]. Liposomes, which means "fat bodies," are spherical
vesicle systems containing an aqueous bulk encapsulated by at least one
phospholipid bilayer [91]. Phospholipids are typically made up of a
hydrophilic polar head group and two hydrophobic non-polar tail groups.
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Figure 1.4 Structure of the phospholipid and liposome [92].
1.4.1 Head group variation:

The structural and charge diversity of phospholipids comes from the
variation in polar head groups such as Phosphatidylcholine (PC),

Phosphatidylethanolamine (PE), Phosphatidylserine (PS),
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Phosphatidylglycerol (PG), Phosphatidylinositol (PI), Sphingomyelin
(SM), and Cardiolipin [93]. PC, PE, and SM are neutral (zwitterionic),
while PS, PG, PI, and Cardiolipin possess a negative charge (anionic).
Along with cholesterol, PC, PE, PS, and SM are the primary phospholipids
in mammalian cell plasma membranes [94]. In comparison to zwitterionic
and negatively charged lipid vesicles, positively charged lipids are
extremely rare. However, they serve an important role in the transfer of
genetic material into cells by complexing with DNA, mRNA, and siRNA
and interacting with the negatively charged plasma membrane [95,96].
DOTAP, DMRIE, and DC-Chol are a few typical examples of positively
charged lipids. Each of these differently charged lipid head groups has
unique physical and chemical properties that determine how liposomes

interact with biological membranes [91].

Lipid head groups also affect the shape of the lipid and the stability of lipid
bilayers. The chemical structure of the lipid head group, such as charge,
size, and polarity together govern the formation of bilayers [97]. PC is a
typical cylindrical lipid that forms stable lipid bilayers. PE is a conical-
shaped lipid with a smaller head group than its tails, which forms inverted
micelles and hexagonal phases [98]. Liposomes enriched with PE lipid
involve in membrane fusion processes. Lysophospholipids (which contain
only one fatty acid chain) are inverted conical-shaped lipids with a large

polar head group that form micelles rather than bilayers [99].
1.4.2 Tail group variation:

Besides the lipid charge and shape, phase state of the lipid bilayer plays an
important role in several membrane processes such as permeability, protein
interaction, and membrane fusion [100,101]. The phase state of the lipid
bilayer is determined by the lipid tail group, temperature, and the presence
of other molecules. The lipid bilayer has two extreme phases: the gel-
ordered phase and the liquid-disordered phase [102]. In the gel-ordered
phase, lipid hydrocarbon tails are fully elongated and closely packed,
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creating a rigid and less fluid environment. However, in the liquid-
disordered phase, the lipid hydrocarbon chains are randomly orientated and
less densely packed, making the bilayer more fluid and flexible. The phase
state of lipid vesicles is generally defined by the lipid's phase transition
temperature (Tm), which varies from one another. Above the phase
transition temperature of lipid, lipid bilayer remains in liquid-disordered
phase whereas below the Tm of lipid, it remains in gel-ordered phase. In
between liquid-disordered and gel-ordered phase, there is ripple phase.
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Figure 1.5 Illustration of thermotropic behaviour of hydrated phospholipid
bilayer. Tp: pre-transition temperature, Tm: phase transition temperature
[102].

Several factors affect the phase transition temperature of lipids, including
lipid chain length, degree of saturation in the lipid tail group, cis or trans
configuration in long fatty acid chains, and cholesterol content [102-104].
Longer fatty acid chains raise the T of lipids by increasing their van der
Waals interactions. For example, DLPC (12 C atoms), DMPC (14 C atoms),
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DPPC (16 C atoms), and DSPC (18 C atoms) have Tmapproximately -2, 24,
41, and 55 °C, respectively. Introducing unsaturation into the fatty acid
chain causes bends in the fatty acid tails, resulting in a reduction in the van
der Walls interaction between lipids and decrease in the Tr, of lipid. DOPC
has the same 18 carbon atoms as DSPC but has a T of -17 °C, which is
much lower than DSPC. Cis double bonds in the fatty acid chain have a
lower Trm than trans because they cause kinks in the chain and disturb lipid
packing. Lipid vesicles in the gel-ordered and liquid-disordered phase states
change into a new liquid-ordered phase state upon the addition of

cholesterol.
1.4.3 Size and lamellarity variation:

The physicochemical characteristics of liposomes are also influenced by
their size and lamellarity (the number of lipid bilayers to form a liposome)
[105,106]. The size and lamellarity of liposome have a significant impact
on its circulatory lifetime, as well as the number of encapsulated drugs and
genetic material [107-109]. Based on their size and lamellarity of lipid
vesicles, they are categorized as unilamellar, multilamellar, and

multivesicular vesicles [110,111].

Unilamellar Vesicles (ULVs): These vesicles are made up of a single lipid
bilayer that surrounds an aqueous core. Unilamellar Vesicles (UVs) are
further classified into three types: small (SUVs), large (LUVS), and giant
(GUVs) [112]. SUVs, LUVs, and GUVs have diameters of 20-100 nm, 100-
1000 nm, and 1-100 pum, respectively. SUVs are often made by sonication
or high-pressure extrusion of multilamellar vesicles, as well as the ethanol
injection approach. LUVs are formed using the reverse phase evaporation
method, freeze-thaw cycles, and extrusion procedures. GUVs are made
using electroformation or gentle hydration methods. While GUVs are
employed in research pertaining to cell membrane dynamics, permeability,
and interactions with proteins or other biological molecules, both SUVs and

LUVs are typically used in delivery [113].
13
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Figure 1.6 Classification of liposome based on their size and lamellarity.
SUV stands for Small Unilamellar Vesicles, LUV denotes Large
Unilamellar Vesicles, and GUV represents Giant Unilamellar Vesicles.
Figure reproduced with permission from [111] (Copyright 2021, Royal
Society of Chemistry)

Multilamellar Vesicles (MLVs): Multilamellar vesicles are made up of
multiple concentric lipid bilayers that surround a series of aqueous
compartments, resembling an onion-like structure [110]. MLVs have an
average size of more than 100 nm and are often prepared using a thin film

hydration method.
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Multivesicular Vesicles (MVVs): Multiple small vesicles are encased in a
larger vesicle to form MVVs [114]. MVVVs are normally larger than 1 pum
and are synthesized using double-emulsion techniques. MVVs are used for

the slow and sustained release of encapsulated drugs.

Liposomes are further classed based on their in vivo applications, including
conventional liposomes, stealth liposomes, targeted liposomes, and stimuli-
responsive (pH, temperature, light, magnetic, and enzyme) liposomes
[108].

1.5 Interaction of nanoparticles with liposomes and

proteins:

1.5.1 Interaction with liposomes:

Understanding the interaction of engineered nanoparticles with liposomes
is important not only from a nano-bio interface perspective [115], but also
for building smart hybrid nanostructured complexes [116]. The interaction
of nanoparticles with liposomes results in functionalization of nanoparticles
or incorporation into lipid vesicles [116]. These hybrid complexes, which
exploit the properties of both liposomes and nanoparticles, have various
biomedical applications, including photothermal therapy, bioimaging,

stimuli-responsive drug release, and sensing [117-120].

Among the nanomaterials, gold and silver nanoparticles have gained special
attention due to their unique optical properties, ease of surface
functionalization, tunable size and shape, and large Hamaker constant [121-
123]. The interaction of these nanoparticles with lipid vesicles is
determined by their individual physicochemical properties (size, shape,
charge, and hydrophilicity/hydrophobicity) [124-126]. Depending on these
properties, different kind of assemblies are formed as a result of liposome-
NPs interaction: (i) NPs adsorbed on the surface of liposomes, (ii) NPs

embedded in the bilayer of liposomes, (iii) NPs encapsulated in the aqueous
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core of liposomes, (iv) NPs coated with lipid bilayer of liposome. These

four possibilities are summarized in Figure 1.7.
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Figure 1.7 lllustration of nanoparticles interaction with liposomes: (i) NPs
adsorb on the surface of liposomes (ii) NPs embedded in the bilayer of
liposomes (iii) NPs encapsulated in the aqueous core of liposomes (iv) NPs
coated with lipid bilayer of liposome. Figure reproduced with permission
from [116] (Copyright 2020, Royal Society of Chemistry)

(i) NPs adsorbed on the surface of liposomes: Hydrophilic charged
nanoparticles are generally known to adsorb on the liposome surface via
electrostatic and Van der Waals attractive forces. Granick and co-workers
first reported that negatively charged carboxyl-modified polystyrene (PS)
nanoparticles adsorb on the surface of zwitterionic DLPC liposomes via
charge-dipole and non-specific interactions [127]. They later observed that
negatively charged PS nanoparticles cause local gelation on zwitterionic
fluid-phase lipid vesicles, while positively charged PS nanoparticles induce
local fluidization of gel-phase liposomes [128]. Similarly, citrate-
functionalized Au NPs adsorb onto the surface of liquid-phase lipid vesicles

and cause local gelation. This gelation thermodynamically favours the
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merging of gel-phase regions to minimize liquid/gel interfaces, leading to
Au NP aggregation [129]. On the other hand, Au-Cit NPs stay adsorbed on
gel-phase liposomes with minimal aggregation. The degree of local gelation
in zwitterionic lipid vesicles depends on the bulkiness of the Au NPs surface
ligand, with the greatest effect seen when the membrane is near its phase
transition temperature [130]. The stabilization of the liposome surface by
surface-bound nanoparticles prevents fusion, overcoming a key limitation
of liposomes in biomedical applications [127]. Additionally, transient
leakage of encapsulated fluorescent calcein occurs during Au NPs
adsorption onto fluid liposomes, demonstrating their potential for triggered-

release applications [131,132].

In addition to van der Waals interactions between charged NPs and
zwitterionic liposomes, NPs can also adsorb onto the liposome surface
through strong electrostatic interactions between oppositely charged NPs
and liposomes. For example, negatively charged mercaptopropionic acid
(MPA) functionalized Au NPs adsorb onto positively charged DOTAP
phospholipids through electrostatic interactions at neutral pH [133].
However, under acidic conditions, the carboxyl groups of the MPA ligands
become protonated, causing the Au NPs to detach and leaving the liposomes
vulnerable to fusion. Conversely, positively charged chitosan coated Au
NPs adsorb onto anionic DOPA phospholipids at acidic pH but detach at
physiological pH [134]. DOPA is a pH-sensitive phospholipid and becomes
protonated at around pH 7.4. These liposome and nanoparticle

nanocomposites are used in drug delivery as pH-responsive materials.

Other than electrostatic interactions, carboxyl-modified Au@Ag core-shell
nanoparticles can covalently attach to liposomes containing an aminated
lipid (DSPE-PEG2000-NH?>) [135]. All these liposomes with surface bound
nanoparticles have wide applications in drug delivery, photothermal

therapy, bioimaging, and biosensors [136-138].
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(i) NPs embedded in the bilayer of liposomes: While surface-bound
nanoparticles on liposomes are relatively large and charged, those
embedded in the lipid bilayer are small and hydrophobic. The size and
loading of nanoparticles in the bilayer can influence membrane thickness,

fluidity, and lipid packing.

In 2005, Park et al. embedded 3-4 nm stearylamine-capped Ag NPs into a
DPPC bilayer and found that increasing the concentration of NPs increased
the bilayer's fluidity above the phase transition temperature of lipid [139].
Similar results were observed with Au NPs, suggesting that the surface
ligand plays a more important role than the metallic core [140].
Furthermore, hydrophobic dodecanethiol-functionalized Ag NPs (around
5.7 nm) were also embedded in the DPPC bilayer, and they increased
membrane fluidity both above and below the lipid's phase transition
temperature [141]. This discrepancy could be due to variations in
nanoparticle size or surface ligands. Preiss et al. studied the influence of
embedded nanoparticle size (2 nm and 4 nm dodecanethiol-capped Ag NPs)
on lipid bilayer permeability and phase behaviour using leakage
experiments [142]. The presence of 4 nm nanoparticles (close to the lipid
bilayer thickness) caused more dye leakage compared to 2 nm nanoparticles
(smaller than the bilayer thickness), suggesting greater bilayer disruption
with the 4 nm NPs. Nanoparticles within the bilayer can form clusters
depending on the bilayer's fluidity and the nanoparticle loading
concentration. For example, embedded stearylamine-capped AuNPs are
dispersed in a gel-phase lipid bilayer but tend to cluster in a fluid-phase lipid
bilayer [143].

All these liposomes with bilayer-embedded NPs were prepared by in situ
technique using the thin film hydration method. In brief, first, small and
hydrophobic nanoparticles were suspended in organic solvents along with
dissolved phospholipids. Then, the organic solvents were completely

evaporated, leaving a dried film of phospholipids and hydrophobic NPs.

18



This film was then hydrated to encapsulate the small NPs within the
liposome bilayer. The interaction was studied by spectroscopic and imaging
techniques. But, the interaction between small hydrophobic nanoparticles
and liposomes when simply mixed using ex situ techniques is not well
understood. While some simulations highlight their interaction behaviour
[144,145], experimental results are limited, likely due to the poor solubility
of neutral hydrophobic nanoparticles in aqueous solutions. Guo et al., using
both theoretical and experimental methods, reported that lipid-covered
dodecanethiol-capped gold nanoparticles (Au NPs) smaller than 5 nm can

become trapped in the lipid bilayer [146].

To enhance the solubility of small hydrophobic-ligand functionalized Au
nanoparticles (NPs), a new class of amphiphilic NPs protected by a binary
mixture of hydrophobic and anionic end-functionalized alkanethiol ligands
has been developed [147]. These monolayer protected amphiphilic Au NPs
can insert into and fuse with the hydrophobic core of lipid vesicles without
disrupting the lipid bilayer [148]. A critical step in the insertion of Au NPs
into the lipid bilayer is the hydrophobic interaction between the core of the
lipid bilayer and the monolayer of the Au NPs, facilitated by the protrusion
of aliphatic lipid chains into the solution [149]. The fusion of these Au NPs
into the lipid bilayer depends on several factors, including NPs size, the
monolayer  ligand composition, ligand chemistry  (flexibility,
hydrophobicity), lipid membrane curvature, lipid charge, phase state of the
lipid vesicles, and the ionic strength of the solution [148,150-153]. In
contrast, Au NPs coated with a single layer of cationic end-functionalized
alkanethiol ligands can disrupt cell membranes [154,155], leading to cell
death and cytotoxicity. This disruption is influenced by the lipophilicity of
the ligands and the charge of the lipids in the membrane [156,157].

(iii) NPs encapsulated in the aqueous core of liposomes: Generally, Au
nanoparticles (Au NPs) cannot cross the lipid bilayer of a liposome to reach

the aqueous interior due to the high energy barrier of the bilayer’s
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hydrophobic core. To overcome this, Au NPs often need special surface
modifications or external forces. Citrate-coated Au nanoparticles (60 nm in
diameter) were encapsulated in the aqueous core of unilamellar liposomes
by sonicating preformed Au NPs with multilamellar phospholipid vesicles
[158]. Furthermore, lipid-covered, dodecanethiol-capped Au NPs larger
than 5 nm can insert into the bilayer, form pores, and then move through it
[146]. Amphiphilic Au NPs with a 1:1 monolayer of 11-mercaptoundecane
sulfonate (MUS) and octanethiol (OT) ligands can pass through outer
bilayers and interact with inner membranes of multilamellar and

multivesicular vesicles without disrupting the membrane [148].

Gold nanoparticles (Au NPs) can be prepared inside the aqueous core of
lipid vesicles using other simpler methods. In one method, dried lipid films
are rehydrated with a solution of a reducing agent, and then gold precursor
ions are added, forming Au NPs within the liposome's core [159]. In another
method, liposomes are formed in a solution containing both metal ions and
a reducing agent, which encapsulates both in the aqueous core, leading to
the formation of metal NPs [160]. These encapsulated Au NPs within
liposomes, have applications in stimuli-triggered drug release, catalysis,

and bio-imaging [161].

(iv) NPs coated with lipid bilayer of liposome: An early example of gold
nanoparticles (Au NPs) coated with a bilayer of liposomes was introduced
by reducing a premixed aqueous solution of an Au precursor and the
cationic lipid DDAB [162]. These cationic lipid-bilayer-coated Au NPs
were later explored for their interaction with DNA, resulting in enhanced
stability and improved transfection efficiency [117]. However, some
studies have shown that lipid-bilayer-coated Au NPs tend to aggregate in
biological media with high concentrations of cysteine and glutathione
[163]. To address this issue, both alkanethiols and phospholipids have been
used as capping agents, binding to Au NPs to form hybrid bilayers [164].

These hybrid bilayer-coated NPs are susceptible to cyanide etching, which
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also depends on the properties of alkanethiols. In 2018, Olenick et al. first
reported lipid bilayer coating around Au NPs by simply mixing Au NPs
with lipid vesicles and introduced the term “lipid corona” [165]. Methods
for quantifying the lipid corona on Au NPs from lipid vesicles have also
been developed [166].

1.5.2 Interaction with proteins:

When nanoparticles (NPs) are exposed to biological media containing
thousands of proteins, lipids, carbohydrates, and small metabolites, an
adsorption layer quickly forms around the NPs, known as the "protein
corona” or “biomolecular corona” [9,167]. The adsorbed proteins give the
pristine NPs a new biological identity and influence their physicochemical
properties [10,11]. Key questions about the protein corona, such as its
structure (monolayer, bilayer, multilayer) [168,169], the driving forces
behind its formation (electrostatic, hydrophobic, hydrogen bonding)
[170,171], its time-dependent evolution [172,173], and nature of corona
(hard and soft) [174,175] are still being explored in the literature.

The interactions between gold nanoparticles (Au NPs) and proteins are
influenced by various factors, including size, charge, hydrophobicity,
shape, and concentration of NPs and proteins as well as solution pH and
ionic strength [176-180]. Protein adsorption around NPs can also lead to
aggregation and precipitation, which limits their use in biomedical
applications. This agglomeration and precipitation of NPs in the presence
of proteins can occur due to one or more of the following reasons: surface
charge neutralization, protein unfolding after adsorption, protein-mediated

bridging, and surface ligand decoating during adsorption [181-184].

To reduce protein corona formation around nanoparticles (NPs) and prevent
their aggregation in the presence of proteins, surface properties of NPs are
often modified. One popular method is PEGylation, where a hydrophilic
polymer layer of polyethylene glycol (PEG) is added to the surface [185].

21



The molecular weight and density of the PEG coating are crucial in
controlling NP-protein interactions, as different nanoparticle sizes have
varying surface curvature [186]. Zwitterionic coatings on NPs are also
effective at repelling proteins [187]. With these coatings, proteins interact
mainly with the hydrated water layer on the surface rather than directly with
the ligands. Polymeric micelles and cylindrical bottle-brush polymers also
prevent protein corona formation due to their dense hydrophilic polymer
coatings [188]. PEGylated or pSarcosinylated liposomes provide some
shielding against protein corona formation [189], although typically less
effective than polymeric micelles. Nanohydrogels, made from highly polar
polymers, are another type of NP that resists protein adsorption on their
surface [190].

PEGylation affects the cellular uptake of nanoparticles. Generally, as the
PEG content increases, the nanoparticles gain stealth properties, meaning
they are better at repelling proteins. However, this also reduces their ability
to be taken up by cells [191]. Therefore, it's important to strike a balance
between enhancing the stealth properties of nanoparticles and maintaining
efficient cellular uptake when modifying the surface of nanoparticles with
PEG polymers. Despite this challenge, there will always be opportunities
for researchers to further develop the protein-repelling capabilities of

nanoparticles.
1.6 Motivation and organization of the thesis:

The primary aim of the research presented in this thesis is to explore the
emerging field of the "lipid corona™” around nanoparticles and its effect on

interactions with protein molecules.

It is well-known that during viral budding, the capsid of many viruses pulls
lipids from the host cell membrane to form a protective coating. This lipid
bilayer gives virus particles enhanced adaptability within our immune

system. Therefore, understanding the formation of the novel "lipid corona"
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around NPs is of significant interest, not only from virological and
biological perspectives but also for the development of smart nanoparticles
with lipid bilayer coatings for various biomedical applications. The recent
development of membrane-wrapped smart metal nanoparticles, also known
as artificial virus nanoparticles (AVNSs), mirrors enveloped viruses due to

their similar structural concept [192,193].

In virus particles, the capsid, made of protein, encases the viral genome
(either DNA or RNA) with lipid membrane wrapping. Since amino acids
are the building blocks of proteins, it is reasonable to hypothesize that amino
acids could self-assemble on the surface of NPs and will potentially pull the
lipid molecules from membranes to form a lipid coating or "lipid corona.”
This concept of lipid coating will also present exciting possibilities for
nanoparticle design in the biomedical field. The following section offers a

brief overview of the contents and organization of the thesis.

Chapter 1 begins with a brief introduction to different types of
nanoparticles, their applications, and their limitations. It highlights the
importance of developing model membranes and traces the evolution of
these models. The chapter also covers the physicochemical properties of
liposomes, which are used to study their interactions with NPs. Finally, it
discusses how various NPs interact with lipid bilayer membranes and

proteins, leading to the formation of different NP-biomolecule assemblies.

Chapter 2 explores the interaction between aromatic amino acid-
functionalized gold nanoparticles (Au-AA NPs) and lipid vesicles, focusing
on the effects of lipid vesicle charge and concentration. The study utilizes
various spectroscopic (steady-state UV—visible and fluorescence) and
imaging techniques (CLSM, HR-TEM, and AFM). At high lipid
concentrations, Au-AA NPs intrinsically pull lipid molecules from the
vesicle membrane, forming a distinctive lipid corona around the
nanoparticles. In contrast, at low lipid concentrations, Au-AA NPs undergo

lipid-induced aggregation. Both the surface charge of the Au-AA NPs and
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the lipids play crucial roles in the formation of this lipid corona. The lipid
bilayer coating (lipid corona) around the Au-AA NPs provides unusual
colloidal stability, protecting the nanoparticles against harsh external
conditions such as highly acidic pH, high salt concentrations, and repeated

freeze-thaw cycles.

Chapter 3 demonstrates the mechanistic pathway of lipid phase state (sol-
gel and liquid crystalline) dependent phenylalanine-functionalized gold
nanoparticles (Au-Phe NPs) interaction with lipid vesicles. The study
employs both experimental techniques (spectroscopy and microscopy
imaging) and coarse-grained molecular dynamics (CGMD) simulations.
The main goal is to understand how the lipid phase and the area per lipid
head group influence the formation of the lipid corona and lipid-induced
aggregation in various media. For the first time, based on the fluidity of
lipid at room temperature, lipid corona is classified into two types: "hard
lipid corona™ and "soft lipid corona”. The potential stability of the both the
hard corona and soft corona is discussed subsequently.

In Chapter 4, aromatic amino acid-functionalized silver nanoparticles (Ag-
AA NPs) are synthesized to investigate how the metallic core and surface
ligands affect lipid corona formation. Our results show that both lipid
corona formation and lipid-induced aggregation are primarily dependent on
the surface ligands of the nanoparticles, regardless of the metallic core. This
is evidenced by the fact that aromatic amino acid-functionalized gold and
silver nanoparticles exhibit similar interactions with lipid vesicles. By
tailoring different charged and phase-state lipid coatings around the Ag-AA
NPs, we successfully prevent aggregation, surface oxidation, and Ag™ ion

dissolution under various external stimuli.

Chapter 5 discusses the impact of lipid corona on the protein concentration-
dependent aggregation of both Au NPs and proteins during their mutual
interactions. We first examine the aggregation behaviour of negatively

charged aromatic amino acid (phenylalanine and tyrosine)-functionalized
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gold nanoparticles (Au-AA NPs) in the presence of the positively charged
globular protein lysozyme at various protein concentrations and compare
the results with those of conventional citrate-functionalized Au NPs (Au-
Cit NPs). Our findings reveal that the aggregation mechanism of Au-AA
NPs is significantly different from that of Au-Cit NPs, as well as under low
and high lysozyme concentrations. The "hard lipid corona” around Au-AA
NPs is found to be more effective in impeding lysozyme-induced
aggregation compared to the "soft lipid corona.”
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Chapter 2

Interaction of Aromatic Amino Acid-
Functionalized Gold Nanoparticles with Lipid
Bilayers: Insight into the Emergence of Novel

Lipid Corona Formation

2.1 Introduction

At the age of the 21st century, the use of engineered nanoparticles has been
extended in the interdisciplinary area of nanotechnology and bioscience
owing to their numerous biomedical application such as drug delivery,
bioimaging, biosensing, and so forth //-4]. As the application of
nanomaterials is increasing day by day in medicinal research, there has been
burgeoning interest to study the interaction of the engineered nanomaterials
with living cells. When the nanomaterial comes to the vicinity of the living
systems, the membrane acts as their initial point of contact and appears as
the frontier between the cell and the nanoparticles /5/. Both the interaction
and cytotoxicity of the nanoparticles are often governed by
physicochemical factors of nanoparticles such as size, surface charge
density, and hydrophobicity /6-1/]. Among the diverse nanomaterials, gold
nanoparticles (Au NPs) are most promising to study the intracellular
processes because of their ability to show distance-dependent color to
visualize the aggregation of Au NPs [/2,13], easily variable surface
chemistry by varying surface ligands //4-16/, and large Hamaker constant
rendering strong van der Waals interactions //7,18].The frequently models
used to study the interaction of the cellular membranes with Au NPs are
suspended lipid vesicles and supported lipid bilayers. The suspended lipid
vesicles are best suited for intracellular organelles because suspended lipid

vesicles impart high lipid concentration to study nanoparticle binding, lipid
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phase behavior, and membrane permeabilization using spectroscopic and
cryogenic transmission electron microscopy (cryo-TEM) techniques /1§-

20].

Theoretical studies demonstrated that neutral or hydrophobic nanoparticles
can engulf into cell membranes causing membrane swelling. On the other
hand, charged or hydrophilic nanoparticles can pull a large number of
phospholipids away from the membrane resulting in “pore” or ‘“hole”
formation /6,7]. As nanoparticles drag phospholipid molecules from the
membrane [6], there is a possibility of the formation of lipid coating around
the nanoparticle. The layer of lipid molecules around the nanoparticles is
described as “lipid corona” and is just beginning to emerge in the literature
[21-29]. Most convenient anionic citrate functionalized Au NPs (Au-Cit
NPs) do not form lipid corona upon interaction with zwitterionic and
negatively charged lipid vesicles [18,19,29]. Our group previously
established that anionic Au-Cit NPs interact strongly and stabilizes the
zwitterionic lipid membrane /79]. Recently, it was reported that small and
weakly adsorbed citrate on the Au NPs surface can be replaced by the lipid
molecules, and the Au-Cit NPs typically aggregated into an ordered
monolayer in the lipid bilayers /30,31]. On the other hand, anionic
polystyrene functionalized gold nanoparticles, depending on their size,
concentration, and ionic strength of the medium, adsorb to the zwitterionic
supported lipid bilayer (SLB) surface and drag lipids from the SLBs to the
surface of nanoparticles /32/. Depending upon zwitterionic and negatively
charged lipid concentration, cationic poly(allylamine) hydrochloride (PAH)
functionalized gold nanoparticles form patchy lipid layer on the Au NP’s
surface and undergo lipid-induced aggregation /28,29,33]. Dragging of the
lipid molecules from lipid bilayer by the Au NPs is a common phenomenon
in the above-mentioned studies. However, the impact of lipid coating (i.e.,
lipid corona) on the stability of Au NPs remains elusive. Besides all of these
experimental shreds of evidence, some computer simulation studies also

propose the possibility of lipid corona between certain lipids and
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nanoparticles, although the role of specific functionalization (nature of
ligands) or charge or size of the NPs remains controversial /34-36]. In this
context, it is of utmost interest to investigate the possible mechanism and
enlightenment into the intrinsic stability of the lipid corona. Therefore, to
replicate our interest we used the single aromatic amino acids’
functionalized-gold nanoparticles to study the interaction of nanoparticles
with the lipid membrane and possibly the lipid corona formation. In order
to investigate the interaction between the lipid vesicles and Au-AA NPs, we
employed spectroscopic techniques (steady-state UV-visible and
fluorescence) and state of the art imaging techniques such as confocal laser
scanning microscopy (CLSM), high-resolution transmission electron
microscopy (HR-TEM), and atomic force microscopy (AFM). We varied
the charge and concentration of the lipid molecules to understand the nature
of the interaction between nanoparticles and the vesicles. We also
investigated the influence of the lipid corona formation on the colloidal
stability of the nanoparticles against external stimuli like pH, ionic strength,

and repetitive freeze-thaw cycles.
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Figure 2.1 (a) UV-Visible spectra, (b) TEM imaging, (c) zeta potential measurement (inset
shows the TEM histogram data) and (d) normalized fluorescence excitation and emission

spectra of blank phenylalanine (Phe) and phenylalanine functionalized Au NPs (Au-Phe
NPs).

2.2 Results and Discussion

2.2.1 Synthesis and characterization of the aromatic amino acid

functionalized gold nanoparticles (Au-AA NPs):

We synthesized different aromatic amino acids (namely phenylalanine,
tyrosine, and tryptophan) functionalized gold nanoparticles following an in
situ method where the amino acids acted as both reducing and stabilizing
agents (Experimental Methods). We purposefully avoided the replacement
of citrate from Au-Cit by amino acid because this method may lead to the

partial replacement of citrate and make Au-AA NPs unstable /37].
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Figure 2.2 (a) UV-Visible spectra, (b) TEM imaging, (c) zeta potential measurement and
(d) normalized fluorescence excitation and emission spectra of blank tyrosine (Tyr) and

tyrosine functionalized Au NPs (Au-Tyr NPs).
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The formation of aromatic amino acid functionalized colloidal Au NPs (Au-
AA NPs) was confirmed by the appearance of surface plasmon resonance
(SPR) band from the UV-Visible spectra at reaction conditions, that is pH
~ 10, and the colloidal property of Au-AA NPs remained stable even at pH
~ 7 (Figure 2.1a, 2.2a, and 2.3a). The TEM images (Figure 2.1b, 2.2b,
and 2.3b) and the corresponding histogram data (inset of Figure 2.1c)
revealed that nanoparticles had a core diameter around 12-15 nm with

uniform size distribution.
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Figure 2.3 (a) UV-Visible spectra, (b) TEM imaging, (c) zeta potential measurement and
(d) normalized fluorescence excitation and emission spectra of blank tryptophan (Trp) and

tryptophan functionalized Au NPs (Au-Trp NPs).

The negative zeta potential for the Au-AA NPs at pH ~ 10 and pH ~ 7
(Figure 2.1c, 2.2¢, and 2.3c¢) indicated that the —COO™ group of the amino
acids was likely exposed toward the bulk. All of the Au-AA NPs exhibited

similar zeta potential at pH ~ 10, however, the surface charge for the Au-
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Phe (-32 mV) and Au-Tyr NPs (-24 mV) was higher compared to that for
Au-Trp NPs (-10 mV) at pH ~ 7. The excitation and emission spectra of Au-
AA NPs and blank amino acids were shown in Figure 2.1d, 2.2d, and 2.3d
which indicated that the excitation and the emission property of the Au-AA

NPs exhibited significant differences from the blank amino acids.

2.2.2 Interaction of the aromatic amino acid functionalized gold

nanoparticles with different charged lipid bilayers:

To investigate the interaction of Au-AA NPs with lipid vesicles, we varied
the surface charge of the lipid vesicles from pure zwitterionic DMPC to
positively charged DMPC/DMTAP (70/30) and negatively charged
DMPC/DMPG (70/30) lipid mixture at physiological pH. The fixed
concentration of Au-AA NPs (20 nM) solution was incubated overnight
with different concentrations (0.0125-0.40 mM) of lipid vesicles at room
temperature (25 °C) to achieve the equilibrium for all the experiments. The
nanoparticles-lipid vesicles interactions were monitored through UV-
Visible and fluorescence spectroscopy as a function of the number ratio of

the Au-AA NPs/vesicles (Table 2.1, and experimental methods) /29,38].

Concentration Number of Concentration number ratio

of Au-AANPs | Au-AANPs | oflipid (mM) Niot Niipo of Au-AA NPs
/mL
20 6.023 x 1012 0.4 97,389.01 2.469 X 10" 2:1
20 6.023 X 1012 0.2 97,389.01 1.236 X 10" 5:1
20 6.023 X 1012 0.1 97,389.01 6.184 X 101 10:1
20 6.023 X 10" 0.05 97,389.01 3.092 x 101 20: 1
20 6.023 x 10" 0.025 97,389.01 1.546 < 10" 40:1
20 6.023 x 1012 0.0125 97,389.01 7.730 % 101 80:1

Table 2.1 Calculation of the number ratio of Au-AA NPs: liposomes. Where Niq is the total

number of lipid molecules per liposome and Niipo is the total number of liposomes per mL

for a known concentration of lipids.

It was observed that upon interaction with the low concentration (0.0125
mM) of zwitterionic DMPC lipid vesicles [i.e., Au-Phe NPs/DMPC (80:1)],

Au-Phe NPs underwent visual aggregation (color change along with
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sedimentation, Figure 2.4a) with a new broadened peak that appeared at a

longer wavelength ranging between 547 to 650 nm (Figure 2.4b).

Au-Phe NPs: Au-Phe NPs:

Au-Phe Au-Phe NPs : Au-Phe NPs: Au-Phe
DMPC/DMTA DMPC/DMTA
NPs DMPC (2:1) DMPC (80:1) NPs P(z I P (80:1)
g N
= b) Au-Phe: DMPC —ZM-I Phel| Lo c Au-Phe: DMPC  ——Au-Phe
s —_
= 1.0 5:1 £
5 —10:1 <
4 20:1 =
j —40:1 )
- _ —80:1 g
g 0.54 8
2= 2
3 2
= S
5 =
Z 0.0 T T T @ T T
500 600 700 800 400 450 500
Wavelength(nm) wavelength(nm)

w
< Au-Phe: DMPC/DMTAP ——Au-Phe s u-Phe: DMPC/DMTAP —Au-Phe
g 10 d) - — £ [ —21
2 0 = s
5 &
g / =
= [l
< @
= 0.5 =
2 2
S z
g g
=]
- E
° U9 —
z. . . . ~ L . -
500 600 700 400 450 500
Wavelength(nm) Wavelength(nm)

Figure 2.4 (a) Photograph of Au-Phe NPs mixed with various concentrations of DMPC
and DMPC/DMTAP liposomes. Normalized UV-Visible and steady-state fluorescence
spectra of the variation of Au-Phe NPs/liposome in zwitterionic DMPC (b, c¢) and positively
charged DMPC/DMTAP (d, e) lipid vesicles.

On the other hand, when nanoparticles were incubated with higher
concentration (0.4 mM) of zwitterionic lipid vesicles [i.e., Au-Phe
NPs/DMPC (2:1)], we did not observe any visual aggregation of Au-Phe
NPs (Figure 2.4a). However, the UV-Visible spectra of the Au-Phe NPs in
the presence of high lipid concentration showed a slight red-shifted (~5 nm)
SPR peak (Figure 2.5). Thus, we concluded that at low zwitterionic lipid

concentration, Au-Phe NPs undergo lipid-induced aggregation whereas at

57



high lipid concentration, NPs were stable. The steady-state fluorescence
data also revealed that there is a successive enhancement of fluorescence
intensity as a function of nanoparticle aggregation (Figure 2.4¢). The
increment in the fluorescence intensity could be attributed to the increase in
the local concentration followed by aggregation-induced emission of the

amino acid upon the aggregation of nanoparticles.
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Figure 2.5 UV-Visible absorbance (a) and Normalized UV-Visible absorbance (b) spectra
of Au-Phe NPs in the absence and presence of high DMPC lipid concentration [Au-Phe
NPs: DMPC(2:1)].

Next, we varied the surface charge of liposomes by introducing the
positively charged and negatively charged lipid vesicles in order to
understand the underlying mechanism of the interaction between Au-Phe
NPs and lipid vesicles. For the low concentration of positively charged lipid
vesicles (DMPC/DMTAP), we observed a rapid and much more prominent
aggregation than zwitterionic lipid vesicles (Figure 2.4d, e) indicating the
interaction between Au-Phe NPs and lipid membrane was primarily
governed by electrostatic force. This conclusion was further supported by
the fact that Au-Phe NPs did not undergo aggregation at any concentration
of negatively charged lipid vesicles (DMPC/DMPG) despite the prolonged
incubation (Figure 2.6a, b).
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Figure 2.6 Normalized UV-Visible (a) and Steady-state fluorescence spectra (b) of the
variation of number ratio of the Au-Phe NP: liposome in negatively charged
(DMPC/DMPG) lipid vesicles.

The time-dependent aggregation of the Au-Phe NPs revealed that in the
presence of zwitterionic DMPC vesicles, Au-Phe NPs slowly underwent
aggregation within 4 h at very low [Au-Phe NPs/DMPC (80:1)] to moderate
concentration [ Au-Phe NPs/DMPC (20:1)] of lipid vesicles, while NPs were
fairly stable over a period of 15 days (data not shown) at high concentration
of lipid vesicles [Au-Phe NPs/DMPC (2:1)] (Figure 2.7a, b). On the other
hand, aggregation was found to be instantaneous when a low concentration
of positively charged vesicles (DMPC/DMTAP, 7/3) was added to the Au-
Phe NPs. Surprisingly, despite the strong electrostatic interactions we did
not observe any lipid-induced aggregation at the high concentration of lipid

irrespective of their charge and incubation time.
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Figure 2.7 a) UV-Visible and (b) steady-state fluorescence measurements of the time
dependent aggregation of Au-Phe NPs at different number ratio of the Au-Phe NPs:
liposome.
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Figure 2.8 Normalized UV-Visible and steady-state fluorescence spectra of the variation
of number ratio of Au-Tyr NPs: liposome in (a, b) zwitterionic DMPC and (c, d) positively
charged DMPC/DMTAP lipid vesicles.

We observed similar phenomena in the case of Au-Tyr NPs upon interaction
with the zwitterionic and positive charged lipid vesicles (Figure 2.8a-d).
However, the Au-Trp NPs did not undergo aggregation either at any
concentration of DMPC vesicles (Figure 2.9a). Interestingly, in the case of
positively charged lipid vesicles, the Au-Trp NPs underwent instantaneous
aggregation at low lipid concentration [Au-Trp NPs-DMPC/DMTAP
(80:1)] whereas they were resistant toward aggregation at high lipid
concentration [Au-Trp NPs-DMPC/DMTAP (2:1)] (Figure 2.9¢). Similar
to other Au-AA NPs, the Au-Trp NPs did not offer any interaction towards
negatively charged DMPC/DMPG lipid vesicles (Figure 2.9b). Therefore,

the three main features that emerge here are the following: (i) All of the
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three Au-AA NPs undergo instantaneous aggregation at positively charged
low lipid concentration. However, they are very much stable in the high
concentration of lipid for several days. (ii) All of the three nanoparticles
except Au-Trp NPs undergo slow aggregation in low to moderate
concentration of zwitterionic lipid. However, they are stable at a higher
concentration of lipid. (iii) The nanoparticles do not show any interaction
with a negatively charged lipid. Thus, one can infer that the primary
interaction between lipid vesicles and the nanoparticles is electrostatic in
nature. As the zeta potential of nanoparticles is negative, the interaction is
likely to take place through terminal COO™ of amino acid and charged head
NRs" group of the DMPC and DMPC/DMTAP. The lower surface charge
of Au-Trp NPs compared to other Au-AA NPs at physiological pH may be
responsible for nonaggregation behaviour at low concentration of

zwitterionic DMPC lipid vesicles.
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Figure 2.9 Normalized UV-Visible spectrum in the variation of number ratio of Au-Trp
NPs: liposome in (a) zwitterionic DMPC, (b) negatively charged DMPC/DMPG, and (c)
positively charged DMPC/DMTAP lipid vesicles.
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2.2.3 Microscopic investigation for the stability of Au NPs at high and

low lipid concentration:

Although it was evident that the Au-AA NPs underwent aggregation at low
lipid concentration of zwitterionic and positively charged lipid vesicles
(except Au-Trp NPs in DMPC), the spectroscopic data were not conclusive
about the origin of stability and the location of the Au NPs in the presence
of high lipid concentration. It also remained unclear whether the Au-AA
NPs form aggregates on the liposome surface without rupturing membrane
[18] or formed aggregates by dragging out the lipid from the lipid bilayer
[28]. We therefore put our best effort to capture the microscopic images to
account for the stability of Au NPs at high and low lipid concentration. As
mentioned earlier, we took the help of three different imaging techniques (i)
CLSM, (ii) HR-TEM, and (iii) AFM. As the cationic lipids brought about
instantaneous aggregation to all of the Au-AA NPs, in order to capture
presentable images, we focused on the DMPC-Au-AA NPs system where

the aggregation was relatively much slower and can be controlled.

We started with CLSM images which revealed the morphological changes
of the Au-Phe NPs at different lipid concentration. We used a fluorescent
lipid probe Liss RhodPE to monitor the susceptibility of the lipid vesicles
into the nanoparticle-vesicle suspensions. Figure 2.10a-d represented the
formation of blank spherical zwitterionic lipid vesicles (DMPC) of size
around 800-900 nm. We found the spherical structure of the vesicles
remained almost intact at high lipid concentration [Au-Phe NPs/DMPC
(2:1)] (Figure 2.10e-h). The faint blue signal from the inside of the few
vesicles indicated that a few Au-Phe NPs were surrounded by the lipid
molecules along with the presence of some elongated fibril structure which
may be due to the partial replacement of phenylalanine (vide infra).
However, we did not find a significant aggregation of the Au-Phe NPs in
this concentration of lipid, and this observation corroborated well with the

conclusion from absorption spectra (Figure 2.4b).
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Figure 2.10 Confocal laser scanning microscopy images of Au-Phe NPs in the presence
and absence of various concentration of zwitterionic (DMPC) and positively charged
(DMPC/DMTAP) lipid vesicles using the emission of Au-Phe NPs (410-460 nm) and Liss
Rhod PE (570-610 nm). Bright-field, fluorescence (blue and red) and merged images for
DMPC tagged with Liss Rhod PE (a-d) as a control, Au-Phe NPs/DMPC [2:1] (e-h), Au-
Phe NPs/DMPC [80:1] (i-I), and Au-Phe NPs-DMPC/DMTAP [80:1] (m-p).

On the other hand, at a low lipid concentration of DMPC [Au-Phe
NPs/DMPC (80:1)], the microsized aggregates of Au-Phe NPs along with
the lipid molecules were found (Figure 2.10i-l). The time-dependent CLSM
imaging study was also performed to account for the aggregation
mechanism of the Au-Phe NPs in the presence of low concentration of
zwitterionic DMPC lipid vesicles. The overnight incubation of Au-Phe NPs
with low concentration of DMPC lipid lead to the large aggregates of the
Au-Phe NPs indicating complete lipid-induced aggregation of Au-Phe NPs,
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however, the time-dependent imaging (after 2 h) revealed very small
aggregates of the Au-Phe NPs along with some lipid vesicles (Figure 2.11a-
d). The time-dependent CLSM images suggest that at the low concentration,
the Au-Phe NPs first formed small aggregates along with lipid molecules

and then formed larger lipid-induced aggregates of Au-Phe NPs.

Figure 2.11 Time-dependent CLSM imaging (after 2 hours) of Au-Phe NPs in presence of low
concentration of DMPC lipid vesicles. (a) Bright field, (b) fluorescence (blue and red), and merged
images for Au-Phe NP: DMPC (80:1). Scale bar is 5 pm.

A similar observation was found with the low concentration of positively
charged lipid vesicles [Au-Phe NPs-DMPC/DMTAP (80:1)] (Figure
2.10m-p). This aggregation behavior was in accordance with the recent
report of Olenick and co-workers who reported that positively charged
polymer (PAH) wrapped gold nanoparticles also showed sub- or
supermicron size aggregates in the presence of negatively charged lipid
vesicles [28]. In addition to the rapid formation of sub- or supermicron size
aggregates (visual aggregation) of Au-Phe NPs, we also observed some of
the prominent fibril structure of Phe as shown in Figure 2.10m-p. Aromatic
amino acids have the excellent ability to form amyloid-like fibril structure
[39]. In our previous study, we also observed that phenylalanine molecule
can self-assemble into fibril structure even in the presence of lipid vesicles
[40]. So, the appearance of fibril structure indicated that the strong
electrostatic interaction between Au-Phe NPs and positively charged bilayer
may influence the lipid molecules to replace the large number of
phenylalanine molecules which self-assemble into fibril structure. The

negligible presence of fibril structure in the case of zwitterionic lipid
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vesicles indicated that the DMPC vesicles were less likely to replace the
Phe molecules from the Au-Phe NPs surface. The CLSM images of
tyrosine-functionalized gold nanoparticles at low lipid concentration of
neutral and positively charged lipid vesicles were shown in Figure 2.12a-h
which also confirmed the sub- or supermicron aggregates of the Au NPs.
Although CLSM images established the lipid-induced aggregation, we were
unable to get insight into the location of the Au NPs in lipid bilayer at high
lipid concentration.

Figure 2.12 Confocal laser scanning microscopy images of Au-Tyr NPs in presence of low
concentration of zwitterionic DMPC and positively charged DMPC/DMTAP lipid vesicles
using the emission of Au-Tyr NPs (410-460 nm) and Liss Rhod PE (570-610 nm). Bright
field, fluorescence (blue and red), and merged images for the number ratio of Au-Tyr NPs:
DMPC (80:1) (a-d), Au- Tyr NPs: DMPC/DMTAP (80:1) (e-h).

Therefore, we took the help of HR-TEM imaging to get a conclusive view
of the morphology of Au-Phe NPs in the presence of high and low lipid
concentration. The HR-TEM images revealed that gold nanoparticles in the
presence of a low concentration of DMPC lipid vesicles [Au-Phe
NPs/DMPC (80:1)] underwent aggregation as shown in the Figure 2.13c
which has a close resemblance to corresponding CLSM image.
Interestingly, the enlarged TEM image (Figure 2.13d or 2.14) revealed that
unlike bare Au-Phe NPs (Figure 2.13a, b), there is a partial or thin lipid
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coating all around the nanoparticle at low concentration of DMPC lipid
vesicles. However, in the presence of a high concentration of DMPC lipid
vesicles [Au-Phe NPs/DMPC (2:1)], we found a much thicker and more
prominent lipid coating all around the colloidal stable Au-Phe NPs (Figure
2.13e, f). It is well-known that the thickness of a lipid bilayer is about 4.5
nm. However, the measured lipid layered thickness for Figure 2.13e ranges
from 1.6 to 2.4 nm and for Figure 2.13f ranges from 3.5 to 4.9 nm,

indicating a variable thickness of lipid over the NP’s surface.
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Figure 2.13 HR-TEM images of the bare Au-Phe NPs (a, b), lipid-induced aggregation of
the Au-Phe NPs (c, d), and panel d is the enlarged image of panel c in the presence of low
DMPC lipid concentration ([Au-Phe NPs/DMPC (80:1)]) and the formation of lipid
corona in the presence of high DMPC lipid concentration ([Au-Phe NPs/DMPC (2:1)]) (e,
f). We manually draw the lines to indicate the thickness of the lipid coating around the Au-
Phe NPs.

Further AFM imaging was used to gain a deeper insight into the structural
aspects of the Au-Phe NPs after interaction with zwitterionic (DMPC) lipid
vesicles. This technique was applied on native Au-Phe NPs and Au-Phe NPs

incubated with a high and low concentration of DMPC lipid vesicles.
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Figure 2.14 HR-TEM image of Au-Phe NPs in presence of low concentration of DMPC
lipid vesicles. This image is also provided in figure 2.13c. Here, we present the same image
for a clearer view of lipid coating (blue arrow) on the surface of the nanoparticles. The

scale bar is 50 nm.

Cross-section analysis of the AFM image revealed that the native Au-Phe
NPs showed a single-humped peak with a core diameter of 10-14 nm
(Figure 2.15). This observation is in accordance with the size obtained from
the TEM image. Careful examination of the surface of the Au-Phe NPs in
the presence of high concentration of zwitterionic (DMPC) lipid vesicles
showed that the Au-Phe NPs were coated by the lipid bilayer (Figure 2.16a,
c). The cross-section analysis of the AFM imaging revealed the presence of
three humped peaks of the lipid-coated Au-Phe NPs with the diameter of
10-16 nm which corresponds to Au-Phe NPs and 4-8 nm corresponding to

67



lipid bilayer thickness respectively (Figure 2.16b, d). Therefore, we believe
that in the presence of lipid vesicles, the Au-Phe NPs have the intrinsic
ability to form a lipid layer around themselves, and this layer of lipid around
the Au NPs was referred to as a lipid corona [28, 29].

nm

a) 16-

Figure 2.15 Atomic force microscopy imaging (a) and corresponding cross-section area
analysis (b) of the blank Au-Phe NPs.

The HR-TEM analysis (Figure 2.13) and AFM images (Figure 2.16 and
2.17) indicated that in the presence of high lipid concentration, NPs can
form a lipid corona of higher thickness all over the surface, whereas in the
presence of low lipid concentration, NPs were partially coated by the
monolayer. Interestingly, we observed that the available lipid concentration
to the Au NPs can significantly influence the thickness of the lipid layer. In
the presence of high lipid concentration, it is possible that Au NPs are
preferably coated with a lipid “bilayer” or multilayer (>4.5 nm); however,
in some cases we found a thickness of a monolayer (~2.4 nm) over the Au
NPs surface. The variable thickness of lipid over the surface of
nanoparticles (at high lipid concentration) and the presence of lipids on the
aggregated nanoparticles (at low lipid concentration) lead us to conclude
that partial lipid coating over the NP’s surface is an intermediate step toward
the lipid-induced aggregation at low lipid concentration and a lipid corona

formation at high lipid concentration.
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Figure 2.16 AFM imaging (a, ¢) and corresponding cross-section area analysis (b, d) of
the Au-Phe NPs in the presence of high DMPC lipid concentration [Au-Phe NPs/DMPC
(2:1)].
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Figure 2.17 Atomic force microscopy imaging (a, b) of the Au-Phe NPs in presence of low
DMPC lipid concentration [Au-Phe NPs: DMPC (80:1)].

One important question which needs to be addressed is whether the lipid
molecules replace the surface ligands of the NPs? The CLSM imaging study
revealed that at high lipid concentration where the lipid-coated nanoparticle
or lipid corona is well-formed, we did not find a significant presence of fiber
structure indicating that at high lipid concentration the lipid molecules do
not replace the surface ligands. However, the appearance of fiber structure
in the case of low DMPC and DMPC/DMTAP indicates that the
replacement of surface ligand completely depends on the electrostatic

interaction which pulls out the amino acids from the nanoparticles.

2.2.4 Stability of lipid corona against external stimuli:
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Figure 2.18 Normalized UV-Visible spectra of (a) blank Au-Phe NPs and (b) Au-Phe NPs
in the presence of high concentration of DMPC lipid vesicles against pH variation.
Photograph of Au-Phe NPs in the absence and presence of high concentration DMPC lipid

vesicles against (c) NaCl concentration and (d) repetitive freeze-thaw cycles.

The lipid coating or corona formation may impact the stability of the
nanoparticles against external stimuli. Therefore, we were interested in the
stability of the lipid-coated Au-AA NPs over native Au-AA NPs against
external stimuli (pH, salt, and freeze-thaw) which may help to use them in
broad biomedical applications. We first studied the pH-dependent response
of the Au-Phe NPs in the presence of high lipid concentration [Au-AA
NPs/lipid (2:1)] and compared with that of native Au-Phe NPs. The native
Au-Phe NPs at physiological pH were found to undergo instantaneous
aggregation with the decrease in pH. The UV-Visible spectra of the bare Au-
Phe NPs showed that at reduced pH, a new broadened peak appeared in the
near-infrared region (at 650-730 nm) along with the primary SPR peak
indicating the aggregation of bare Au-Phe NPs (Figure 2.18a). However,
the same NPs in the presence of high lipid concentration [Au-Phe NPs/lipid
(2:1)] were stable as evident from UV-Visible spectra which revealed no
spectral SPR peak shift even at very low pH (~1.0) (Figure 2.18b).
Interestingly, Murphy et al. previously showed that the lipid “bilayer”
coated PAH-Au NPs were highly stable against aggregation over a large pH
range compared to their native Au NPs /33/ which is accordance with our
results. After investigating the effect of pH, we were keen to study the
stability of the Au-Phe NPs at high lipid concentration compared to the
native Au-Phe NPs against salt concentration and freeze-thaw cycle. We
observed that the bare Au-Phe underwent instantaneous aggregation at 0.1
M NaCl, whereas in the presence of high lipid (DMPC) concentration Au-
Phe NPs remained stable even at 1 M NaCl (Figure 2.18¢). Previously,
Murphy et al. reported that the lipid-coated L-PAH Au NPs (formed by the
electrostatic interaction between zwitterionic lipid and PAH Au NPs) did

not undergo aggregation when AuNPs are immersed into high salt cell
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media [41]. Apart from this, the bare Au-Phe NPs are unstable and undergo
aggregation against a single freeze-thaw cycle, whereas the same
nanoparticles were stable after successive six freeze-thaw cycles in high
lipid concentration (Figure 2.18d). Thus unusual stability of NPs in the
presence of a lipid over a larger pH range, salt, and the freeze-thaw cycle
may stem from the fact that NPs are coated by the lipid bilayer which
provides additional stability to the NPs.
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Figure 2.19 Normalized UV-Visible spectra of a) blank Au-Tyr NPs and b) Au-Tyr NPs in
presence of high concentration [Au-Tyr NPs: DMPC (2:1)] of DMPC lipid vesicles against
pH variation. Photograph of Au-Tyr NPs in absence and presence of high concentration

DMPC lipid vesicles against (c) NaCl concentration and (d) repetitive freeze-thaw cycles.

Similarly, the lipid-coated Au-Tyr NPs also showed similar stability against
external stimuli like lipid-coated Au-Phe NPs than bare Au NPs (Figure
2.19a-d). The drastic stability difference between the lipid-coated Au-Phe
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and Au-Tyr NPs compared to their blank NPs against pH, salt concentration,
and freeze-thaw cycle depicts the significance of the lipid corona formation.
Interestingly, the lipid-coated Au-Trp NPs were slightly more stable than
bare Au-Trp NPs but less stable than lipid-coated Au-Phe and Au-Tyr NPs
against pH and salt (Figure 2.20a-c). However, we could not draw any
conclusion for Au-Trp NPs from the freeze-thaw cycle as the bare Au-Trp

NPs are also stable even after six freeze-thaw cycles (Figure 2.20d).
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Figure 2.20 Normalized UV-Visible spectra of a) blank Au-Trp NPs and b) Au-Trp NPs in
presence of high concentration [Au-Trp NPs: DMPC (2:1)] of DMPC lipid vesicles against
pH variation. Photograph of Au-Trp NPs in absence and presence of high concentration

DMPC lipid vesicles against (c) NaCl concentration and (d) repetitive freeze-thaw cycles.

This discrepancy for the tryptophan-functionalized gold nanoparticles again
supports our earlier conjecture that the electrostatic interaction plays a key

role for coating the nanoparticles by the lipid molecules. As the zeta
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potential of the Au-Trp NPs is much lower at pH ~ 7, the electrostatic
interaction between the Au-Trp NPs with zwitterionic lipid vesicles is much
weaker than between other nanoparticles and lipid molecules and thus the
probability of dragging the lipid molecule from lipid vesicles by the Au-Trp
NPs is less. Therefore, the lipid/Au-Trp NP system does not provide so
much extra stability as compared to either of the lipid/Au-Phe or lipid/Au-
Tyr NPs system.

2.2.5 Mechanistic pathway of lipid corona and lipid-induced aggregates

formation:

From all of our above experiments and their corresponding analysis, we
draw a mechanistic pathway for the interaction between the lipid vesicles
and Au-AA NPs as a function of lipid concentration (at constant Au-AA NPs
concentration). It is straightforward that irrespective of gold/lipid
concentration, Au NPs first adsorb on the lipid vesicles through electrostatic
interaction by the positively charged headgroup (-NR3") of the lipid and
negatively charged —COO™ group of Au NPs. At low lipid concentration,
when the number of nanoparticles is much higher compared to the number
of lipid vesicles, the large numbers of Au NPs adsorb on the lipid bilayer
thus disrupt the lipid bilayer by increasing the threshold tension on the
bilayer [32]. In this process, the Au NPs possibly drag the lipid molecules
away from the membrane and form a partial or incomplete coating (because
of less availability of lipid) of lipid molecules around the Au NPs surface,
and here NPs act as the supportive surface for the lipid molecules. As the
number of lipid vesicles is reduced (because of disruption of lipid vesicles
by NPs) during the formation of a partial coating, the partially lipid-coated
Au NPs start to undergo aggregation through the hydrophobic interaction
between the tails of lipid molecules with another “partially lipid-coated”
AuNP and show visible lipid-induced aggregation. We have depicted the
aggregation process in Scheme 2.1 (red accent arrow). However, when the

number of nanoparticles is almost equal or lesser than the number of lipid
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vesicles, the Au NPs do not undergo aggregation despite strong electrostatic
interaction. In this case, initially the NPs also form a partial coating of lipid
molecules through the electrostatic interaction (same as low lipid
concentration). However, in order to sequester the hydrophobic tail from
water, these partially lipid-coated NPs drag more numbers of lipid
molecules from the lipid vesicles as there are plenty of lipid vesicles. Thus,
in this way a second lipid layer associates to form the “bilayer” around the
NPs, and this provides better colloidal stability than bare NPs against

external stimuli (Scheme 2.1, blue accent arrow).
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Scheme 2.1 Schematic representation of the formation of lipid-induced aggregation and
“stable lipid corona” of the Au-AA NPs through the “partial lipid coating” on the Au-AA
NPs surface. Stability of the native Au NPs and lipid coated Au NPs against the external

stimuli. Schematics are not drawn to scale.
2.3 Conclusion

In summary, we observe that the novel lipid corona formation is an intrinsic
property of the aromatic amino acid functionalized gold nanoparticles. The
lipid corona formation is attributed to the strong electrostatic interaction
between the Au-AA NPs and the lipid bilayer followed by subsequent
dragging of the lipid molecules by the nanoparticles. At relatively low lipid
concentration, because of insufficient availability of lipids NPs form a
“partial lipid corona” which further leads to the lipid-induced aggregation

of the nanoparticles. However, we found that in the presence of very high
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lipid concentration the “partial lipid corona” converted into the lipid corona
which imparts stability to the nanoparticles against harsh external influences
like change in pH, ionic strength, and repetitive freeze-thaw cycles. The
microscopic analysis also indicates that the “partial lipid corona” is one of
the intermediate steps for the lipid-induced aggregation. Because of their
significant stability, the lipid-coated Au-AA NPs can be used as a future
prospective in biomedical application. Understanding of the mechanism and
the formation of lipid corona on the Au NPs surface and lipid-induced
aggregation of the Au NPs can help to engineer a nanomaterial for numerous

potential applications with low cytotoxicity.
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Chapter 3

Mechanistic Pathway of Lipid Phase
Dependent Lipid Corona Formation on
Phenylalanine Functionalized Gold
Nanoparticles: a Combined Experimental and

Molecular Dynamics Simulation Study

3.1 Introduction

Understanding the interactions between nanoparticles (NPs) and
biomolecules is of utmost importance for advancing biomedical
applications such as NP-based drug and gene delivery, bio-imaging, bio-
sensing, and tissue engineering [1-4]. Upon contact with biological
systems, the surface of NPs rapidly adsorbs biomolecules to minimize large
surface free energy [5-9]. Therefore, in vivo, instead of bare NPs, the
physicochemical properties of adsorbed biomolecules determine the
biological identity of nanomaterials and influence their uptake by cells and
organisms [10-14]. The NP-biomolecule complex is often referred to as a
“biomolecular corona” [14] has two major components: proteins and
metabolites. The protein corona has been extensively studied in nano-bio
research over past decade while the metabolite corona has been mostly
overlooked to date. Phospholipids are one type of metabolites found mainly
at high concentrations in cell membrane and lung surfactants, considered as
the first metabolites to be encountered by nanomaterial [15]. The lipid
(metabolite) corona has been given special attention in recent times [15-
25]. It is well known that other than intravascular injection, NPs migrate to
respiratory system through inhalation and interact with the pulmonary

surfactant lining layer of alveoli [6,14]. The pulmonary surfactants are
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composed of ~ 90% lipids -cholesterol and ~ 10% proteins [26]. As the
nanoparticles interact with pulmonary surfactants, both protein and lipid
molecules are found around the nanoparticles [27-30]. However, the
surface potential of the monolayer counterparts of lipid bilayer is less [31],
so it is not well understood whether the lipid corona forms in a more

generalized case of lipid bilayer.

Recently, a few studies reported the possible factors responsible for lipid
corona formation on different surface-functionalized nanoparticles [22,23,
32-35]. Olenick and co-workers first analyzed the mechanism of lipid
corona formation upon the interaction of cationic poly (allylamine)
hydrochloride (PAH) functionalized gold nanoparticles (Au NPs) with
zwitterionic and negatively charged supported and suspended lipid bilayers
[22]. They reported that electrostatic interaction was crucial for lipid corona
formation. Murphy and co-workers quantified the degree of lipid-binding
to the PAH-Au NPs and MTAB-Au NPs (16-
mercaptohexadecyltrimethylammonium bromide functionalized gold
nanoparticles) and aggregation of the NPs [23]. The same PAH-Au NPs
could undergo either lipid-corona formation or aggregation depending on
the concentration of lipid used [16,22,23]. Apart from electrostatic
interaction, hydrophobic interaction as well as size of the nanoparticles also
played a significant role in formation of lipid and protein corona [30,35-
36]. Recent work from our laboratory reported that lipid corona formation
and lipid-induced aggregation predominantly depended on available lipid
concentration to Au NPs and surface charge of both NPs and lipids [37].
We reported that aromatic amino acid functionalized gold NPs in presence
of an inadequate amount of lipid underwent partial corona formation
followed by lipid-induced aggregation. However, these NPs readily formed
lipid corona at high lipid concentrations. Most of the literature reported
different factors such as surface charges of both NPs and lipids and surface
hydrophobicity of NPs as the primary driving forces for lipid corona

formation. However, till now, the effect of different properties of lipids e.g.
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lipid phase state, chain length hydrophobicity, and area per lipid head group
in lipid corona formation and lipid-induced aggregation remain enigmatic

in literature.

In this context, for the first time, we have investigated phase-dependent
interaction of phenylalanine-functionalized gold nanoparticles by using
different zwitterionic phospholipid membranes to find out plausible
mechanistic pathway for the formation of lipid corona and lipid-induced
aggregation. The zwitterionic lipid vesicles, namely, 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, T =-20 °C), 1,2- dilauroyl-sn-glycero-
3-phosphocholine (DLPC, Tm = -1 °C), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, Tm = 23 °C), and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, Tm = 41 °C) are selected because of wide
difference in their phase transition temperatures (Tm). At room temperature
(RT), DOPC and DLPC lipid bilayer remain in liquid-crystalline phase,
DPPC in sol-gel phase, and DMPC near sol-gel to liquid-crystalline phase.
The lipid-nanoparticles interaction and possible lipid corona formation are
studied by varying the concentration of lipid in buffer medium, and in the
presence of cholesterol for biological relevance. Using different
spectroscopic (e.g. UV-Visible, steady-state fluorescence) and imaging
techniques such as confocal laser scanning microscopy (CLSM), high-
resolution transmission electron microscopy (HR-TEM), and atomic force
microscopy (AFM), we have studied the influence of lipid properties (phase
state, area per lipid head group) on lipid corona formation and lipid-induced
aggregation. Subsequently, we have employed coarse-grained molecular
dynamics (CGMD) simulation study to gain a deeper insight into the
molecular-level understanding of lipid-nanoparticles interaction. The
CGMD simulation studies have provided valuable insight into the
mechanistic pathway of formation of lipid-phase dependent lipid corona
and lipid-induced aggregation. Finally, the effect of the phase state of the
lipid on the formation of “hard” and “soft” lipid corona has been discussed

with the help of freeze-thaw cycles.
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3.2 Results

3.2.1 Synthesis and characterization of the Au-Phe NPs:

We synthesized phenylalanine functionalized gold nanoparticles (Au-Phe
NPs) using a method previously reported by our group, in which
phenylalanine acts as both a reducing and stabilizing agent [38]. The
formation of well-dispersed and colloidal Au-Phe NPs was confirmed by
UV-Visible spectra, revealed a characteristic surface plasmon resonance
(SPR) band for Au NPs in both neutral (pH~7.0) and alkaline (pH~10.0)

reaction conditions (Figure 3.1a).
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Figure 3.1 Characterization of the Au-Phe NPs. UV-Visible spectra (a), HR-TEM imaging
(b), Particle size distribution histogram using TEM imaging (c), DLS measurement (d),
zeta potential measurement of the Au-Phe NPs (e), and normalized fluorescence excitation
and emission spectra of blank phenylalanine (Phe) and phenylalanine functionalized Au
NPs (Au-Phe NPs) (f).

The average radius (r¢) of Au- Phe NPs was found ~ 6 £ 1 nm based on HR-
TEM analysis (Figure 3.1b, ¢). However, dynamic light scattering (DLS)
measurements revealed that the Au-Phe NPs had a hydrodynamic radius (rn)
of ~12 + 1 nm (Figure 3.1d). The discrepancy in size between two
measurements is attributed to the fact that DLS measurement estimated the

overall size of nanoparticles (pristine Au NPs along with ligand and
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solvated water molecules). The amino acid (Phe) coating, surrounding the
Au-Phe NPs is not observable in TEM micrographs. Therefore, difference
between r, and rc determines the thickness of the surface coverage by
surface ligands [39-40]. Thus we concluded that phenylalanine molecule
may form a thick coating of around 6 nm during the formation of Au-Phe
NPs. The zeta potential of Au-Phe NPs in neutral (pH~7) and alkaline
medium (pH~10) was -34 mV and -38 mV, respectively, which implies that
the COO" are oriented towards bulk solution (Figure 3.1e). The distinct
fluorescence property of Au-Phe NPs from blank amino acids was attributed
to the clusterization of the Phe molecules on Au-NPs surface [38] (Figure
3.1f).

3.2.2 Phase-dependent interaction between Au-Phe NPs and lipid
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Figure 3.2 Size distribution histogram of DMPC lipid vesicle.

87



To investigate the phase-sensitivity of lipid corona and lipid-induced
aggregation, the fixed concentration of Au-Phe NPs (20 nM) was incubated
with high (0.4 mM) and low (0.0125 mM) concentrations of four different
lipids (DOPC, DLPC, DMPC, and DPPC) in HEPES buffer at pH ~ 7.0 (I
= 10 mM) at room temperature (25 °C) for 24 h to achieve the equilibrium.

The size of the prepared lipid vesicles is ~ 96.5 nm (Figure 3.2).
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Figure 3.3 UV-Visible spectra of blank Au-Phe NPs in the presence of low concentration
(a, ¢) and high concentration (b, d) of DOPC, DLPC, DMPC, and DPPC lipid vesicles in
HEPES buffer (a, b) and Milli-Q (c, d).

It was observed that Au-Phe NPs underwent aggregation with respect to
blank Au-Phe NPs at a low lipid concentration (0.0125 mM) of DLPC,
DMPC and DPPC lipid vesicles [Au-Phe NP/DLPC or DMPC or DPPC
(80:1)]. The UV-Visible spectra revealed that a new broadened peak at a
higher wavelength along with the shift in the SPR peak (Figure 3.3a).
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However, discrimination was observed at low lipid concentration of DOPC
vesicles [Au-Phe NP/DOPC (80:1)], the SPR peak of Au-Phe NPs was
found to be slightly red-shifted (~8 nm) with no significant broadened peak
at higher wavelength (Figure 3.3a). The naked Au-Phe NPs also remained
stable in only HEPES buffer after the incubation for 24 h. Interestingly, at
high lipid concentration (0.4 mM) of DOPC, DLPC, DMPC, and DPPC
vesicles [Au-Phe NP/liposome (2:1)], the Au-Phe NPs were highly stable.
The UV-Visible spectra showed the SPR peak of the Au-Phe NPs were
slightly red shifted (~ 5 nm) in presence of all lipid vesicles (Figure 3.3b).
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Figure 3.4 Steady-state fluorescence spectra of the Au-Phe NPs in the presence of DOPC,
DLPC, DMPC, and DPPC lipid vesicles in low (a) and high (b) lipid concentration. The
excitation wavelength for Au-Phe NPs and Au-Phe NPs/lipid system is 330 nm and the

emission wavelength is 424 nm.

The fluorescence spectra revealed that there was no significant increment
in the fluorescence intensity of Au-Phe NPs at a high lipid concentration of
the lipid vesicles (DOPC, DLPC, DMPC, and DPPC) (Figure 3.4b). On the
other hand, at a low concentration of lipid vesicles, the fluorescence
intensity of the Au-Phe NPs increased with the aggregation of Au-Phe NPs
(DLPC<DMPC<DPPC but not for DOPC) (Figure 3.4a). The increment in
the fluorescence intensity is attributed to the increase in the local
concentration followed by aggregation-induced emission of the amino acid
upon the aggregation of nanoparticles [37]. The time-dependent UV-

Visible spectra (Figure 3.5) showed that the rate of aggregation was faster
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in DPPC than DMPC and DLPC. It should be noted that there is some
aggregation for DOPC, as well.
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Figure 3.5 Time-dependent aggregation of the Au-Phe NPs in low concentration [Au-Phe
NPs: lipid (80:1)] of DOPC, DLPC, DMPC and DPPC lipid vesicles through UV-Visible

absorption spectra.

Cholesterol is an essential component of cell membranes and the presence
of cholesterol affects the phase state of lipid membrane. DPPC lipid bilayer
with 5% cholesterol remains in sol-gel phase, and with 40% cholesterol
shifts the phase state to liquid-crystalline phase [41]. In presence of the high
concentration of DPPC lipid bilayer with 5% and 40% cholesterol, the Au-
Phe NPs were stable (Figure 3.6b). But, at a low concentration of DPPC
lipid bilayer with 5% cholesterol (gel phase), the Au-Phe NPs underwent
aggregation, whereas, in the presence of 40% cholesterol (liquid phase),
Au-Phe NPs were stable (Figure 3.6a).
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Figure 3.6 UV-Visible absorption spectra of the Au-Phe NPs in low (a) [Au-Phe NPs:
DPPC (80:1)] and high (b) [Au-Phe NPs: DPPC (2:1)] DPPC lipid concentration in

presence of 5 % and 40 % cholesterol.

In order to investigate the effect of medium, we further conducted all the
experiments in Milli-Q water (Figure 3.3c, d). Similar to the HEPES
medium, the UV-Visible spectra revealed that the SPR peak of the Au-Phe
NPs was slightly red shifted (~ 5 nm) at a high concentration of all lipids
(Figure 3.3d). Interestingly, unlike in HEPES buffer medium, the Au-Phe
NPs did not undergo aggregation at a low concentration of lipid vesicles in
Milli-Q water (Figure 3.3a, ). The SPR peak of Au-Phe NPs was shifted
~ 5 nm at low concentration of DMPC and DPPC lipid vesicles (Figure
3.3c). This observation indicates that the buffer medium of the solution
plays a crucial role in the aggregation of Au-Phe NPs at a low lipid

concentration.

3.2.3 Microscopic study of the lipid-induced aggregation and lipid

corona formation:

We employed different state of the art of imaging techniques e. g. CLSM,
HR-TEM, and AFM to visualize above phenomena microscopically. We
particularly studied the aggregation of Au-Phe NPs at a low concentration
of lipid vesicles in both buffer and Milli-Q medium by CLSM. The blank
lipid vesicles with a size around 900-1000 nm were observed in CLSM
imaging as presented in Figure 3.7a-d. The micro-sized aggregates of Au-

Phe NPs along with the lipid vesicles were found at a low concentration of
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DPPC lipid vesicles [Au-Phe NPs/ DPPC (80:1)] in HEPES buffer medium
(Figure 3.7e-h). Interestingly, at a low concentration of DOPC lipid
vesicles [Au-Phe NPs/ DOPC (80:1)], we did not observe any micro-sized
aggregates of Au-Phe NPs (Figure 3.7i-I).

Blank liposomes
[as control]

: DPPC

Au-Phe NPs
[80:1] [HEPES]

: DOPC

Au-Phe NPs
[80:1] [HEPES]

Au-Phe NPs : DPPC

[80:1] [Milli-Q]

: DMPC

[80:1] [Milli-Q]

Au-Phe NPs

Figure 3.7 Confocal laser scanning microscopy images of Au-Phe NPs in presence of low
concentration of zwitterionic DOPC, DPPC lipid vesicles in HEPES buffer and DPPC,
DMPC in Milli-Q medium using the emission of Au-Phe NPs (410-460 nm) and Liss Rhod
PE (570-610 nm). Bright field, fluorescence (blue and red), and merged images for lipid
tagged with Liss Rhod PE (a-d) as a control, Au-Phe NPs : DPPC [80:1] [HEPES] (e-h) ,
Au-Phe NPs : DOPC [80:1] [HEPES] (i-I) , Au-Phe NPs : DPPC[80:1] [Milli-Q] (m-p),
and Au-Phe NPs : DMPC[80:1] [Milli-Q]. Scale bar is 2 pm.
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However, in Milli-Q medium, the Au-Phe NPs at low concentration of
DPPC lipid vesicles [Au-Phe NPs/ DPPC (80:1)] did not form any sub or
super micron aggregates (Figure 3.7m-p). Similarly, at the low
concentration of DMPC lipid vesicles in Milli-Q medium [Au-Phe NPs/
DMPC (80:1)], the Au-Phe NPs were as stable as in case of DPPC lipid
vesicles (Figure 3.7g-t). This observation for the DMPC lipid vesicles is
different from our previous report in HEPES medium [37]. The
colocalization of the blue fluorescence of Au-Phe NPs and red fluorescence
from Liss Rhod PE in lipid vesicles indicates that both the NPs and the lipid
vesicles coalesce with each other which indicates the formation of lipid
vesicle coating around the nanoparticles. Interestingly, we did not find any
fibrillar structure for all of the above cases, confirming that the zwitterionic

lipid molecules did not replace the surface ligands.
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Figure 3.8 HR-TEM images of the bare Au-Phe NPs (a), Au-Phe NPs in the presence of
high lipid concentration [Au-Phe NPs: lipid (2:1)] of DLPC (b) and DPPC (c) lipid

vesicles. The arrow indicates the coating of lipid around Au-Phe NPs. Scale bars =5 nm.

Next, we were keen to capture the HR-TEM imaging of Au-Phe NPs in
presence of different phase states of lipid vesicles. It is worth mentioning
that the drying and processing steps can greatly alter the thickness of lipid
bilayer [16]. Moreover, for smaller particles, it is challenging to get an exact
coating. Further, the presence of two double bonds in the tail group of
DOPC bilayer needs the staining to visualize lipid in TEM imaging [16].
Therefore, instead of taking DOPC, we had chosen DLPC lipid which

remains in the disordered phase (Tm = -1 °C) at RT for imaging purpose.
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Figure 3.9 HR-TEM imaging (a-b) of Au-Phe NPs at high lipid concentration of DLPC
lipid vesicles [Au-Phe NPs: DLPC (2:1)].

The HR-TEM images (Figure 3.8a-c) revealed that unlike bare Au-Phe NPs
(no coating), there was a thick lipid coating (4.1 nm for DLPC and 4.9 nm
for DPPC) around Au-Phe NPs in presence of a high concentration of DLPC
and DPPC lipid vesicles [Au-Phe NPs/ DLPC or DPPC (2:1)]. Figure 3.9a-
b provided additional detail on the lipid coating around Au-Phe NPs, in
presence of high concentration of DLPC lipid vesicles. The expected
thickness of lipid bilayer is about 4.5 nm while the measured thickness of
DLPC lipid around Au-Phe NPs in Figure 3.8b is ~ 4.1 nm and for Figure
3.9b is 2.2 nm. Previously Murphy and co-workers reported that the drying
and processing steps can greatly alter the thickness of lipid bilayer [16].

Figure 3.10 HR-TEM images (a-c) of bare Au-Phe NPs (a) and in the presence of low
concentration [Au-Phe NPs: lipid (80:1)] of DOPC (b) and DPPC (c) lipid vesicles. The
bare Au-Phe NPs (a) image (Scale bar = 50 nm) was the enlarged image of figure 3.1b
(Scale bar = 100 nm).
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Figure 3.11 AFM imaging (a, ¢, €) and corresponding cross-section area analysis (b, d, f)

of the blank Au-Phe NPs as control (a-b) and in the presence of high concentration [Au-
Phe NPs/lipid (2:1)] of DOPC (c-d) and DPPC (e-f) lipid vesicles.

Furthermore, at a low concentration of DPPC lipid vesicles [Au-Phe NPs/
DPPC (80:1)] in buffer medium, the Au-Phe NPs formed aggregated
structure (Figure 3.10c) compared to that of blank Au-Phe NPs (Figure
3.10a). But, for low concentration of DOPC lipid vesicle [Au-Phe NPs/
DOPC (80:1)], less aggregation (Figure 3.10b) of Au-Phe NPs was
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observed compared to DPPC. We had chosen DOPC lipid vesicles instead
of DLPC at low lipid concentration because the Au-Phe NPs underwent less

aggregation at low concentration of DOPC lipid vesicles (Figure 3.3a).

Further, the AFM images confirmed lipid bilayer coating around the Au-
Phe NPs in presence of a high concentration of DOPC and DPPC lipid
vesicles in buffer medium (Figure 3.11c-f). The cross-section analysis of
the AFM imaging revealed the presence of three humped peaks of the lipid
bilayer-coated Au-Phe NPs with the diameter of 12-20 nm which
corresponds to Au-Phe NPs and 5-10 nm corresponding to lipid bilayer
thickness respectively. The cross-section analysis of AFM image of bare
Au-Phe NPs (as control) showed a single humped peak with a core diameter
of 12-14 nm (Figure 3.11a-b).

3.2.4 Molecular dynamics simulations: lipid corona formation and

lipid-induced aggregation
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Figure 3.12 a) Number of DPPC and DOPC lipids adsorbed to the Au-Phe particle as a
function of simulation time. Snapshots at the beginning (0 ns) and at the end (100 ns) of
simulations are shown, where Au, Phe, lipid heads and tails were colored in pink, blue,
purple, and light blue, respectively. Water molecules were omitted for clarity. The images
were created using Visual Molecular Dynamics [42]. b) Radial distribution functions

(RDFs) of phenylalanine and lipid phosphates with respect to the particle center.

To interpret these experimental results at nearly atomic resolution, self-
assembly of the 12 nm sized spherical Au-Phe particle and phospholipids
was simulated at high and low lipid concentrations. We first simulated
mixtures of a single Au-Phe particle and ~3,000 lipids that represent the
high lipid concentration, showing that both DPPC and DOPC lipids
spontaneously self-assemble to liposomes encapsulating the Au-Phe
particle (Figure 3.12a), as observed in the experimental observation of lipid
corona. In Figure 3.12a, DPPC and DOPC liposomes respectively consist
of 3,200 and 2,900 lipids, showing more lipids for DPPC liposome than for
DOPC liposome. Note that, the simulated temperature of 293 K is between
the phase-transition temperatures of DPPC and DOPC bilayers, and hence
DPPC and DOPC bilayers are respectively in the Sol-gel (order) and liquid-
crystalline (disorder) phases, indicating that more DPPC lipids are required

to form lipid corona than DOPC lipids are, as observed in Figure 3.12a.

| | I
¢ 05 (>-© DPPC —

W 31 DOPC
E“\
= 04 —
= i ]
2 031 =
|-
=
- 02 _
-

| | |

GLYC Cl C2 C3 C4

97



Figure 3.13 Order parameters of coarse-grained (CG) lipid tails with respect to the
surface normal of the liposome. GLYC designates the bead for glycerol in lipids, and C1
through C4 are beads for the tails.

In Figure 3.13, DOPC tails were more disordered than DPPC tails, clearly
showing a difference in the ordered state of DPPC and DOPC lipid bilayer.
This conformation of lipid corona was further confirmed by calculating
radial distribution functions (RDFs) of phenylalanine and lipid phosphates
with respect to the particle center. In Figure 3.12b, there was a sharp RDF
peak for phenylalanine at ~ 6.3 nm, indicating a phenylalanine layer on the
particle surface. In particular, two RDF peaks were observed for lipid
phosphates, indicating the formation of lipid bilayer. We also employed
molecular dynamics simulation for bare Au NPs surface with DOPC and
DPPC lipid molecules to study the role of the Phe molecules self-assembly
on Au-NPs surface. The final snapshots showed that lipids bind to the
particle surface because of hydrophobic interaction but do not form
complete liposomes or bilayer shape (Figure 3.14). They formed more
likely irregular aggregation around the Au-particle surface. Hydrophobic
Au particles were wrapped by the hydrophobic tail of lipids, leading to the

irregular arrangement of lipids.
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Figure 3.14 Final snapshots (100 ns) of the simulation of the bare Au NPs with (a) DOPC
and (b) DPPC lipid vesicles.
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To understand the experimental result regarding lipid-induced aggregation
of Au-Phe particles at low lipid concentrations, the self-assembly of eight
Au-Phe particles and lipids was also simulated. Note that 2,900~3,200 lipids
per particle were simulated for lipid corona formation at the high lipid
concentration as mentioned above, while 500 lipids per particle were
simulated for the lipid-induced aggregation at the low lipid concentration.
Mixtures of eight Au-Phe particles, which were initially positioned with a
distance of 2.5 nm between neighbouring particles, and 4,000 lipids (500
lipids per particle), were simulated, showing that DPPC and DOPC lipids
self-assemble to membranes around Au-Phe particles, although their

conformations differ.
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Figure 3.15 a) Minimum distances between each particle and its neighbouring particle
centers as a function of time. Since there are eight Au-Phe particles, values for each
particle are represented in different colors. Initial (0 ns) and final (100 ns) snapshots of
simulations are shown, where phenylalanine and water molecules are omitted for clarity.

(b) RDFs of water with respect to each particle center. Since there are eight Au-Phe

particles for each simulation, eight peaks are shown for each lipid system.

In Figure 3.15a, from the model, we observed that DPPC lipids self-
assemble to partial bilayer and bicelles, while DOPC lipids predominantly
form liposomes that encapsulate fully only one particle. In Figure 3.15a,
we could also observed that minimum distances between particles

interacting with DPPC lipids reach steady-state values below 14.5 nm,
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while those values between particles interacting with DOPC lipids
drastically increased above 14.5 nm. To further examine these assembled
structures, RDFs of water were calculated with respect to each particle
center. Figure 3.15b showed that there are eight sharp peaks for DPPC,
while for DOPC there was a peak that was much lower than the other seven
sharp peaks. These indicated that all eight Au-Phe particles mixed with
DPPC are somewhat exposed to water, but one of Au-Phe particles mixed
with DOPC was much less exposed to water than the other seven particles
mixed with DOPC, implying that only a few Au-Phe particles can be fully
covered by disordered DOPC lipids rather than by ordered DPPC lipids.
Note that differences in methodology, system size and concentration of
simulation and experiment preclude quantitative comparison between the
two. For example, the CG model did not have partial charges on water, and
hence electrostatic interactions were screened implicitly by assuming a
uniform relative dielectric constant (¢ = 15), which might make it difficult
to distinguish the effects of Milli-Q and buffer mediums. However, our
simulations clearly showed a partial coverage of Au-Phe NPs by DPPC
lipids at the low lipid concentration, which was not directly observed by
experiments but may help explain the mechanism of particle aggregation in
the buffer medium.

3.2.5 Hard and soft lipid corona: insight into the stability of the NPs:

The stability of nanomaterials is of utmost importance for their broad
biomedical applications. Therefore, we were interested to study the stability
of lipid corona of different zwitterionic lipid bilayer coated Au-Phe NPs
(DOPC/Au-Phe and DPPC/Au-Phe NPs) against external stimuli. We
already mentioned that the lipid corona for DOPC/Au-Phe and DPPC/Au-
Phe NPs systems were formed at high concentration of DOPC and DPPC
respectively [Au-Phe NPs/lipid (2:1)]. The pH-dependent stability of both
lipid bilayer coated Au-Phe NPs and native Au-Phe NPs was studied via
UV-Visible spectroscopy. The UV-Visible spectra of bare Au-Phe NPs
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showed that with the decrease in pH, a new broadened peak appeared at
near-infrared region (at 664-708 nm), indicating the aggregation of Au-Phe
NPs (Figure 3.16a).
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Figure 3.16 UV-Visible absorption spectra of the (a) native Au-Phe NPs, (b) Au-Phe NPs:
DOPC (2:1), and (c) Au-Phe NPs: DPPC (2:1) against the pH variation (from 7 to 1).

However, the DOPC/Au-Phe and DPPC/Au-Phe at high lipid concentration
[Au-Phe NPs/lipid (2:1)] remained stable at very low pH (pH~1.0), as
confirmed from the unchanged spectral shift in UV-Visible spectra of Au-
Phe NPs (Figure 3.16b, c). This result suggests that any lipid-bilayer
coating around the Au-Phe NPs (lipid corona) imparts additional stability
to Au-Phe NPs against low pH aggregation. Next, we investigated the effect
of salt concentration on the stability of lipid bilayer coated Au-Phe NPs and
native Au-Phe NPs. The result showed that native Au-Phe NPs undergo
aggregation in presence of 0.1 M NaCl, whereas both the DOPC/Au-Phe
and DPPC/Au-Phe NPs were stable at a high salt concentration (1 M NaCl)
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(Figure 3.17a-c). This observation again indicates that lipid corona around

NPs also prevents their aggregation in high salt media [43].
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Figure 3.17 UV-Visible absorption spectra of the (a) native Au-Phe NPs against 0.1M
NaCl salt concentration, (b) Au-Phe NPs: DOPC (2:1), and (c) Au-Phe NPs: DPPC (2:1)

against 1 M NacCl salt concentration.

The stability of NPs against the freeze-thaw cycle is worth studying because
NPs need freeze-thawed for long time preservation and storage of biological
samples. But, this process often has some limitations such as disruption of
cell membranes and aggregation of the Au NPs. So, we were keen to
investigate the stability of bare Au-Phe, DOPC/Au-Phe, and DPPC/Au-Phe
NPs systems against freeze-thaw cycles. We adopted two different freezing
protocols to study the stability of lipid corona around the Au-Phe NPs. One
protocol was to freeze the samples in liquid nitrogen (-196 °C) followed by
thawing at RT and in another protocol, the sample was to be frozen in the
refrigerator at -12 °C and then thawed at RT. In both cases, the bare Au-Phe
NPs undergo aggregation after one freeze-thaw cycle (Figure 3.18a, d). In
case of lipid bilayer coated Au-Phe NPs, when both the DOPC/Au-Phe and
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DPPC/Au-Phe systems were frozen in liquid nitrogen and thawed at RT,
DOPC/Au-Phe system started to undergo aggregation with the successive
freeze-thaw cycles (Figure 3.18b), however, the DPPC/Au-Phe system
remained stable against this (Figure 3.18c). Interestingly, when the
DOPC/Au-Phe and DPPC/Au-Phe systems were frozen in the refrigerator
(-12 °C) and thawed in RT, both the systems were found to be stable against
successive freeze-thaw cycles (Figure 3.18 ¢, f).
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Figure 3.18 Photograph and UV-Visible spectra of blank Au-Phe NPs in the absence (a,
d) and presence of DOPC (b, €) and DPPC (c, f) lipid vesicles against freeze-thaw cycles
in liquid nitrogen (-196 °C) (a-c) and refrigerator (-12 °C) (d-f) respectively.

This observation can be explained in the following way. The freezing
process removes hydrogen-bonded water from the lipid head group region
and thus increase head group packing by enhancing the van der Waals
interaction between lipid bilayer [44]. As a result, the lipid bilayer undergo

phase transition (from liquid-crystalline to sol-gel phase). Then, the lipid

103



bilayer is rehydrated upon thawing and undergoes reverse phase transition
(from sol-gel to liquid-crystalline phase). In this process, disruption of the
lipid bilayer takes place and the Au NPs aggregate due to the decrease in
the repulsion. For the case of DOPC/Au-Phe, DOPC lipid bilayer remains
in liquid-crystalline phase at RT. The freezing process of DOPC/Au-Phe
system in liquid nitrogen caused the phase transition of DOPC lipid bilayer
from liquid-crystalline to sol-gel phase and vice versa upon thawing at RT.
These processes lead to the disruption of the lipid bilayer and aggregation
of Au-Phe NPs. However, when the same DOPC/Au-Phe system was frozen
in refrigerator (-12 °C), no phase transition was occurred in the lipid bilayer,
resulting in stable Au-Phe NPs. On the other hand, for DPPC/Au-Phe
system, DPPC remains in sol-gel phase owing to the high phase transition
temperature (41 °C). When the DPPC/Au-Phe system was frozen either in
liquid nitrogen or refrigerator and subsequently thawed at RT, no phase
transition and reverse phase transition occurred as the DPPC bilayer
remained in sol-gel phase in both conditions. So, we observe stable lipid
corona in case of DPPC lipid-coated Au-Phe NPs against any kind of freeze-
thaw cycle. From all these observations, one may infer that DOPC lipid
forms leaky lipid bilayer and DPPC forms hard lipid bilayer around the Au-
Phe NPs. We propose that DOPC lipid-coated Au-Phe NPs form “soft lipid
corona” and DPPC lipid-coated Au-Phe NPs form “hard lipid corona”. It
should be noted that the formation mechanisms of 'hard' and 'soft' protein
and lipid corona differ substantially while for the proteins have been
discussed in literature but not for lipid. The other possibility that should be
considered is that excess lipid molecules also may give extra stability
against freeze-thaw cycles. To rule out this possibility, we centrifuged the
Au-Phe NPs and lipid mixture to remove excess lipids and performed
similar experiments. The results showed that there were no significant
differences in results between centrifuged and non-centrifuged Au-Phe

NPs/lipid systems (Figure 3.19a, b). We thus conclude that excess lipids
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present in systems have no effect on the stability of Au-Phe NPs against

freeze-thaw cycles.
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Figure 3.19 UV-Visible spectra of the Au-Phe NPs in presence of DOPC (a) and DPPC
(b) lipid vesicles [Au-Phe NPs: lipid (2:1)] against freeze-thaw cycles in liquid nitrogen (-
196 °C) after the centrifugation of the mixture.

3.3 Discussions

After analyzing all the experimental and molecular dynamics simulation
results, we draw a possible mechanistic pathway of lipid phase and area per
lipid head group dependent lipid corona formation and lipid-induced
aggregation of Au-Phe NPs. It is well-known that rigid DPPC lipid bilayer
is more tensed than fluid DOPC lipid bilayer and surface area per lipid head
group of the DPPC is lesser than that of DOPC lipid vesicles. Figure 3.20
showed a negative zeta potential for all the lipid vesicles (in the range of -2
mV to -8 mV) [45-47]. The Au-Phe NPs first adsorb to all the lipid bilayers
irrespective of the phase states through electrostatic interaction between
positively charged NRs" group of lipid and the negatively charged COO"
group of the Au-Phe NPs. Although electrostatic interaction facilitates the
membrane area (A1) to contact Au-Phe NPs, it is unable to determine the
number of Au NPs (N) adsorbed on surface of bilayers. Two possibilities
emerge in this case: the first is that a small number of nanoparticles can be
fully covered with lipid bilayer. The second one is that a large number of

nanoparticles can be partially covered with a lipid bilayer.
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Figure 3.20 Zeta potential measurements of DOPC, DMPC, and DPPC lipid vesicles in
buffer and Milli-Q medium.

At the high lipid concentration [Au-Phe NPs: lipid (2:1)] of both the liquid-
crystalline and sol-gel lipid bilayer i.e. when the number of nanoparticles is
almost equal to that of the number of lipid vesicles; the Au-Phe NPs are
fully wrapped by lipid bilayer. Our HR-TEM imaging (Figure 3.8b, c),
AFM imaging (Figure 3.11c-f), and simultaneously Molecular dynamics
simulation (Figure 3.12a, b) results establish that the Au-Phe NPs are fully
covered with the lipid bilayer of both sol-gel and liquid-crystalline states.
So, the Au-Phe NPs are stable at high lipid concentration of all lipid
vesicles. The observation is in accordance with UV-Visible spectra (Figure
3.3b, d). On the other hand, at low concentration of lipid vesicles [Au-Phe
NPs: lipid (80:1)] i.e. when the number of nanoparticles is higher than that
of lipid vesicles, the number of nanoparticles to be adsorbed on the vesicle
surface completely depends on the phase state (tensed or not) and area per
lipid head group of the lipid bilayer. For a tensed lipid bilayer (DPPC)
which area per lipid head group is also less, rupturing of the lipid vesicles
is required to wrap more than an infinitesimal area of each Au NPs [48].

Thus a large number of Au NPs is needed to reach the total adhering area.
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The required large number of adsorbed nanoparticles increases the
threshold tension of the bilayer and disrupts the lipid vesicles. In this
process, all of the nanoparticles are partially coated by lipid bilayers and
undergo aggregation to produce sub or super micron sized aggregates. But
in presence of a low concentration of the fluid DOPC lipid vesicles [Au-Phe
NPs: DOPC (80:1)] which area per lipid head group is large, the number of
nanoparticles adsorb on the vesicle surface is self-limited [48]. This implies
that among 80 nanoparticles per lipid vesicles, only a few nanoparticles are
adsorbed on the vesicle surface while others remain in solution. Because of
the adsorption of lesser number of nanoparticles on the vesicle surface, all
of the excess surface area of the vesicle is not used. So, because of
availability of the excess vesicle surface area, complete wrapping of the
lipid bilayer around some of Au-Phe NPs is observed. We have depicted the

mechanism in Scheme 1.
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Scheme 3.1 Schematic representation of lipid corona formation and lipid-induced
aggregation of Au-Phe NPs in two different concentrations and phase states of lipid bilayer
(ordered and disordered). The ordered phase of the lipids is tightly packed and has a smaller

area per lipid head group compared to the disordered phase of the lipid. In both ordered
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and disordered phase state of lipid, the Au-Phe NPs are fully covered with lipid vesicles at
high lipid concentration, forming the lipid corona. At a low lipid concentration, the Au-
Phe NPs undergo lipid-induced aggregation through partial lipid corona in the ordered
phase of the lipid membrane. In the disordered phase of the lipid (DOPC), a few
nanoparticles are fully covered whereas other remains unwrapped. However, in the
disordered phase of the bilayer , the Au-Phe NPs formed “soft lipid corona”, whereas, in
the ordered phase, the Au-Phe NPs form “hard lipid corona”. For a better and clear
representation of the soft lipid corona, the head groups of the lipids are slightly far from

each other. Schematics are not drawn to scale.

The CLSM images also confirm that at a low concentration of DOPC lipid
vesicles (Figure 3.7i-1), few nanoparticles are coated by vesicles while
others remain unwrapped. On the other hand, for the DPPC lipid vesicles
(Figure 3.7e-h), a large number of the Au-Phe NPs form aggregated
structure along with lipid vesicles. Our HR-TEM imaging result also show
that the Au-Phe NPs form large aggregated structure (Figure 3.10c) in case
of DPPC whereas less aggregated structure (Figure 3.10b) is present in case
of DOPC lipid vesicles. Apart from the CLSM and HR-TEM imaging, the
computer simulation results also strengthen the proposed mechanism. At a
low concentration of the lipid, DOPC lipid molecules form well-defined
lipid bilayer around one Au-Phe NPs while the others did not, whereas for
DPPC, all the Au-Phe NPs are partially covered with the lipid bilayer
(Figure 3.15a, b). This is the possible reason for the unusual stability of
Au-Phe NPs in liquid-crystalline DOPC lipid vesicles and aggregation in
the sol-gel DPPC lipid vesicles at a low lipid concentration which
corroborates well with UV-Visible spectra (Figure 3.3a). Interestingly, the
Au-Phe NPs also undergo aggregation at low concentration of DLPC lipid
vesicles which remains liquid-crystalline phase at room temperature (RT).
This discrepancy can be explained by the area per lipid head group of DLPC
lipid. The experimental measurements of the area per lipid head group of
DLPC and DMPC lipid vesicles are 0.687 nm? and 0.67 nm? respectively at
RT which are less than that of DOPC lipid vesicles (0.82 nm?) [49]. As the
area per lipid head group of the DLPC and DMPC lipid is comparable at
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RT, the Au-Phe NPs undergo aggregation at low concentration of both lipid
vesicles inspite of having wide difference in their phase transition

temperatures.

After discussing the phase dependent stability of Au-Phe NPs, we suggest
a possible explanation for the larger stability of the Au-Phe NPs in Milli-Q
medium, compared to buffer medium, at low concentration of vesicles
(DPPC and DMPC). We propose that both in the buffer and Milli-Q
medium, partial lipid bilayer coating around the nanoparticles takes place.
The partial lipid bilayer coated Au-Phe NPs gain stability through mutual
repulsive interaction. The membrane coated Au-Phe NPs remain stable
when the membrane surface charge is very low (almost neutral) due to the
repulsive interaction [50]. So, in presence of zwitterionic lipid vesicles
(DPPC and DMPC) in Milli-Q, the Au-Phe NPs are coated by lipid bilayer
and stable (without aggregation), which was further confirmed from CLSM
images (Figure 3.7m-p and 3.7g-t). But in presence of the buffer medium,
the repulsive interaction between the partial lipid bilayer coated Au-Phe
NPs is screened and they start to undergo aggregation to form sub or super

micron aggregates (Figure 3.7e-h).
3.4 Conclusions

In summary, we found that interaction of phenylalanine functionalized gold
nanoparticles with the lipid bilayer of different phase states results in either
lipid-induced aggregation or corona formation depending upon phase state,
area per lipid head group and concentration of the lipid bilayer. The high
lipid concentration of DPPC, DMPC, DLPC, and DOPC leads to corona
formation, imparting extra stability towards nanoparticles. The Au-Phe NPs
undergo aggregation at low lipid concentration of DPPC, which remains in
the ordered state. In contrast, Au-Phe NPs are stable at a low lipid
concentration of DOPC, which remain in the liquid crystalline phase.
Interestingly, the Au-Phe NPs undergo aggregation at low concentration of
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both DLPC and DMPC lipid vesicles inspite of having wide difference in
their phase transition temperatures due to the comparable area per lipid head
group of both lipid vesicles at RT. The CGMD simulation study indicates
that the higher number of lipid molecules is essential for forming lipid
corona for the DPPC compared to that for DOPC as the lipid head group of
DPPC is smaller than that of DOPC. At a low lipid concentration, DOPC
lipid molecules potentially form the lipid corona around one Au-Phe NPs,
whereas DPPC molecules form partial coating around all Au-Phe NPs,
which leads to the aggregation of NPs. We found that DPPC lipid coated
Au-Phe NPs are more stable than DOPC lipid coated Au-Phe NPs against
freeze-thaw cycles offers a concept of a “hard and soft lipid corona”. In a
corollary, the lipid coated nanoparticles or lipid corona is a promising
candidate for numerous biomedical applications. A study on the formation
mechanism of lipid corona and its impact on stability may help us to use it

as artificial virus nanoparticles (AVNS), therapeutic agents.
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Chapter 4

Formation of Lipid Corona on Ag Nanoparticles and
Its Impact on Ag* lon Dissolution and Aggregation of

Ag Nanoparticles against External Stimuli

4.1 Introduction

The coating of lipid molecules around nanoparticles (NPs) is known as
“lipid corona” emerged in the literature in 2018 [1,2]. During the budding
of virus, virus particles have the ability to drag the lipid molecules from the
host cell membrane to form lipid corona that protects virus from
environment [3,4]. Similarly, when nanoparticles come near the vicinity to
the cell membrane, there is a possibility of the formation of lipid corona
which may affect the bio physico-chemical properties of original NPs [5-
18]. The underlying mechanism of formation of lipid corona around the
gold nanoparticles (Au NPs) has just been established in the literature. The
properties of both Au NPs (size, shape, surface charge, hydrophobicity) and
lipids (phase-state, area per lipid head group, hydrophobicity, and surface
charge) play crucial roles in the formation of lipid corona [1,2,19-22].
While lipid corona of gold nanoparticles have been well established, there
is no such report of formation of lipid corona around the other metallic
nanoparticles like silver nanoparticles (Ag NPs). So, there exists huge
research gap regarding the dependency of the nature of metallic core in lipid
corona formation. Moreover, the question arises whether the lipid corona
formation depends only on the surface ligands of the nanoparticle surface
(independent of metallic core e.g. Au, Ag etc.) or the metallic core also

plays a significant role in the formation of lipid corona.

It is important to note that both the commercial and biological applications

of Ag NPs are limited due to the Ag NPs agglomeration, surface oxidation
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of NPs, Ag™ ions release and dissolution which influences the toxicity of Ag
NPs [23-28]. It is well-known that physicochemical properties of Ag NPs
like size, surface charge, shape, surface coatings play significant roles on
the NPs toxicity, long-term stability, and interaction with biomolecules [29-
40]. The surface oxidation and Ag* ion dissolution also affects the size and
shape of the NPs (optical and light scattering property changes) which
restricts the Ag NPs based imaging applications [41,42]. Different
strategies have been adopted to prevent the Ag NPs surface oxidation and
aggregation such as coating with polyvinylpyrrolidone (PVP) [31],
polyethylene glycol (PEG) polymer [43-46], thiolated PEG [47], lipids [48-
49] as well as hybrid gold or silica core-shell [50-51]. Although inorganic
surface layer better protects the inner Ag NPs core from surface oxidation
than organic surface layer, the synthesis of inorganic surface layer is
complicated. Also, the coating of polymer, thiolated ligands around the Ag
NPs surface induces toxicity. So, there is an opportunity to form a
biocompatible system which will impart stability to the Ag NPs and prevent
surface oxidation against external stimuli. The lipid corona around Ag NPs
can be a better alternative system to overcome all of the above-mentioned

issues.

In this context, some of our recent reports on lipid corona are really
intriguing. Our group first reported novel lipid corona formation around
aromatic amino acid functionalized gold nanoparticles (Au-AA NPs)
[20,22]. The study revealed that at high lipid concentration, the Au-AA NPs
form lipid corona whereas the Au-AA NPs undergo agglomeration at low
lipid concentration which also depends on the surface charge of both Au-
AA NPs and lipid. The influence of lipid phase state in formation of lipid
corona and lipid-induced aggregation was also investigated [22]. For first
time, the lipid corona was categorized as “hard” and “soft” lipid corona
depending on the phase transition temperature of lipids. The lipid corona
was found to provide stability towards the Au NPs against different external

stimuli. All of these results motivate us to study the corona formation of
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aromatic amino acids functionalized silver nanoparticles (Ag-AA NPs)
using different surface charged and phase state lipid vesicles. The main
objective of the present study to investigate if the metallic core of
nanoparticle has any role in forming the lipid corona. The zwitterionic
phospholipids having wide difference in their phase transition temperature
(Tm), namely, 1,2-dioleoyl-sn-glycero3-phosphocholine (DOPC, Tm = - 20
°C), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Tm = 23 °C),
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Trm = 41 °C) and
negatively charged 1,2-dimyristoylsn-glycero-3-phospho-(1'-rac-glycerol)
(sodium salt) (DMPG), positively charged 1,2-dimyristoyl-3-
trimethylammonium-propane (chloride salt) (DMTAP) lipids were chosen
for this purpose. Next, we studied the behaviour of lipid coated Ag-AA NP
to understand whether lipid coated Ag-AA NPs can prevent the surface
oxidation, aggregation, and dissolution of metallic core against external
stimuli like pH, high salt concentration, and freeze thaw cycles. Our results
showed that surface ligands present on the nanoparticles surface play
important part in lipid corona formation rather than metallic core. The lipid
corona around Ag-AA NPs brings long term stability of the NPs and

protects the Ag NPs from surface oxidation and Ag™ ions release.
4.2 Results and Discussion

4.2.1 Optimization and characterization of aromatic amino acid

functionalized silver nanoparticles (Ag-AA NPs):

At first, we optimized the reaction conditions to synthesize the smaller size
silver nanoparticles using aromatic amino acids by in situ method. For this,
we have varied the concentration of aromatic amino acids (0.5 and 1 mM)
and NaOH (2-10 mM) by keeping the silver nitrate (AgNO3) concentration
fixed. The results have been summarized in Figure 4.1, Table 4.1 and 4.2.
We found that the optimized reaction concentration of aromatic amino acids
(tyrosine and tryptophan), NaOH, and AgNOs were 1, 10, and 0.75 mM
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respectively for synthesizing smaller size silver nanoparticles. The SPR
peak of the Ag-Tyr and Ag-Trp NPs in this concentrations range appeared
at shorter wavelength (407 nm) along with less full width half-maximum
(FWHM) of the SPR peak (Figure 4.1).
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Figure 4.1 Normalized UV-Visible spectra of Ag-Tyr (a, b) and Ag-Trp NPs (c, d) at a
fixed concentration of AgNOs (0.75 mM) and Tyr and Trp concentration (1 mM and 0.5

mM) in various concentration of NaOH.

Tyr concentration | NaOH concentration SPR peak (nm) FWHM
mM) ‘mM

3 423 66

1 5 418 67
1 10 407 63
0.5 2 431 78
0.5 2.5 430 78
0.5 3 419 70
0.5 5 415 64
0.5 10 412 69
1 3 423 66
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Table 4.1 Optimization table for the concentration of tyrosine and NaOH to synthesize

silver nanoparticles

Trp concentration NaOH concentration SPR peak (nm) FWHM
mM) 'mM
2 427 74

1

1 25 422 70

1 3 418 65

1 5 411 65

1 10 407 69
0.5 2 413 68
0.5 2.5 410 66
0.5 3 407 70
0.5 5 409 84

Table 4.2 Optimization table for the concentration of tryptophan and NaOH to synthesize

silver nanoparticles

Noteworthy that we could not synthesize the stable phenylalanine
functionalized silver nanoparticles in all these concentration range (data not
shown) as phenylalanine is much weaker reducing agent than tyrosine and
tryptophan. The successful synthesis of stable silver nanoparticles was first
confirmed visually as the colourless solution was turned into yellow colour
after the addition of amino acids and NaOH to the AgNOs solution (Figure
4.2a). Both the Ag-Tyr and Ag-Trp NPs displayed a strong absorption SPR
maximum peak at 407 nm (Figure 4.2b). The FWHM was found to be 63
and 69 nm for Ag-Tyr and Ag-Trp NPs respectively. This difference of the
FWHM is attributed to the slight better dispersity of Ag-Tyr NPs than Ag-
Trp NPs. From the DLS measurements, the hydrodynamic diameter of Ag-
Tyr and Ag-Trp NPs was calculated 44.1 + 0.6 and 34.9 = 0.4 nm
respectively (Figure 4.2c). The HR-TEM imaging was then employed to
estimate the size of the Ag NPs. TEM analysis revealed that Ag-Tyr and
Ag-Trp NPs were spherical, and the average size of the NPs were ~ 22 and
~ 24 nm respectively (Figure 4.2d, e). The discrepancy in size of the DLS
and TEM analysis might arise due the surface ligands (amino acids) coating
and solvated water molecules around the Ag NPs. The surface charge of the
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Ag-AA NPs was measured at physiological pH by zeta potential
measurements. The zeta potential value of Ag-Tyr and Ag-Trp NPs at

physiological pH was - 42 and -10 mV respectively (Figure 4.2f).
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Figure 4.2 Photograph (a), UV-Visible spectra (b), DLS data (c) of Ag-Tyr and Ag-Trp
NPs at physiological pH, TEM images of Ag-Tyr (d) and Ag-Trp (e) NPs, and zeta potential
of Ag-Tyr and Ag-Trp NPs at physiological pH.

It is well reported that oxygen containing ligands prefer to bind on the Ag
NPs surface and semiquinone moiety of the oxidised tyrosine is the binding
site for the Ag NPs [52]. This results in the high negative zeta potential for
the Ag-Tyr NPs as most of COO" functional groups are oriented towards
bulk. On the other hand, kynurenine moiety of the oxidized tryptophan
binds on the Ag NPs surface [53]. Chen et al. reported both the carboxylate
and amino groups of tryptophan are the preferential binding site to the Ag
NPs by using Surface-Enhanced Raman Scattering (SERS) spectroscopy
[54]. As the COO functional group binds to the Ag NPs surface, the zeta
potential of the Ag-Trp NPs is less negative than Ag-Tyr NPs.

4.2.2 Interaction of Ag-Tyr and Ag-Trp NPs with lipid vesicles:

To investigate the lipid corona formation around Ag-Tyr and Ag-Trp NPs

and lipid-induced aggregation, we have varied the number ratio of the
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number of NPs to the number of lipid vesicles per mL. For this, we added
required concentration of lipid to a fixed concentration of Ag NPs (20 nM)
to get the desired ratio listed on Table 4.3. The concentration of the Ag NPs
was calculated by using the previously reported method [55] (see
Experimental Methods for detailed calculation). The number of lipid

vesicles per mL for different concentration of lipid was estimated following

our previous methodology [20,22].

Concentration | Number of | Concentration | N, q number ratio
of Ag-Tyr and | Ag-Tyr and | of lipid (mM) of Ag-Tyr and
Ag-Trp NPs|Ag-Trp NPs Ag-Trp NPs:
/mL

20 6.023 x 1012 0.8 97,389.01 4,938 x 1012 1:1

20 6.023 x 1012 0.4 97,389.01 2.469 x 1012 2:1

20 6.023 x 1012 0.2 97,389.01 1.236 x 1012 5:1

20 6.023 x 1012 0.1 97,389.01 6.184 x 101! 10:1

20 6.023 x 102 0.05 97,389.01 3.092 x 10 20:1

20 6.023 x 1012 0.025 97,389.01 1.546 x 101 40:1

20 6.023 x 1012 0.0125 97,389.01 7.730 x 1019 80:1

Table 4.3 Calculation of the number ratio of Ag-Tyr and Ag-Trp NPs: liposomes. Where
Nt is the total number of lipid molecules per lipid vesicles and Niiy is the total number of

lipid vesicles per mL for a known concentration of lipids.

The zwitterionic lipid vesicles of widely different phase transition
temperature namely DOPC (Tm =-20 °C), DMPC (Tm = 23 °C), and DPPC
(Tm = 41 °C) along with charged lipids namely positively charged
DMPC/DMTAP and negatively charged DMPC/DMPG were used to
investigate the interaction of these lipids with Ag-Tyr and Ag-Trp NPs. The
interaction of Ag NPs and lipid vesicles was primarily monitored by UV-
Visible spectroscopy. Our results showed that both the Ag-Tyr and Ag-Trp
NPs did not interact with negatively charged DMPC/DMPG lipid vesicles
as both the Ag NPs are negatively charged (Figure 4.3a, b).
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Figure 4.3 Normalized UV-Visible absorption spectra of Ag-Tyr (a) and Ag-Trp (b) NPs
in different number ratio of Ag NPs: DMPC/DMPG lipid vesicles.
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Figure 4.4 Normalized UV-Visible absorption spectra of Ag-Tyr NPs (a-d) in different
number ratio of Ag-Tyr NPs: DMPC/DMTAP (a), Ag-Tyr NPs: DOPC (b), Ag-Tyr NPs:
DMPC (c), and Ag-Tyr NPs: DPPC (d) lipid vesicles.

But, Ag-Tyr and Ag-Trp NPs interacted strongly with the positively
charged DMPC/DMTAP lipid vesicles. The UV-Visible spectra showed

that at low concentration of positively charged lipid vesicles
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(DMPC/DMTAP) [Ag NPs: DMPC/DMTAP (20:1-80:1)], the Ag-Tyr and
Ag-Trp NPs underwent rapid aggregation whereas the Ag NPs remained
stable at high lipid concentration [Ag NPs: DMPC/DMTAP (1:1-5:1)]
(Figure 4.4a, 4.5a, 4.6a, and 4.7a). The SPR peak of Ag-Tyr and Ag-Trp
NPs shifted ~ 7-9 nm along with the increase in the absorbance than the
native Ag NPs at high lipid concentration [Ag NPs: DMPC/DMTAP (1:1-
2:1)] suggesting the possible lipid corona formation around the Ag NPs
(Figure 4.5a and 4.7a). Interestingly, at low lipid concentration [Ag NPs:
DMPC/DMTAP (40:1-80:1)], the SPR peak of Ag-Tyr and Ag-Trp NPs
shifted to the longer wavelength along with the sharp decrement in
absorbance value of Ag NPs, implying the possible aggregation and
subsequent Ag" ion dissolution of Ag NPs (Figure 4.4a, 4.5a, 4.6a, and
4.7a).
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Figure 4.5 UV-Visible absorption spectra of Ag-Tyr NPs (a-d) in different number ratio of

Ag-Tyr NPs: DMPC/DMTAP (a), Ag-Tyr NPs: DOPC (b), Ag-Tyr NPs: DMPC (c), and
Ag-Tyr NPs: DPPC (d) lipid vesicles.
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The Ag-Tyr NPs, owing to more negative surface charge, interact strongly
with the positively charged lipid vesicles than Ag-Trp NPs. So, decrement
in absorbance for Ag-Tyr NPs is more than Ag-Trp NPs at low lipid
concentration [Ag NPs: DMPC/DMTAP (80:1)] (Figure 4.5a and 4.7a).
These results suggest that the interaction of Ag-AA NPs and lipid vesicles

is mainly governed by electrostatic interaction.
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Figure 4.6 Normalized UV-Visible absorption spectra of Ag-Trp NPs (a-d) in different
number ratio of Ag-Trp NPs: DMPC/DMTAP (a), Ag-Trp NPs: DOPC (b), Ag-Trp NPs:
DMPC (c), and Ag-Trp NPs: DPPC (d) lipid vesicles.

Next, we investigated the interaction of Ag-Tyr and Ag-Trp NPs with
neutrally charged lipid vesicles of different phase transition temperature. At
30 °C, DOPC and DMPC will be in liquid-crystalline phase and DPPC will
be in sol-gel phase. The normalized UV-Visible spectra revealed that the
Ag-Tyr NPs underwent aggregation at low concentration of [Ag-Tyr NPs:
DOPC or DMPC or DPPC (40:1-80:1)] all these three lipid vesicles as a

new peak appeared at longer wavelength (500-600 nm) along with the
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presence of primary SPR peak (Figure 4.4b, c, d). Interestingly, the extent
of aggregation of Ag-Tyr NPs in presence of DPPC lipid vesicles was the
maximum and the order was DPPC>DMPC>DOPC (Figure 4.4b, ¢, d and
4.5b, ¢, d). However, at high lipid concentration of all these lipid vesicles
[Ag-Tyr NPs: DOPC or DMPC or DPPC (1:1-2:1)], the SPR peak was red
shifted to ~ 6-9 nm which indicates the formation of lipid corona

irrespective of phase state of lipid vesicles (Figure 4.4b, c, d).
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Figure 4.7 UV-Visible absorption spectra of Ag-Trp NPs (a-d) in different number ratio of
Ag-Trp NPs: DMPC/DMTAP (a), Ag-Trp NPs: DOPC (b), Ag-Trp NPs: DMPC (c), and
Ag-Trp NPs: DPPC (d) lipid vesicles.

On contrary, the Ag-Trp NPs did not interact at all at low concentration
[Ag-Trp NPs: DOPC or DMPC or DPPC (40:1-80:1)] of any zwitterionic
lipid vesicles as the SPR peak of the Ag-Trp NPs remain unchanged (Figure
4.6b, ¢, d and 4.7Db, c, d). But, the SPR peak of the Ag-Trp NPs was shifted
~ 3 nm for DOPC and DMPC and ~ 7 nm for DPPC lipid vesicles at high
lipid concentration [Ag-Trp NPs: DOPC or DMPC or DPPC (1:1-2:1)]
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(Figure 4.6b, c, d). This observation indicates that DPPC lipid may be more
effective in formation of lipid corona around Ag-Trp NPs rather than DOPC
and DMPC. The slight shift in the SPR peak of Ag-Trp NPs in presence of
DOPC and DMPC also suggests partial lipid coating may be formed around
Ag-Trp NPs.

Figure 4.8 Field Emission Scanning Electron Microscopy (FESEM) images of Ag-Tyr (a-
c) and Ag-Trp NPs (d-f) as control (a, d), in presence of low concentration of neutral
DMPC lipid vesicles [Ag NPs: DMPC (40:1)] (b, e) and positively charged
DMPC/DMTAP lipid vesicles [Ag NPs: DMPC/DMTAP (40:1)] (c, f) respectively. Scale
bar =200 nm.

After the spectroscopic investigation, we studied the morphology of Ag NPs
aggregation using Field Emission Scanning Electron Microscopy
(FESEM). Both the blank Ag-Tyr and Ag-Trp NPs showed the dispersed
spherical morphology of Ag NPs with minimal aggregation (Figure 4.8a,
d). But, in presence of low concentration of neutral DMPC lipid vesicles
[Ag NPs: DMPC (40:1)], the Ag-Tyr NPs formed aggregated structure
whereas the Ag-Trp NPs remained non-aggregated (Figure 4.8b, e). These
results corroborate well with our spectroscopic findings that the Ag-Tyr

NPs interact strongly than the Ag-Trp NPs and underwent aggregation in
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presence of low concentration of neutral charged lipid vesicles. However,
both the Ag-Tyr and Ag-Trp NPs formed aggregated structures at low
concentration of positively charged DMPC/DMTAP lipid vesicles [Ag NPs:
DMPC/DMTAP (40:1)] (Figure 4.8c, f).

We can now compare the lipid corona of Ag NPs with that of Au NPs. We
previously investigated the interaction of aromatic amino acid
functionalized gold nanoparticles (Au-AA NPs) with differently charged
lipid vesicles [20]. We reported that both the phenylalanine and tyrosine
functionalized gold nanoparticles (Au-Phe and Au-Tyr NPs) interact
strongly with zwitterionic and positively charged lipid vesicles. At high
lipid concentration, the Au-AA NPs formed lipid corona whereas at low
lipid concentration, they underwent lipid-induced aggregation [20].
Tryptophan functionalized gold nanoparticles (Au-Trp NPs) did not interact
with zwitterionic DMPC lipid vesicles rather it interacted with positively
charged lipid vesicles [20]. All of these three Au NPs did not interact at all
with negatively charged lipid vesicles. At high zwitterionic lipid
concentration, the Au-Phe NPs formed lipid corona irrespective of the phase
state of lipid vesicles. However, the sol-gel state of lipid vesicles (DPPC)
induced more aggregation than liquid crystalline state lipid vesicles
(DOPC) at low lipid concentration [22]. Similar observations were obtained
in case of Ag-Tyr and Ag-Trp NPs as discussed before. At high lipid
concentration i.e. when the number of Ag NPs and lipid vesicles are almost
same [Ag NPs: lipid (2:1)], the Ag NPs are fully coated by lipid bilayer as
there are plenty of lipid vesicles. So, the Ag NPs remain stable at high lipid
concentration due to the full coating of lipid bilayers. However, at lower
lipid concentration i.e. when the number of Ag NPs are much higher than
the number of lipid vesicles [Ag NPs: lipid (40:1 - 80:1)], the Ag NPs are
partially coated with lipid bilayer because of the less availability of lipid
vesicles. The partially lipid coated Ag NPs come closer and triggers the
aggregation of the NPs. Thus we can conclude that surface ligands rather

than metallic core solely have significant effect on lipid corona and lipid-
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induced aggregates formation of nanoparticles at different lipid

concentration.

4.2.3 Stability of different zwitterionic and positively charged lipid
coated Ag-Tyr and Ag-Trp NPs in presence of different external

stimuli:
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Figure 4.9 UV-Visible absorption spectra of Ag-Tyr (a-c) and Ag-Trp NPs (b-f) against
acidic pH (a, d), high NaCl salt concentration (b, €) and repetitive freeze-thaw cycles (c,

f).
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At first, we studied the stability of native Ag-Tyr and Ag-Trp NPs against
different external stimuli i.e. acidic pH, high salt concentration, and freeze-
thaw cycles. The UV-Visible spectra revealed that the absorbance of SPR
peak of both Ag-Tyr and Ag-Trp NPs significantly reduced at acidic pH (5
to 1) and high salt concentration (100 mM to 1 M NaCl) suggesting
dissolution of Ag*ion from Ag NPs (Figure 4.9a, b, d, e). Stability against
freeze-thaw cycle is more relevant from biological standpoint view as the
nanoparticles have to pass through several repetitive freeze-thaw cycle for
long term preservation for biological studies. In the present investigation,
we observed that the Ag-Tyr NPs underwent Ag* ion dissolution as the
solution become colourless and absorbance of SPR peak decreased
predominantly after several freeze-thaw cycles (Figure 4.9c). But for Ag-
Trp NPs, the aggregation of Ag-Trp NPs took place as evident from the
secondary SPR peak that developed along with the primary SPR peak, and
the colour changed (not colourless) (Figure 4.9f). This observation
indicates that the native Ag-Trp NPs are more stable than Ag-Tyr NPs
against successive freeze-thaw cycles. Both the Ag* ion dissolution from
Ag NPs and the aggregation of Ag NPs induces toxicity to the Ag NPs. So,
it is utmost interest to prevent the Ag* ion dissolution and the aggregation
of Ag NPs. For these purposes, different surface charged and phase state
lipid corona (coating around the Ag NPs) could be a potential candidate.
Herein, we are particularly interested to compare the degree of stability
induced by different lipids (DOPC, DMPC, DPPC, and DMPC/DMTAP)
when they form corona around Ag-Tyr and Ag-Trp NPs.
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Figure 4.10 Percentage of decrement of O.D. for Ag-Tyr and Ag-Trp NPs as control and
after DOPC, DMPC, DPPC, and DMPC/DMTAP lipid coating at pH ~5 (a) and pH ~ 1

(b).

To study the effect of acidic pH on the stability of the different lipid coated
Ag-Tyr and Ag-Trp NPs over native Ag NPs, we conducted the experiment
at two different pH: one was pH ~ 5 to simulate lysosomal fluid and tumour
microenvironments of the cell where Ag NPs reside and another was
extreme pH (pH ~1). From UV-Visible spectra, we estimated percentage of
the decrement in O.D. which reveals the surface oxidation and Ag* ion
dissolution from Ag NPs. We witnessed a noticeable decrement in O.D. at
pH ~5, for the both Ag-Tyr and Ag-Trp NPs (50.45 % for Ag-Tyr and 62.1
% for Ag-Trp NPs), indicating significant Ag* ion dissolution. However,
the percentage of decrement of O.D. at pH ~ 5 was very less in case of all
lipid coated Ag-Tyr and Ag-Trp NPs which is shown in Table 4.4. Similar
trend in prevention of surface oxidation and Ag* ion dissolution was
obtained in case of lipids coated Ag-Tyr and Ag-Trp NPs at extreme acidic
pH (pH ~1) (Table 4.5). However, the percentage of decrement in O.D.
value was slightly higher compared to pH ~5 (Figure 4.10a, b). The
stability of the lipid coated Ag-Tyr and Ag-Trp NPs against acidic pH
compared to native Ag NPs demonstrates the usefulness of lipid corona to
impede the Ag" ion dissolution and the present data indicates that DOPC
lipid coated Ag-Tyr NPs stood best among all.

- Control (%) | DOPC (%) | DMPC (%) | DPPC (%) | DMPC/DMTAP
("/o

Ag-TyrNPs  50.45 1.54 7.49
Ag-Trp NPs 62.1 9.67 7.3 8.74 5.97

Table 4.4 Percentage of decrement of O.D. for Ag-Tyr and Ag-Trp NPs as control and
after DOPC, DMPC, DPPC, and DMPC/DMTAP lipid coating at pH ~ 5.
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Control (%) | DOPC (%) |DMPC (%) |DPPC (%) DMPC/DMTAP
%)

Ag-Tyr NPs 81.77 6.32 8.79 10.57 16.97
Ag-Trp NPs 74.7 10.68 8.47 17.34 12.63

Table 4.5 Percentage of decrement of O.D. for Ag-Tyr and Ag-Trp NPs as control and
after DOPC, DMPC, DPPC, and DMPC/DMTAP lipid coating at pH ~ 1.
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Figure 4.11 UV-Visible absorption spectra of DOPC (a), DMPC (b), DPPC (c), and
DMPC/DMTAP (d) lipid coated Ag-Tyr NPs against high NaCl salt concentration (100
mM - 1M).

We further investigated the stability of lipid coated Ag-Tyr and Ag-Trp NPs
against high NaCl concentration (100 mM - 1 M). The UV-Visible spectra
revealed that unlike native Ag-Tyr and Ag-Trp NPs, the O.D. value of lipid
coated Ag NPs did not decrease rather it increased more than that of bare
Ag NPs (Figure 4.11a-d and 4.12a-d). The increment was much more in
case of both DPPC and DMTAP lipid coated Ag NPs at high salt

concentration (500 mM -1 M) which may be due the adsorption of
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negatively charged CI" to the more positive charge of phospholipid choline
head group (NRs* group) (Figure 4.11c-d and 4.12c-d). As a result of that,
the dissolution of Ag* ion did not happen but the broadening of the SPR
peak (red arrow) indicates the slight aggregation of the Ag NPs. The
aggregation could be attributed to the decrement of the surface charge of
the lipid coated Ag NPs after the adsorption of negatively charged chloride
ion. The aggregation is more prominent in case of DPPC and DMTARP lipid
coated Ag-Trp NPs (Figure 4.12c-d) (as the secondary peak generated at
longer wavelength) than DPPC and DMTAP lipid coated Ag-Tyr NPs (no
secondary peak generation but only peak broadening) (Figure 4.11c-d).
The observation is attributed to lower the surface charge of Ag-Trp NPs
than that of Ag-Tyr NPs.
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Figure 4.12 UV-Visible absorption spectra of DOPC (a), DMPC (b), DPPC (c), and
DMPC/DMTAP (d) lipid coated Ag-Trp NPs against high NaCl salt concentration (100
mM — 1 M).

Interestingly, both DOPC and DMPC lipid coated Ag-Tyr NPs were more
stable than DOPC and DMPC lipid coated Ag-Trp NPs (secondary peak
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generated at high NaCl concentration) (Figure 4.11a-b and 4.12a-b). We
assume that the partial coverage of lipid around Ag-Trp NPs in presence of
DOPC and DMPC lipid vesicles may be possible factor for the lesser
stability of the lipid coated Ag-Trp NPs. Therefore, we summarize that the
lipid corona prevents the Ag* ion dissolution in all lipids coated Ag NPs but
failed to stabilize the Ag NPs in some cases in presence of high NaCl

concentration.
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Figure 4.13 UV-Visible absorption spectra of DOPC (a), DMPC (b), DPPC (c), and
DMPC/DMTAP (d) lipid coated Ag-Tyr NPs against freeze-thaw cycles.

Next, we were interested to study the stability of the lipid coated Ag-Tyr
and Ag-Trp NPs (lipid corona) against freeze thaw cycles (Figure 4.13a-d
and 4.14a-d). Unlike the Ag" ion dissolution in case of native Ag-Tyr NPs
(percentage of decrement of O.D. was 50 %), all lipids coated Ag-Tyr NPs
regained stability against four successive freeze-thaw cycles. The
decrement in percentage of O.D. for DMPC/DMTAP lipid coated Ag-Tyr
NPs (13.6%) is more than that of DOPC (0.5 %), DMPC (4.6 %), and DPPC
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(4.53 %) lipid coated Ag-Tyr NPs (Figure 4.13a-d). On the contrary, in
case of Ag-Trp NPs, both the DOPC and DMPC lipid coated Ag NPs
underwent aggregation (O.D value decreases along with a new broadened
peak at longer wavelength) (Figure 4.14a, b) although the aggregation is
lesser than the native Ag-Trp NPs. This observation proves that Ag-Trp NPs
is not fully covered by lipid molecules in presence of DOPC and DMPC
lipid vesicles. Both the DPPC and DMPC/DMTARP lipid coated Ag-Trp NPs
did not undergo aggregation against four successive freeze-thaw cycles (no
new peak generation at longer wavelength) (Figure 4.14c-d). However, the
percentage of O.D. decrement in case of DMPC/DMTAP lipid coated Ag-
Trp NPs (11.2 %) was more compared to DPPC lipid coated Ag-Trp NPs
(5.4 %) (Figure 4.14c-d). All of these findings led us to a conclusion that
zwitterionic lipid coated Ag NPs are more superior than positively charged
lipid coated Ag NPs against all these external stimuli. Another important
observation is that DOPC lipid coated Ag-Tyr NPs is much worthier among
all the zwitterionic lipid coated Ag-Tyr NPs against all these harsh external

stimuli.
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Figure 4.14 UV-Visible absorption spectra of DOPC (a), DMPC (b), DPPC (c), and
DMPC/DMTAP (d) lipid coated Ag-Trp NPs against freeze-thaw cycles.

Next, we studied the kinetics of the stability of lipid coated Ag-Tyr and Ag-
Trp NPs as control and against acidic pH (pH ~ 5) and 150 mM NaCl

(physiological salt concentration).
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Figure 4.15 UV-Visible (a, c, e) and normalized UV-Visible (b, d, f) absorption spectra of
kinetics of DOPC (a,b), DPPC (c,d), and DMPC/DMTAP (e-f) lipid coated Ag-Tyr NPs

as control and against acidic pH (pH ~ 5) and 150 mM NacCl concentration.
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Both the UV-Visible and normalized UV-Visible spectra revealed that the
DOPC lipid coated Ag-Tyr NPs are stable as control and also in presence

of acidic pH and salt concentration after 72 hours (Figure 4.15a, b).

Interestingly, the DPPC lipid coated Ag-Tyr NPs underwent aggregation
with time (peak broadened at longer wavelength as indicated by red arrow)
which indicates the DPPC lipid coated Ag-Tyr NPs are not so much stable
with time (Figure 4.15c, d). Although at pH ~ 5, the DPPC lipid coated Ag-
Tyr NPs did not undergo aggregation (no peak broadening) but Ag* ion
dissolution happened with time as both the decrement of O.D. and blue shift
of SPR peak was observed (as indicated by light blue arrow) (Figure 4.15c,
d). Similar to our previous observation, in presence of salt, the O.D. value
increases along with the broadening of SPR peak which suggests the
aggregation of DPPC lipid coated Ag-Tyr NPs. For positively charged
DMPC/DMTAP lipid coated Ag-Tyr NPs, marginal Ag" ion dissolution
was observed (O.D. decreases marginally) with time (Figure 4.15e, f). But
in presence of salt concentration, both the aggregation and Ag* ion
dissolution happened as both the peak broadening and O.D. decrement took
place (Figure 4.15¢, f). Unlike the DOPC coated Ag-Tyr NPs, the DOPC
coated Ag-Trp NPs was not so much stable with time (secondary peak
generated at longer wavelength with the decrement of O.D) (Figure 4.16a,
b) which may be due to the less coating of lipid around Ag-Trp NPs in
presence of DOPC lipid vesicles as discussed above. We found that DPPC
coated Ag-Trp NPs also underwent aggregation as control and in presence
of salt concentration and Ag* ion dissolution at pH ~5 with time (Figure
4.16c, d). Similar phenomenon was observed in case of DMPC/DMTAP
lipid coated Ag-Trp NPs like DMPC/DMTAP lipid coated Ag-Tyr NPs
(Figure 4.16e, f). Although some aggregation and Ag* ion dissolution
happened in case of lipid coated Ag-Tyr and Ag-Trp NPs, the quantity is
very less compared to native Ag-Tyr and Ag-Trp NPs.
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Figure 4.16 UV-Visible (a, c, e) and normalized UV-Visible (b, d, f) absorption spectra of
kinetics of DOPC (a, b), DPPC (c, d), and DMPC/DMTAP (e-f) lipid coated Ag-Trp NPs

as control and against acidic pH (pH ~5) and 150 mM NaCl concentration.

Now the question arises whether the excess liposomes give the stability to
the lipid coated Ag-Tyr and Ag-Trp NPs against external stimuli. To answer
this question, we centrifuged all the lipid-nanoparticle mixture to remove
the excess lipids which may affect the stability of lipid coated Ag-Tyr and
Ag-Trp NPs. In case of DOPC coated Ag-Tyr NPs, the Ag-Tyr NPs was
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found to be stable as control and in the presence of acidic pH (pH ~5) after
36 h (no shift and broadening in SPR peak and negligible decrement in O.D
(Figure 4.17a, b). But, in presence of 150 mM NaCl concentration, the
percentage of O.D. decrement was 10.7 % and 19.7 % after 1h and 36h
respectively (Figure 4.17a). This data suggests that excess liposomes affect

the stability of DOPC coated Ag-Tyr NPs against high salt concentration.
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Figure 4.17 UV-Visible (a, c, €) and normalized UV-Visible (b, d, f) absorption spectra of
kinetics of DOPC (a, b), DPPC (c, d), and DMPC/DMTAP (e-f) lipid coated Ag-Tyr NPs
as control and against acidic pH (pH ~5) and 150 mM NaCl concentration after removing

the extra lipids through centrifugation of lipid-nanoparticle mixture.
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For DPPC lipid coated Ag-Tyr NPs, the decrement in O.D was observed for
both native DPPC lipid coated nanoparticles and in presence of salt after
36h (Figure 4.17c, d). However, the broadening of the SPR peak indicates
the slight aggregation of DPPC lipid coated Ag-Tyr NPs as observed in case
of non-centrifuge also. Similar behaviour was also found for positively
charged DMPC/DMTAP lipid vesicle (Figure 4.17e, f). Interestingly, the
DOPC lipid coated Ag-Trp NPs underwent aggregation along with the Ag*
ion dissolution (solution almost become colorless) after centrifugation as
the O.D. value significantly reduced as well the SPR peak was more
broadened (Figure 4.18a, b). Previously, we mentioned that the Ag-Trp
NPs may form partial lipid coating around the NPs in presence of DOPC
lipid vesicles. It is possible that during centrifuging the mixture, the partial
lipid coated nanoparticle come closes and induce aggregation and Ag* ion
dissolution of NPs (It is worthy to mention that blank Ag-Trp NPs do not

undergo aggregation after centrifugation).
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Figure 4.18 UV-Visible (a) and normalized UV-Visible (b) absorption spectra of DOPC
(a, b) lipid coated Ag-Trp NPs before and after centrifugation of lipid-nanoparticle

mixture.

The native DPPC lipid coated Ag-Trp NPs underwent aggregation with time
as the SPR peak was broadened in longer wavelength (Figure 4.19a, b). In
both the presence of acidic pH and salt concentration, the decrement of O.D.
was observed although the SPR peak was broadened in case of salt

concentration only (Figure 4.19a, b). So, aggregation and dissolution of
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Ag" ion happened for DPPC lipid coated Ag-Trp NPs in presence of acidic
pH and salt concentration with time. The DMPC/DMTAP lipid coated Ag-
Trp NPs itself underwent aggregation with time (SPR peak was broadened
at longer wavelength (Figure 4.19c, d). Although the decrement of O.D. of
DMPC/DMTAP coated Ag-Trp NPs at acidic pH and salt concentration is
more compared to native DMPC/DMTAP lipid coated Ag-Trp NPs with
time, the aggregation was more in case of native DMPC/DMTAP lipid
coated Ag-Trp NPs (more broadening in SPR peak) (Figure 4.19c, d). So,
we conclude that the excess liposome gives more stability to the Ag-Tyr
and Ag-Trp NPs against external stimulis. But after removing the excess
liposome also, the lipid coated Ag-Tyr NPs and Ag-Trp NPs (expect DOPC
for Ag-Trp NPs) give far more better stability than native Ag-Tyr and Ag-
Trp NPs with time.
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Figure 4.19 UV-Visible (a, ¢) and normalized UV-Visible (b, d) absorption spectra of
kinetics of DPPC (a-b), and DMPC/DMTAP (c-d) lipid coated Ag-Trp NPs as control and
against acidic pH (pH ~ 5) and 150 mM NaCl Concentration after removing the extra

lipids through centrifugation of lipid-nanoparticle mixture.
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4.3 Conclusion

In summary, we have successfully synthesized tyrosine and tryptophan
functionalized silver nanoparticles (Ag-Tyr and Ag-Trp NPs) and
investigated their interaction with different charged and phase state lipid
vesicles to prove the dependency of lipid corona on surface ligand and
metallic core. The lipid coated Ag-Tyr and Ag-Trp NPs (lipid corona) were
found to prevent aggregation, surface oxidation and Ag* ion dissolution
against harsh external stimuli (acidic pH, high NaCl concentration, and
freeze-thaw cycles). We found that lipid corona and lipid-induced
aggregation predominantly depends on the surface ligands irrespective of
the metallic core as aromatic amino acid functionalized both the gold and
silver nanoparticles showed similar interaction with lipid vesicles. The
excellent stability of all the different lipid corona around the Ag-Tyr and
Ag-Trp NPs against external stimuli over native Ag NPs proves the striking
advantage of the lipid corona. The zwitterionic lipid coating around the Ag
NPs have greater impact to impede the aggregation and Ag* ion dissolution
of Ag NPs than positively charged lipid coated Ag NPs. The DOPC lipid
coated Ag-Tyr NPs is more superior than all other lipid coated Ag-Tyr and
Ag-Trp NPs. All of these studies will help researchers to engineer suitable
lipid coated nanoparticles for various biomedical and commercial

applications.
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Chapter 5

Insight into the Lysozyme Induced Aggregation
of Aromatic Amino Acid Functionalized Gold
Nanoparticles: Impact of Protein Binding and

Lipid Corona on the Aggregation Phenomena

5.1 Introduction

The utilization of tailored nanoparticles in biomedical applications has
always been an exciting prospect in nano-bio research for the nano-science
community. Recently, gold nanoparticles (Au NPs) because of their small
size, ease of functionalization by surface ligands, high volume to mass ratio,
and low toxicity [1-4] have gained tremendous applications in optics, bio-
sensing, medical science, genetics, and drug encapsulation [1-12].
However, the functionality of Au NPs in biological environments as well as
their impacts on human health and the environment are always under
questions. Normally, when Au NPs come into contact with biological fluids,
the biomolecules particularly proteins and lipids rapidly adsorb to the
surface of the NPs [13-16] and govern the physicochemical properties of
Au NPs [17-21]. The interaction of Au NPs with proteins is always a
complex process due to the large variety of protein molecules available in
the biological systems. Protein molecules coat the NPs forming a protein
corona in the biological environment. The stable complexes which are
formed upon the interaction of Au NPs with proteins may modify the
structure of proteins [22-27]. Previous studies reported that the interaction
of Au NPs with proteins may induce the aggregation of the either Au NPs
or the protein, or both [28-33]. Apart from the biological standpoint of
native surface functionalized Au NPs functions in biological media, the

protein mediated agglomerates have profound applications in drug delivery
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[34,35], photothermal therapy [36], and biosensing [37-40]. But the
precipitation of the Au NPs in presence of certain proteins diminishes the
Au NPs functions completely and thus should be avoided. Therefore, it is
utmost important to know the exact mechanistic pathway of the formation
of stable protein bound Au NPs and protein-induced nanoparticles

aggregates/precipitation.

Among all the proteins, Lysozyme (Lyz) is often chosen as model protein
to study the interaction with nanoparticles because it is a small globular
protein having antiviral, antifungal, antitumor, and immune modulatory
properties [41]. The interaction of this positively charged protein with
negatively charged silica nanoparticles and various surface functionalized
Au NPs was extensively investigated and several mechanisms have been
proposed [42-49]. Electrostatic bridging by lysozyme molecules leads to
the aggregation of the particles at physiological pH. Using various
spectroscopic and microscopic approaches, researchers discovered that
surface functionalization, size, and concentration of the Au NPs, pH, and
ionic strength of the solution play important roles in the aggregation of the
Au NPs and conformational changes and aggregation of lysozyme protein
[30,33,47-49]. Neupane and co-workers found that the protein's native
structure retained upon interaction with Au NPs but electrostatic
interactions between the Au NPs and T4 Lysozyme (T4L) trigger the
bridging of the two nanoparticles, eventually leading to the formation of
aggregates. So far, lysozyme induced aggregation of nanoparticle is
concerned, all the preceding studies stressed mostly upon Au NPs
properties, pH, and ionic strength of the medium. However, there is
possibility that aggregation of nanoparticles depends on the protein
concentration and the related mechanism of aggregation is different at
different protein concentration. Previously, Link and co-workers
investigated different interaction pathways between gold nanorods and
bovine serum albumin depending on the protein concentration. They

reported that low protein concentration can induce aggregation via
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unfolding while stable protein corona was formed at high protein
concentration [50]. Further, very little effort has been put to prevent the
aggregation/precipitation of Au NPs in presence of lysozyme protein. The
stability of negatively charged nanoparticles is a crucial challenge in
presence of lysozyme as most of the studies report aggregation/precipitation
happens when negatively charged nanoparticles are allowed to interact with
the positively charged lysozyme protein. The Au NPs coated with proteins
(HSA, BSA), various thiol-containing ligands, and aptamer (single-strand
DNASs) even failed to inhibit lysozyme-induced Au NPs aggregation at
physiological pH [30,33,41]. A protein chemical modification was also
applied to prevent the aggregation of Au NPs [33]. According to other
report, PEG functionalized Au NPs suppressed lysozyme driven NPs
aggregation when the coating of poly(ethylene glycol) (PEG) was over the
threshold concentration (above 1 uM) [29]. It was reported that both the
neutral and positively charged polymer coating around the Au NPs
prevented the aggregation/precipitation of the Au NPs while the negative

polymer coatings either led stable protein corona or aggregates [32].

Apart from the proteins and polymers, lipid molecules can also coat the Au
NPs to form the lipid corona [51-57]. Previously, our group reported that
when phenylalanine and tyrosine functionalized gold nanoparticles interact
with zwitterionic and positively charged lipid vesicles forming lipid corona
which impart stability towards nanoparticle against external stimuli [56,57].
The lipid molecules depending on their phase transition temperature also
form hard and soft corona around the phenylalanine functionalized gold
nanoparticles in presence of different zwitterionic lipid vesicles [57]. It is
not clear whether lipid coated nanoparticles (lipid corona) interact with
proteins in the same way that native surface ligand functionalised Au NPs
do. If they at all interact, what is the protein's conformational stability?
Moreover, there is a possibility that the lipid corona can impede the protein-
induced aggregation of Au NPs. There is a substantial research gap in the

existing literature regarding how these lipid-coated molecules will interact
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with protein molecules. Keeping all of these in mind, (i) we have conducted
a detailed study on the interaction of aromatic amino acids (phenylalanine
and tyrosine) functionalized gold nanoparticles (Au-AA NPs) with
lysozyme (by varying the ratio of Au NPs to lysozyme molecules) by using
different spectroscopic (UV-Visible, Fluorescence, Dynamic Light
Scattering, and Circular Dichroism) and microscopic (Confocal Laser
Scanning Microscopy and Scanning Electron Microscopy) techniques. We
also compared all the results with conventional citrate functionalized gold
nanoparticles to prove the uniqueness and superiority of the Au-AA NPs
over Au-Cit NPs. (ii) Next, we coated both the amino acids and citrate
functionalized gold nanoparticles with serum proteins (Bovine Serum
Albumin, Human Serum Albumin) and thiol-containing small peptide
(Glutathione) and studied their ability to inhibit the Au NPs aggregation in
presence of different concentration of lysozymes. (iii) Finally, we
investigated the interaction of the different lipid coated phenylalanine
functionalized nanoparticle with lysozyme (by varying the ratio of Au NPs
to lysozyme molecules) at physiological pH. We first coated the amino acid
functionalized gold nanoparticles by using positively charged lipid (1,2-
dimyristoyl-3-trimethylammonium-propane (chloride salt) (DMTAP), and
two different zwitterionic lipids of different phase transition temperatures
namely, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, T = -20 °C),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Tm = 41 °C). As
mentioned earlier that lipid molecules may form hard and soft corona
depending on the phase transition temperature. Therefore, it is expected that
hard and soft lipid corona will display different interaction towards
lysozyme induced aggregation. In the present manuscript, apart from
protein concentration dependent aggregation of aromatic amino acid
functionalized nanoparticles, we attempted to unravel how hard and soft
lipid corona as well as protein binding plays significant roles in resisting the

aggregation of the nanoparticles.
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5.2 Results and Discussion

We have summarized the results in a tabular form (Table 5.1) for the
readers for an easy understanding of the aggregation phenomena of different

nanoparticles in presence of different concentrations of lysozyme.

Reversibility of the

System Aggregation Aggregates Size (nm) aggregates after
NaOH addition

Au-Phe NPs: yes 120-130 No
Lysozyme (1:25)
Au-Tyr NPs: yes 150-160 No
Lysozyme (1:25)
Au-Cit NPs: yes 180-190 No
Lysozyme (1:25)
Au-Phe NPs: yes 1000-1200 Yes
Lysozyme (1:1000)
Au-Tyr NPs: yes 900-1100 Yes
Lysozyme (1:1000)
Au-Cit NPs: yes 1400-1500 Partial

Lysozyme (1:1000)

Table 5.1 The Aggregation, aggregated size, and reversibility of aggregates of Au-Phe,
Au-Tyr, and Au-Cit NPs after the addition of NaOH at low (ratio 1:25) and high (ratio

1:1000) concentrations of lysozyme.

5.2.1 Lysozyme Induced Aggregation of the Au NPs:

At first, we investigated the interaction of lysozyme with gold nanoparticles
functionalized by citrate molecules (Au-Cit NPs) and aromatic amino acids
(Au-AA NPs) namely phenylalanine and tyrosine (Au-Phe and Au-Tyr
NPs) at physiological pH. The normalized UV-Visible spectra (Figure
5.1a) showed SPR peak at ~ 520 nm for Au-AA and Au-Cit NPs, indicating
the diameter of the Au NPs are in the range 13-16 nm [58]. The zeta
potential of Au-Phe NPs, Au-Tyr NPs, and Au-Cit NPs was -33 mV, -23
mV, -35 mV respectively which implies that all the Au NPs were negatively
charged (Figure 5.1b).
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Figure 5.1 Normalized UV-Visible spectra (a), and Zeta potential measurements (b) of Au-
Phe, Au-Tyr, and Au-Cit NPs.

Fixed concentration of Au-AA and Au-Cit NPs (4 nM) was incubated with
different concentrations of lysozyme (20 nM to 8 puM) for 2 h at room
temperature. The Au NPs-lysozyme interaction was monitored through UV-
Visible, fluorescence spectroscopy, and DLS measurements as a function
of the number ratio of Au NPs/lysozyme (see Experimental Methods and
Table 5.2 for detailed calculation).

Concentration of | Number of Au|Concentration of | Number of [ Number ratio of Au NPs:
Au NPs (nM) NPs / mL /SOZY /1) lysozymes / mL | Lysozymes

4 2.40 x 102 0.02 1.2 x 1013 1:5
4 2.40 x 102 0.1 6.0 x 103 1:25
4 2.40 x 10"2 0.2 1.2 x 1014 1:50
4 2.40 x 102 0.4 2.4 x 10 1:100
4 2.40 x 1012 1 6.0 x 1014 1:250
4 2.40 x 1012 % 1.2 x 1013 1:500
4 2.40 x 1012 4 2.4 x 1013 1:1000
4 2.40 x 1012 8 4.8 x 1013 1:2000

Table 5.2 Calculation of the ratio of number of Au NPs to the number of lysozyme

molecules per mL.

The visual images revealed a change in color from wine red to violet-purple
upon interaction of Au-AA and Au-Cit NPs with lysozyme indicating that
all of Au NPs underwent aggregation over a wide range of Au
NPs/lysozyme ratios ranging from 1:25 to 1:2000 (Figure 5.2a, c, e).
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Figure 5.2 Photographs (a, c, ) and UV-Visible spectra (b, d, f) of the Au-Phe (a, b), Au-
Tyr (c, d), and Au-Cit (e, f) NPs at different Au NPs/lysozyme ratios.

Further, overnight incubation (data not shown) led to the precipitation out
of Au-AA and Au-Cit NPs ranging from number ratio 1:50 to 1:2000 as
visible dark pellets. Although for number ratio 1:25, the aggregation was
observed, however; no pellet formation took place for any of the three Au
NPs. The UV-Visible spectra revealed that the SPR peak of Au-AA and Au-
Cit NPs was red shifted for all Au NPs/lysozyme ratios ranging from 1:25
to 1:2000 with a new broadened peak appearing at a longer wavelength
(Figure 5.2b, d, f). All these findings imply that negatively charged Au-AA
and Au-Cit NPs undergo aggregation in presence of positively charged

lysozyme protein over a wide Au NPs/lysozyme ratio.
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Figure 5.3 Fluorescence spectra of the Au-Tyr NPs (a) and Au-Phe NPs (b) at different Au
NPs/lysozyme ratios. The excitation wavelength for Au-AA NPs and Au-AA NPs/lysozyme

system was 330 nm.

0.9 0.9

(Au-Tyr NPs : Lysozyme (1:25) 0 mi Au-Tyr NPs : Lysozyme (1:250)
— U min —() min
a) —1min @ b) ——1 min
b 2min < 2 min
g 0.6 _s mil"l g 0.64 % min
8 10 min = 10 min
= ——20 min =5 =20 min
= — 30 min * ——30 min
2 0.3 ——350 min = 0.3+ \ -
- « A 50 min
« 60 min \\60 min
0.0 T T — 0.0 T T v
500 600 700 500 600 700
Wavelength (nm) Wavelength (nm)
0.9
Au-Tyr NPs : Lysozyme (1:1000)
o |9
2 0.6
=
=
—
<
@
== 0.34
-«
0.0

500 600
Wavelength (nm)

Figure 5.4 Kinetics of the aggregation of the Au-Tyr NPs (a-c) at three different Au
NPs/lysozyme ratios (1:25, 1:250, and 1:1000).

The steady-state fluorescence spectra for Au-Tyr and Au-Phe NPs also
revealed that the fluorescence intensity increased with the aggregation of
Au-AA NPs (Figure 5.3a, b). The increment in the fluorescence intensity
could be attributed to the enhanced local concentration followed by

aggregation-induced emission of the amino acid upon the aggregation of
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nanoparticles [56]. The kinetics of the aggregation of Au NPs at three
different number ratios (1:25, 1:250, and 1:1000) revealed that regardless
of different Au NPs/lysozyme ratios, Au NPs underwent aggregation
immediately upon the addition of the lysozyme protein (Figure 5.4, 5.5,
and 5.6). Although the spectroscopic measurements shred evidence on the
aggregation of the Au NPs at various lysozyme concentrations, however,

our study is not conclusive about the mechanism of aggregates formation.
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Figure 5.5 Kinetics of the aggregation of the Au-Phe NPs (a-c) at three different Au
NPs/lysozyme ratios (1:25, 1:250, and 1:1000).

We, therefore, conducted DLS measurements to estimate the average
particle size of Au-AA and Au-Cit NPs aggregates at various lysozyme
concentrations after 2 hours incubation. The DLS measurement estimated
hydrodynamic diameter of the Au-Phe, Au-Tyr and Au-Cit NPs was around
24.2 £0.4,25%0.2,and 16.2 £ 0.5 respectively and that of native lysozyme
was 4.38 £ 0.2 nm (Figure 5.7).
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Figure 5.6 Kinetics of the aggregation of the Au-Cit NPs (a-c) at three different Au
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Figure 5.7 Hydrodynamic diameter of native lysozyme, Au-Phe NPs, Au-Tyr NPs, and Au-
Cit NPs.

At alow lysozyme concentration [Au NPs/lysozyme (1:25)], the average
particle size of the Au-AA and Au-Cit NPs was increased to 120-200 nm,
whereas at higher lysozyme concentrations [Au NPs/lysozyme (1:100 to
1:2000)], the average particle size of Au NPs was increased to 1000 nm
(Figure 5.8a, 5.9a, and 5.10a). We next estimated the diameter of Au-AA
and Au-Cit NPs at different time with respect to low and high lysozyme
concentrations [Au NPs/lysozyme (1:25 and 1:1000)] to quantify the

aggregation kinetics.
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Figure 5.8 Hydrodynamic diameter (a) of the Au-Phe NPs at different Au NPs/lysozyme
ratio. The change in hydrodynamic diameter (b) of the Au-Phe NPs with time as control
and at two different Au NPs/lysozyme ratios (1:25 and 1:1000).
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At a low lysozyme concentration [Au NPs/lysozyme (1:25)], the increment
in average diameter of Au NPs became saturated within 5 minutes, while at
high lysozyme concentration [Au NPs/lysozyme (1:1000)], the average
diameter of Au NPs was continuously increased with time (Figure 5.8b,
5.9b, and 5.10b). The DLS measurement primarily indicates that the
aggregation mechanism at low concentration of lysozyme is different from

that at high lysozyme concentration.
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Figure 5.10 Hydrodynamic diameter (a) of the Au-Cit NPs at different Au NPs/lysozyme
ratio. The change in hydrodynamic diameter (b) of the Au-Cit NPs with time as control and
at two different Au NPs/lysozyme ratios (1:25 and 1:1000).

5.2.2 Effect of NaOH on the Reversibility of the Aggregates of Au NPs:

To investigate whether Au NPs aggregates were reversible in presence of
NaOH, we used three different Au NPs/lysozyme ratios (1:25, 1:250, and
1:1000) and for each of the ratio, four time intervals for incubation (30 min,
2 h, 5 h, and 24 h) were set. The formation of aggregates and their
reversibility were checked through UV-Visible spectroscopy and DLS
measurements. We added required volume of 1 M NaOH to the lysozyme
induced Au NPs aggregates and adjusted the pH of solution to pH~12
(above the pl of lysozyme) and monitored time to time through UV-Visible
spectroscopy. Interestingly, for the Au-Phe and Au-Tyr NPs, at high
lysozyme concentrations [Au-AA NPs/lysozyme (1:250 and 1:1000)], the
aggregation became reversible upon the addition of NaOH to the formed

aggregates (Figure 5.11a, b). The visual color of the sample (Au-AA NPs)
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changed from violet-purple to red (Figure 5.12 and 5.13) even after 24 h.
The UV-Visible spectra also showed the reversibility of Au-AA NPs
aggregates as the absorbance for the Au-AA NPs again reverse back fully
along with the blue shift in the SPR peak towards the native Au-AA NPs
(Figure 5.11d, e). The 10-15 nm red shift in the SPR peak of Au-AA NPs
upon reversibility in presence of NaOH compared to the native NPs (Au-
AA NPs without any lysozyme) suggests us that stable protein corona might
have been present after the addition of NaOH (Figure 5.11d, e).
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Figure 5.11 Aggregates and Non-aggregates formation of the Au-Phe (a), Au-Tyr (b), and
Au-Cit NPs (c) as control and after the addition of NaOH to the aggregates respectively
with time at three different Au NPs/lysozyme ratio 1:25, 1:250, and 1:1000. The UV-
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Visible spectra of the Au-Phe (d), Au-Tyr (), and Au-Cit (f) NPs as control and after the
addition of NaOH to the aggregates respectively after a certain time (2 hour) at Au
NPs/lysozyme ratio 1:25, 1:250, and 1:1000.
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Figure 5.12 Photograph of the Au-Phe NPs in the absence (a, c, €) and presence (b,d,f) of
NaOH at Au-Phe NPs/lysozyme ratio 1:1000 (a, b), 1:250 (c, d), and 1:25 (e, f).

The DLS data also supported the reversibility of the Au-AA NPs in presence
of NaOH. The average diameter of the Au NPs was decreased form 1000
nm to 75 nm (Figure 5.14a and 5.15a). Surprisingly, we did not observe
any reversibility of the aggregation (Figure 5.11a-f, 5.12, 5.13, 5.14b,
5.15b, and 5.16) for Au-AA and Au-Cit NPs at low lysozyme concentration
[Au NPs/lysozyme (1:25)]. Even prolong incubation of aggregated Au NPs
with NaOH did not help to reverse back to smaller size. Furthermore, after
the addition of NaOH, the aggregation of the Au-Cit NPs was partially
reversible at high lysozyme concentrations [Au NPs/lysozyme (1:250 and
1:1000)] (Figure 5.11c, f and 5.16). The reversibility of Au-Phe and Au-
Tyr NPs aggregation at high lysozyme concentrations [Au NPs/lysozyme
(1:250 and 1:1000)] indicates that the aggregation mechanism of Au NPs at
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low and high lysozyme concentrations [Au NPs/lysozyme (1:25 and
1:1000)] is different.
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Figure 5.13 Photograph of the Au-Tyr NPs in the absence (a, c, €) and presence (b, d, f)
of NaOH at Au-Tyr NPs/lysozyme ratio 1:1000 (a, b), 1:250 (c, d), and 1:25 (g, f).
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Figure 5.14 Change in hydrodynamic diameter of the Au-Phe NPs in absence and presence
of NaOH at Au NPs/lysozyme ratio 1:1000 (a) and 1:25 (b). We could not measure the
hydrodynamic diameter of the Au-Phe NPs at 5 h and 24 h at ratio 1:1000 due to the large
aggregated structure of higher PDI value (>0.4).
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Figure 5.15 Change in hydrodynamic diameter of the Au-Tyr NPs in absence and presence
of NaOH at Au NPs/lysozyme ratio 1:1000 (a) and 1:25 (b). We could not measure the
hydrodynamic diameter of the Au-Tyr NPs at 5 h and 24 h at ratio 1:1000 due to the large
aggregated structure of higher PDI value (>0.4).
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Figure 5.16 Photograph of the Au-Cit NPs in the absence (a, ¢, €) and presence (b, d, f) of
NaOH at Au-Cit NPs/lysozyme ratio 1:1000 (a, b), 1:250 (c, d), and 1:25 (e, f).

To the best of our knowledge, this is the first report of lysozyme-induced
Au NPs aggregation which is reversible upon addition of NaOH. Driskell
and co-workers previously reported the reversibility of the Au Cit NPs and

IgG antibody aggregates upon the increment in solution pH [59]. The
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irreversibility of Au-Cit NP aggregates at any Au NPs/lysozyme ratio
emphasises the uniqueness of the Au-Phe and Au-Tyr NPs.

5.2.3 Influence of solution pH on the formation and stability of the Lyz
bound Au Phe, Au Tyr, and Au Cit NPs:

Following the investigation of the reversibility of Au NPs aggregation, we
were keen to study the interaction of Au NPs and lysozyme molecules at
pH 12 (above the pl of the lysozyme). The visual images (Figure 5.17)
showed that Au-AA and Au-Cit NPs were stable at all the concentrations of

lysozyme at pH ~ 12.

a) Au-Phe NPs: lysozyme b) Au-Tyr NPs: lysozyme
(pH=12) (pH=12)
Control 1:25 1:100 1:250 1:1000 Control 1:25 1:100 1:250 1:1000

I |

¢) Au-Cit NPs: lysozyme
(pH=12)
Control 1:25 1:100 1:250 1:1000

il

Figure 5.17 Photograph of the Au-Phe (a), Au-Tyr (b), and Au-Cit (c) NPs at different Au

NPs/lysozyme ratio at pH ~ 12.

The UV-Visible spectra revealed that the SPR peak of all the Au NPs were
slightly red shifted ~ 5 nm at Au NPs/lysozyme ratios 1:250 and 1:1000,
indicating the formation of stable lysozyme bound Au NPs systems (Figure
5.18a, c, €).These systems were found to undergo aggregation as the pH
decreased from pH ~ 12 to pH ~ 8 (Figure 5.18b, d, ). Interestingly, it was
observed that lysozyme bound Au NPs systems where the lysozyme
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concentration is low [Au NPs/lysozyme (1:25)] remained stable upon
decreasing the pH from pH ~ 12 to pH ~ 7 (Figure 5.18b, d, f).
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Figure 5.18 UV-Visible spectra (a, c, €) of the Au NPs interaction with different
concentrations of lysozyme at pH ~ 12. pH dependent stability of the native Au NPs and
Lyz bound Au NPs (b, d, f) formed at pH ~ 12 at different number ratio of 1:25, 1:250, and
:1000.

This observation is in contradiction to our previous finding, where we
observed that Au-AA and Au-Cit NPs at pH 7.4 undergo aggregation at low
lysozyme concentration [Au NPs/lysozyme (1:25)] and this aggregation
was not reversible upon increasing the pH of the system to pH ~ 12. Now,

we have theoretically estimated the number of lysozyme molecules needed
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to fully coat the Au-AA and Au-Cit NPs for formation of compact protein
monolayer. The size of the lysozyme molecule is 4.5 x 3.5 x 3.5 nm® [33].
The DLS measurement determined that the hydrodynamic diameter of the
Au-Phe, Au-Tyr and Au-Cit NPs were 24.2 £ 0.4,25+ 0.2, and 16.2 £ 0.5
nm respectively and that of native lysozyme was 4.38 + 0.2 nm. This
computes that an average of 93, 100, and 52 lysozyme molecules are needed
to fully coat the Au-Phe, Au-Tyr, and Au-Cit NPs respectively to complete
a compact protein monolayer. Therefore, the lysozyme is in sub-monolayer
concentration in the Au NPs/lysozyme ratio 1:25, while lysozyme is in
excess concentration in Au NPs/lysozyme ratio 1:250 and 1:1000. So, the
ratio 1:25 is lower than the necessary to obtain a complete protein layer
around the nanoparticle. Futher, our observations clearly indicates two
different mechanisms of interaction of lysozyme with Au NPs when

lysozyme is in excess and sub-monolayer concentrations.

-t

Figure 5.19 Bright field, fluorescence, and merged images (a-c) of the native lysozyme
protein (without Au NPs). Scale bar = 2 um.

5.2.4 Confocal Laser Scanning Microscopy (CLSM) and Field Emission
Scanning Electron Microscopy (FESEM) images of Au NPs at two
different Au NPs/ lysozyme ratio [Au NPs/lysozyme (1:25 and 1:1000)]:

After the spectroscopic investigation of the Au-AA and Au-Cit NPs
aggregates formation in presence of low and high lysozyme concentrations,
we tried to visualize these aggregates through CLSM and FESEM imaging
techniques. For CLSM imaging, Thioflavin T dye was used to probe the

173



assembly of protein and amino acids. Figure 5.19a-c revealed uniform
spherical shape for native lysozyme molecules (without Au NPs) at

physiological pH [60].

a)

(1: 25)

[Au-Phe NPs: Lysozyme

(1: 25)

[Au-Phe NPs: Lysozyme

[Au-Phe NPs: Lysozyme
(1: 1000)

|Au-Phe NPs: Lysozyme
(1: 1000)

Figure 5.20 CLSM images of the Au-Phe NPs in presence of low and high concentration
of lysozyme using Thioflavin T as a probe for protein and amino acid. Bright field,
fluorescence, and merged images of the protein induces Au-Phe NPs aggregates at low
[Au NPs/lysozyme (1:25)] (a-f) and high lysozyme concentration [Au NPs/lysozyme
(1:1000)] (g-I). Scale bar = 2 um. Images a-f belong to the same sample, however, the

images were taken at different positions of the immobilized sample on the cover slide.
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Images a-c showed the small aggregates of the Au-Phe NPs and d-f showed the small
nanofibril aggregates of the amino acid (phenylalanine) assembly which was displaced
from the Au-Phe NPs in presence of low lysozyme concentration [Au-Phe NPs/lysozyme
(1:25)]. Images g-i showed the large aggregates of Au-Phe NPs along with the aggregates
of protein molecules on the surface of aggregated Au-Phe NPs and j-I showed only one Au-

Phe NPs aggregates at high lysozyme concentration [Au-Phe NPs/lysozyme (1:1000)].

At low lysozyme concentration [Au NPs/lysozyme (1:25)], the Au-AA NPs
formed small aggregates of the Au NPs (Figure 5.20a-c and 5.21a-c) along
with some distinct small nanofibrils of the amino acids assembly (Figure
5.20d-f and 5.21d-f).

(1: 25)

[Au-Tyr NPs: Lysozyme

(1: 25)

[Au-Tyr NPs: Lysozyme

(1: 1000)

[Au-Tyr NPs: Lysozyme

Figure 5.21 CLSM images of the Au-Tyr NPs in presence of low and high concentration
of lysozyme using Thioflavin T as a probe for protein. Bright field, fluorescence, and
merged images of the protein induces Au-Tyr NPs aggregates at low [Au NPs/lysozyme
(1:25)] (a-f) and high lysozyme concentration [Au NPs/lysozyme (1:1000)] (g-i). Scale bar
=2 pm.
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These nano fibril aggregates of amino acids were distinctly different from
the large fibrilar aggregates of the lysozyme protein (Figure 5.22a-c).
Interestingly, at high lysozyme concentration [Au NPs/lysozyme (1:1000)],
larger aggregates of the Au-AA NPs were observed along with the thick
coating of the aggregated proteins (Figure 5.20g-1 and 5.21g-i). These
results imply that at low lysozyme concentration surface ligands (amino
acids in the present case) are decoated leading to the aggregates formation.
On the other hand, at high lysozyme concentration, the protein molecules
also aggregated on the surface of the aggregated Au-AA NPs. For the Au-
Cit NPs, at low lysozyme concentration [Au-Cit NPs /lysozyme (1:25)],
some protein molecules remained intact on the surface of the aggregated
Au-Cit NPs (Figure 5.23a-c). Moreover, at high lysozyme concentration
[Au NPs/lysozyme (1:1000)], the Au-Cit NPs formed larger aggregates
although no coating of the protein aggregates was spotted (Figure 5.23d-f).

Figure 5.22 Bright field, fluorescence, and merged images (a-c) of the lysozyme

aggregates at acidic pH (pH ~2). Scale bar = 2 um.

We further employed FESEM imaging techniques to visualize the Au NPs
aggregates at low [Au NPs/lysozyme (1:25)] and high [Au NPs/lysozyme
(1:1000)] lysozyme concentrations. The FESEM images rules out any dye
induced aggregation of the proteins. The Figure 5.24a showed the presence
of small aggregates of Au-Phe NPs along with small nanofibrils (Figure
5.24b) at low lysozyme concentration. Interestingly, at high lysozyme

concentration, the Au-Phe NPs formed larger aggregates along with the
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aggregates of protein on the aggregated Au NPs surface (Figure 5.24c, d).

This observation supports well with our CLSM images.

Figure 5.23 CLSM images of the Au-Cit NPs in presence of low and high concentration of
lysozyme using Thioflavin T as a probe for protein. Bright field, fluorescence, and merged
images of the protein induces Au-Cit NPs aggregates at low [Au NPs/lysozyme (1:25)] (a-
c) and high lysozyme concentration [Au NPs/lysozyme (1:1000)] (d-f). Scale bar = 2 um.




Figure 5.24 FESEM images of the Au-Phe NPs at low [Au-Phe NPs/lysozyme (1:25)] (a-
b) and high lysozyme concentration [Au-Phe NPs/lysozyme (1:1000)] (c-d). Images a
showed the small aggregates of the Au-Phe NPs and b showed the small nanofibril
aggregates of the amino acid (phenylalanine) assembly which was displaced from the Au-
Phe NPs in presence of low lysozyme concentration [Au-Phe NPs/lysozyme (1:25)]. Images
¢ and d showed the large aggregate of Au-Phe NPs along with the aggregates of protein
molecules on the surface of aggregated Au-Phe NPs at high lysozyme concentration [Au-
Phe NPs/lysozyme (1:1000)].

5.2.5 Influence of bound proteins and small peptides on the surface of

Au NPs on the lysozyme-induced aggregation of Au NPs:

First, we bound BSA (Bovine Serum Albumin) and HSA (Human Serum
Albumin) serum albumin proteins on the surface of amino acid and citrate
functionalized gold nanoparticles. We also used a small thiol containing
tripeptide namely Glutathione (GSH) to stabilise the surface of the Au NPs.
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Figure 5.25 Normalized UV-vis absorption spectra of the Au-Tyr NPs in presence of
different concentration (1-20 pM) of BSA (a), HSA (b), and GSH (c).
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Figure 5.26 Normalized UV-vis absorption spectra of the Au-Phe NPs in presence of
different concentration (1-20 uM) of BSA (a), HSA (b), and GSH (c).
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Figure 5.27 Normalized UV-vis absorption spectra of the Au-Cit NPs in presence of
different concentration (1-20 uM) of BSA (a), HSA (b), and GSH (c).
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The UV-Visible spectra revealed a ~ 5 nm red shift in the SPR peak for Au-
AA and Au-Cit NPs in the presence of different concentrations (1-20 pM)
of BSA and HSA protein indicating that these proteins coated the surface of
the Au NPs (Figure 5.25a-b, 5.26a-b, and 5.27a-b) [61]. However, the
SPR peak of the Au-AA and Au-Cit NPs was slightly broadened in presence
of different glutathione concentrations (1-20 uM) (Figure 5.25c, 5.26¢, and
5.27¢) [62].
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Figure 5.28 UV-Visible spectra of the BSA (a, b), HSA (c, d), and glutathione (e, f) coated

Au-Tyr NPs in presence of low and high concentrations of lysozyme.

We, next, allowed BSA, HSA, and GSH (1 and 10 uM) bound Au-AA and

Au-Cit NPs to interact with low and high concentrations of lysozymes [Au

180



NPs/lysozyme (1:25 and 1:1000)]. We found that the BSA and HSA coated
Au-AA and Au-Cit NPs were stable at low lysozyme concentration [Au
NPs/lysozyme (1:25)] (Figure 5.28a-d, 5.29a-d, and 5.30a-d). But, when
the concentration of lysozyme is higher [Au NPs/lysozyme (1:1000)], the
Au-AA and Au-Cit NPs aggregated again indicating that the BSA and HSA
coating around the Au NPs failed to prevent aggregation at high lysozyme
concentration (Figure 5.28a-d, 5.29a-d, and 5.30a-d).
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Figure 5.29 UV-visible spectra of the BSA (a, b), HSA (c, d), and glutathione (e, f) coated
Au-Phe NPs in presence of low and high concentrations of lysozyme.

Further, resistance towards aggregation is higher for HSA coated Au NPs
than for BSA coated nanoparticles. The degree of resistance is much higher

181



at high concentrations (10 uM) proteins than at low concentration (1 puM).
We would like to mention that we did not observe any precipitation for BSA
and HSA coated Au-AA and Au-Cit NPs in presence of high concentration
of lysozyme [Au NPs/lysozyme (1:1000)] like the native Au NPs.
Interestingly, unlike native Au-Cit NPs, the aggregation of BSA and HSA
coated Au-Cit NPs, as well as BSA and HSA coated Au-Phe and Au-Tyr
NPs, was reversible at high lysozyme concentrations. We already
mentioned that the ratio 1:25 is too low for the formation of complete
monolayer of lysozyme protein around the Au NPs. However, the native Au
NPs underwent aggregation at ratio 1:25 because the less number of
lysozyme proteins can access the native Au NPs surface to decoat the
surface ligands. But the albumin coated Au NPs did not undergo
aggregation. As there is coating of albumins on the surface of the Au NPs,
these less number of lysozyme molecules cannot access the native Au NPs
surface to cause the aggregation. But in case of high lysozyme
concentration, the more number of lysozyme molecules was able to access
the Au NPs surface via an exchange with albumins (dynamic corona).
Previously, Neupane et al. showed the aggregation of BSA coated Au-Cit
NPs at Au-Cit NPs/lysozyme ratio 1:200. They reported that lysozyme
protein molecules access the native Au NPs surface via the dynamic protein
corona between lysozyme and BSA [30]. In the present scenario, for the
ratio 1:1000, lysozyme concentration was 4 UM which is greater than 1 uM
concentration of albumins and less than 10 uM concentrations of albumins.
That is why when more number of albumin protein molecules was present
on the Au NPs surface, the lysozyme molecules could not fully displace the
albumin proteins to access the native Au NPs surface and less aggregation
was happened at higher albumin concentrations. At glutathione
concentrations of 1 and 10 uM, all Au NPs aggregated at both high and low
lysozyme concentrations [Au NPs/lysozyme (1:25 and 1:1000)] (Figure
5.28e-f, 5.29e-f, 5.30e-f). But, at 1 uM glutathione concentration, the
aggregation of all the Au NPs was irreversible in presence of NaOH at Au
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NPs/lysozyme ratio 1:25 whereas the aggregation was reversible at high
lysozyme concentrations [Au NPs/lysozyme (1:1000)]. Surprisingly, at 10
MM glutathione concentrations, all Au NPs aggregation was reversible at
both high and low concentrations of lysozyme.
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Figure 5.30 UV-visible spectra of the BSA (a, b), HSA (c, d), and glutathione (g, f) coated

Au-Cit NPs in presence of low and high concentrations of lysozyme.

GSH binding on the Au NPs surface leads to a completely different system
as GSH is very small molecule in comparison to albumins and also GSH is
endowed of mercapto group. It is very much likely that GSH displaces the
surface ligands to form a completely new and stable system. As the Au-AA

and Au-Cit NPs showed almost similar behaviour at low GSH concentration
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(1 uM), it suggests that GSH at this concentration was unable to displace
the surface ligands. However, at higher concentration of GSH (10 uM),
there is possibility that GSH removed the surface ligands and formed
complete new system. But, it is very hard to determine the number of
surface ligands displacement from the Au NPs surface quantitatively. As
GSH already displaces the surface ligands at concentration 10 UM, there is
no possibility of aggregation through surface displacement (due to the
presence of mercapto group) at ratio 1:25. So, the aggregation happens
through different mechanism. At low concentration of lysozyme (ratio
1:25), a single lysozyme molecule is in direct contact and electrostatically
crosslinks two Au NPs. Because of this, when we added NaOH, electrostatic
interaction become weakened and the Au NPs aggregation was reversed
back.

5.2.6 Influence of lipid corona on the interaction of Au-Phe NPs with

lysozyme:

As the protein corona failed to inhibit the aggregation of the Au NPs at high
lysozyme concentration, we looked for an alternative system that can
prevent aggregation of Au NPs at high lysozyme concentration. Recently,
we have demonstrated that lipid corona on the amino acids (Phenylalanine)
functionalized gold nanoparticles (Au-Phe NPs) are effective to prevent the
aggregation of Au-Phe NPs against high salt concentration, pH, and freeze-
thaw cycles [56, 57]. The literature also seeks the study on how these lipid
coated Au-Phe NPs interact with positively charged lysozyme protein. In
order to do this, we systematically coated the Au-Phe NPs with different
surface charged (zwitterionic and positively) lipid molecules by using our
previously reported method [56, 57]. Among the zwitterionic lipids, we
used two lipids of different phase transition temperatures namely, 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC, Tm = —-20 °C), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Tm = 41 °C). The lipid
coating around all the Au-Phe NPs was confirmed by the slight red shift (~
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5-7 nm) of SPR peak of the Au-Phe NPs in presence of different zwitterionic
and positively charged lipid vesicles (Figure 5.31a).
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Figure 5.31 UV-Visible spectra of the Au-Phe NPs (a) in presence of DOPC, DPPC, and
DMPC/DMTAP lipid vesicles and DOPC (b), DPPC (c), and DMPC/DMTAP (d) lipid
coated Au-Phe NPs in presence of different concentration of lysozyme after incubating 2

hour.

At low lysozyme concentration [Au-Phe NPs/lysozyme (1:25)], all the
different surface charged lipid coated Au-Phe NPs remained stable
indicating the lipid coating around the Au-Phe NPs prevents the surface
ligand decoating from the Au NPs surface (Figure 5.31b-d). Interestingly,
the DOPC lipid coated Au-Phe NPs underwent aggregation than DPPC
coated Au-Phe NPs at high lysozyme concentration [Au-Phe NPs/lysozyme
(2:250 and 1:1000)] (Figure 5.31b, c). The UV-Visible spectra showed a ~
8-10 nm SPR peak shift for the DPPC coated Au-Phe NPs at high
concentration of lysozyme [Au-Phe NPs/lysozyme (1:250 and 1:1000)]
which may be due to the adsorption of the lysozyme molecules on the lipid
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coated Au-Phe NPs surface (Figure 5.31c). But, for the DOPC coated Au-
Phe NPs, ~ 20-25 nm SPR peak shift was observed implying the aggregation
of the Au-Phe NPs (Figure 5.31b). Moreover, the positively charged lipid
coated Au-Phe NPs did not undergo any aggregation at high concentration
of lysozyme [Au-PheNPs/lysozyme (1:250 and 1:1000)] which may be due
to the strong charged repulsion of the positively charged lipid molecules
and positively charged lysozyme molecules (Figure 5.31d). Although both
the DOPC and DPPC lipid is zwitterionic, these two lipid coated Au-Phe
NPs showed distinct behaviour in presence of high lysozyme concentration.
We previously reported that DOPC and DPPC lipid formed soft and hard
lipid corona respectively on the surface of phenylalanine functionalized
gold nanoparticles [57]. Due to the soft nature of the DOPC lipid bilayer,
the adsorbed lysozyme molecules can access the native Au-Phe NPs to
prompt the aggregation of Au-Phe NPs. But, in case of DPPC lipid coated
Au-Phe NPs, the adsorbed lysozyme molecule can not access the native Au-
Phe NPs surface due to the hard nature of the DPPC lipid bilayer. To the
best of our knowledge, this is the first report of the impact of hard and soft
lipid corona in the interaction with protein. This study will help the nano-
researchers for engineering the suitable nanomaterials for biomedical

applications.

5.2.7 Possible mechanistic pathway of interaction between different Au

NPs and lysozyme:

After analyzing all the results of our above experiments, we are now in a
position to draw a mechanistic pathway of interaction between different Au
NPs (Au-AA and Au-Cit NPs) and lysozyme depending on the protein
concentrations. It is well-known that lysozyme carries global positive
charge at physiological pH as the pl of the lysozyme is 11.35. Therefore,
one may expect stronger interaction between lysozyme and the negatively
charged citrate and amino acids (Phe and Tyr) functionalized gold

nanoparticles irrespective of the protein concentration. Following distinctly
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different aggregation phenomena at low and high lysozyme concentration,
we propose two different mechanisms of interaction at low and high
concentration of lysozyme. At low lysozyme concentration [Au
NPs/lysozyme (1:25)], at physiological pH, the lysozyme molecules adsorb
on the Au NPs surface through strong electrostatic interaction between
negative COO™ group of the Au NPs and positive lysine residue of the
lysozyme protein. Based on our calculations, as the ratio 1:25 is very low to
complete a compact monolayer around the Au NPs, the less number of
adsorbed lysozyme molecules cannot fully covered the Au NPs surface. The
adsorbed lysozyme molecules decoat the surface ligands (citrate, amino
acids) from the Au NPs surface. The displacement of capping agent from
Au NPs surface (citrate, Tyr, Phe) would allow lysozyme to directly interact
and form hard corona over time on the Au NPs surface thus preventing the

Au NPs aggregation with time.
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Scheme 5.1 Schematic representation of the aggregation mechanism of Au-AA and Au-Cit
NPs at low [Au NPs/lysozyme (1:25)] and high concentration [Au NPs/lysozyme (1:1000)]
of lysozyme. At low lysozyme concentration [Au NPs/lysozyme (1:25)], decoating of the
surface ligands by lysozyme molecules triggers the aggregation of the Au-AA and Au-Cit
NPs. At high lysozyme concentration [Au-AA NPs/lysozyme (1:1000)], the Au-AA NPs
form aggregates keeping the surface ligand protected. But partial unfolding of the lysozyme

molecules during electrostatic bridging influences the protein aggregation on the
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aggregated Au-AA NPs surface. But for the Au-Cit NPs, the surface ligands are decoated
during the electrostatic bridging which triggers the aggregation of the Au-Cit NPs at high
lysozyme concentration [Au-Cit NPs/lysozyme (1:1000)]. Schematics are not drawn to

scale.

However, based on our experimental results, the aggregation mechanism
seems to be different at higher concentration from that at lower
concentration of lysozyme. The reversibility experiment implies that the
amino acid functionalized Au NPs interact differently from that of citrate
capped Au NPs at high lysozyme concentration. We have used the plasmon
ruler equation to estimate the interparticle separation from an

experimentally observed plasmon shift [33].

—(s/D)

A 048
~ 0.18 exp{——3

Ao

}

Where i—x is the fractional plasmon shift, s is the interparticle edge-to-edge

0

separation, and D is the nanoparticle diameter.

This equation was used to estimate the interparticle distance of lysozyme
bound Au NPs surface (formed at pH 12) in the pH range where they start
to aggregate (pH<pl). At pH < 10, the plasmon shift observed for the
lysozyme bound Au NPs surface is in the range of 27-30 nm which gives
an interparticle separation of ~ 6.5 nm for Au-AA NPs and ~ 3.5 nm for Au-
Cit NPs. So, at high lysozyme concentration, the Au-AA NPs is first fully
coated by lysozyme protein layer electrostatically followed by crosslinking
through lysozyme-lysozyme electrostatic bridging interactions where
lysozymes are immobilized on aggregated Au-AA NPs. Now, the lysozyme
protein have to be unfolded to crosslink another lysozyme coated Au-AA
NPs leading to the aggregation of both Au-AA NPs and lysozyme proteins.
But, for the Au-Cit NPs, it did not happen as the separation is less. In case
of Au-Cit NPs, lysozyme serves as a bridge to bring the Au NPs at close
proximity, eventually leading to the aggregation of Au NPs. Thus in case of

Au-Cit NPs, unfolding of lysozyme protein is not necessary to take place.
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During electrostatic bridging, weakly adsorbed citrate ligands are decoated
from the Au NPs surface. The CD spectroscopy also revealed that the
lysozyme protein structure (at higher concentration) remains intact for the
Au-Cit NPs but not for Au-AA NPs (Figure 5.32).
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Figure 5.32 CD spectra of lysozyme in presence of Au-AA and Au-Cit NPs at ratio [Au
NPs: Lysozyme (1:1000)].

In our previous paper, we reported that amino acids formed a thick coating
of around ~ 6 nm around the Au NPs surface [57]. It was also well-known
that citrate molecules are weakly adsorbed on the Au NPs surface and
formed a coating of around ~1 nm. Previously, Neupane et al. reported that
if the negative coatings is thick and stable enough, the Au NPs form
agglomerates along with the protein aggregates [32]. But if the ligands are
weakly adsorbed, decoating of the surface ligands takes place. So, this
conjecture collaborates well with our present findings. Therefore, we
propose “surface ligand protected electrostatic bridging by partially

unfolded protein” mechanism for the amino acid functionalized Au NPs and
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“Surface ligand decoated electrostatic bridging by folded protein”
mechanism for Au-Cit NPs at high lysozyme concentration [Au
NPs/lysozyme (1:250 and 1:1000)]. We have depicted the whole

mechanism in Scheme 5.1.
5.3 Conclusion

In summary, we investigated the aggregation mechanism of Au-AA and
Au-Cit NPs in the presence of different concentrations (low and high) of
globular lysozyme protein. The impact of protein binding and lipid corona
on lysozyme-induced Au NPs aggregation has been thoroughly discussed.

Therefore, we draw the following fascinating conclusions from our studies.

i) All the Au NPs (Au-Cit, Au-Phe, and Au-Tyr) at physiological pH
underwent aggregation at wide range of Au NPs/lysozyme ratio (1:25 to 1:
2000). At low lysozyme concentration [Au NPs/lysozyme (1:25)], the Au
NPs formed small aggregates and the large aggregates were found at high
concentration [Au NPs/lysozyme (1:100 - 1:2000)].

(ii) The aggregation of all the three Au NPs was found to be irreversible in
presence of NaOH at low lysozyme concentration [Au NPs/lysozyme
(1:25)]. Interestingly, at high lysozyme concentrations [Au NPs/lysozyme
(2:250 and 1:1000)], aggregation was reversible for amino acid
functionalized gold nanoparticles (Au-Phe and Au-Tyr NPs), but not for
Au-Cit NPs.

(iii) All the Au NPs when coated by globular protein such as BSA and HSA
were found to offer resistance towards aggregation at low lysozyme
concentration [Au NPs/lysozyme (1:25)]. However, higher lysozyme
concentration caused the aggregation which was found to be reversible in

presence of NaOH.

(iv) All the lipid coated Au-Phe NPs prevented the aggregation of Au NPs
at low lysozyme concentration [Au-Phe NPs/lysozyme (1:25)].
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Interestingly, the DOPC lipid coated Au-Phe NPs underwent aggregation at
high lysozyme concentration [Au-Phe NPs/lysozyme (1:250 and 1:1000)],
whereas the DPPC lipid coated Au-Phe NPs did not. This observation
affirms the effectiveness of soft and hard lipid corona to impede the protein

induced Au NPs aggregation.

(v) We have proposed two mechanisms for aggregation of Au NPs at two
different protein concentrations. At low lysozyme concentration [Au
NPs/lysozyme (1:25)], decoating of surface ligands by lysozyme molecules
mediated Au-AA and Au-Cit NPs aggregation was proposed. “Surface
ligand decoated electrostatic bridging by folded protein” and “surface
ligand protected electrostatic bridging by partially unfolded protein”
mechanism was proposed for Au-Cit NPs and Au-AA NPs respectively at
high lysozyme concentrations [Au NPs/lysozyme (1:250 and 1:1000)].
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Chapter 6

Materials, Methods, and Instrumentation
6.1 Materials

Chapter 2

Gold (1) chloride hydrate (HAuUCls-xH20), three aromatic amino acids,
namely phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp), and 4-(2-
hydroxyetyl)-1-piperazineethanesulfonic acid (HEPES) were purchased
from Sigma-Aldrich. All of the phospholipids, namely, 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (sodium salt) (DMPG), 1,2-dimyristoyl-3-
trimethylammonium-propane (chloride salt) (DMTAP), and 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt) (Liss Rhod PE) were purchased from Avanti
Polar Lipids. Sodium hydroxide (NaOH) and Milli-Q water were obtained
from Merck. All of the chemicals were used as received without further
purification. Milli-Q water was used to prepare all of the solutions. All the
glassware was kept overnight with freshly prepared 3:1 HCI/HNO3 (aqua
regia) and cleaned thoroughly with Milli-Q water before any experiments.

Chapter 3

All the zwitterionic phospholipids, namely, DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine), DLPC (1,2-dilauroyl-sn-glycero-3-
phosphocholine), DMPC (1,2-dimyristoyl-snglycero-3-phosphocholine),
DPPC  (1,2-dipalmitoyl-sn-glycero-3-phosphocholine),  and 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt) (Liss Rhod PE) were purchased from Avanti
polar lipids. Gold (II1) chloride hydrate (HAuCls-xH20), phenylalanine
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(Phe), Cholesterol, and 4-(2-hydroxyetyl)-1-piperazineethanesulfonic acid
(HEPES) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH)
and Milli-Q water were obtained from Merck. All the chemicals were used
as received without further purification. Milli-Q water was used to prepare
all the solutions. All the glassware was kept in freshly prepared aqua regia
(3:1 HCI/HNO3) overnight and washed thoroughly with Milli-Q water

before doing any experiments.

Chapter 4

All of the three zwitterionic phospholipids, namely, 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and two charged lipids 1,2-dimyristoylsn-glycero-
3-phospho-(1'-rac-glycerol) (sodium salt) (DMPG), and 1,2-dimyristoyl-3-
trimethylammonium-propane (chloride salt) (DMTAP) were purchased
from Avanti Polar Lipids. Phenylalanine, tryptophan, and tyrosine amino
acids and HEPES (4-(2-hydroxyetyl)-1-piperazineethanesulfonic acid were
purchased from Sisco Research Laboratories. Sodium hydroxide (NaOH),
sodium chloride (NaCl), and silver nitrate (AgNO3) were purchased from
Merck. All the chemicals were used as received from the manufacturer.

Milli-Q water was used to prepare all the solutions for the experiment.

Chapter 5

All the phospholipids namely, 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-dimyristoyl-3-
trimethylammonium-propane (chloride salt) (DMTAP), were purchased
from Avanti Polar Lipids. Bovine Serum Albumin (BSA), Human Serum
Albumin (HSA), and Gold (I1l) chloride hydrate (HAuCI4-xH20) were
purchased from Sigma-Aldrich. Phenylalanine, Tyrosine, Glutathione

Reduced (GSH), and Lysozyme (3x cryst) ex. Egg white were obtained
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from Sisco Research Laboratories. Sodium hydroxide (NaOH), tri-sodium
citrate dihydrate, di-sodium hydrogen phosphate anhydrous, sodium
dihydrogen phosphate monohydrate, and sodium chloride were purchased
from Merck. Milli-Q water was used to prepare all the solutions. All the

chemicals were used as received without further purification.

6.2 Methods

Chapter 2

6.2.1 Synthesis of the Aromatic Amino Acid-Functionalized Gold
Nanoparticles (Au-AA NPs):

We synthesized Au-AA NPs following previously reported in situ green
synthesis protocol with slight modification [1]. Briefly, 0.125 mL of
chloroauric acid solution of 30 mM was taken in 3.875 mL of Milli-Q water
and the solution was gently stirred for a few minutes at room temperature.
Then, 1 mL of freshly prepared 5 mM individual aromatic amino acid
solution was added to the previous solution followed by the instantaneous
addition of freshly prepared 100 puLL of 1 M NaOH solution for an additional
5-6 h under vigorous stirring. The colorless solution slowly turned into a

ruby red color indicating the formation of Au NPs.
6.2.2 Preparation of the Lipid Vesicles:

Thin-film hydration method was employed to prepare lipid vesicles of
different compositions (DMPC, DMPC/DMPG, and DMPC/DMTAP). The
DMPC/DMPG and DMPC/DMTARP lipid vesicles were prepared by taking
a fixed ratio (7:3) of zwitterionic and charged lipid. The required amount of
lipids was dissolved in a mixture of chloroform and ethanol to achieve a
homogeneous mixture, and then the solvents were evaporated completely
in a rotary evaporator under gentle conditions (P = 200 mbar, T = 30 °C).
The formed dry lipid film was kept under a high vacuum overnight to

remove any residual solvent from the flask. The film was hydrated with a
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preheated 10 mM HEPES buffer (pH ~ 7.40) solution, vortexed, and stirred
for 1 h above the phase transition of the respective lipid to a milky solution.
The vesicles were extruded (using Avanti mini extruder) several times
through 100 nm track-etched polycarbonate membranes to yield
monodispersed small unilamellar vesicles (SUV). For confocal microscopy
imaging, 1 mol % Liss Rhod PE was mixed with the required amount of
lipid vesicles, and the lipid vesicle solution was passed through a 1 um
polycarbonate membrane, whereas for atomic force microscopy imaging

0.1 um polycarbonate membrane was used.
6.2.3 Preparation of Lipid Vesicles-Nanoparticle Mixture:

To study the interaction of Au-AA NPs with the lipid vesicles at
physiological pH, we varied the ratio of the number of nanoparticles to the
number of lipid vesicles per ml (from 2:1 to 80:1). For this purpose, we
varied the concentration of the lipid at a fixed concentration of Au-AA NPs
(20 nM) to get the desired ratio of the number of NPs to the number of lipid
vesicles per milliliter (see below for calculation). Then, 500 uL of fixed
Au NP solution was placed in each 1.5 mL Eppendorf tubes; then different
concentrations of 500 uL lipid vesicles were added in each Au-AA NPs
solution and kept overnight to reach the equilibrium.

We calculated the number of liposomes per ml for a known concentration
of lipids by using the following methodology [2]. The total number of lipid
molecules per lipid vesicles was calculated as:

_ [4n(g)2+ 4n(g_h)2]

Ntot -

a

d is the diameter of the small unilamellar vesicle (SUV). Our group had
already reported that the size of the SUV is around 100 nm. h is the thickness
of the lipid bilayer and was taken as 4.45 nm. And, a is the average area per
lipid molecule was taken as 0.59 nm2. Putting all these values in the

equation,
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=97,389.01

Now, the following equation was used for the calculation of liposomes per
mL (Niipo) for a known concentration of lipids.
_ Mjipia XNa
Niipo = Neot X 1000

Miipia is the molar concentrations of lipids, Na is the Avogadro number and

the value is 6.023 X 102 and N is the total number of lipid molecules per

lipid vesicle.

Here, to calculate the number ratios of Au-AA NPs: lipid vesicles or
liposomes, we had fixed the concentration of Au-AA NPs (20 nM) and
systematically varied the concentration of lipids. In 0.5 mL of each Au-AA
NPs solution, 0.5 mL different concentrations of lipids were added in an

Eppendorf.

Now, 0.5 mL of 20 nM Au-AA NPs solutions will have 6.023 X 10% Au-
AA NPs.

The Table 2.1 shows all the number ratio of AuNPs: lipid vesicles or
liposomes per mL with the variation of lipid concentration in a fixed

concentration of Au-AA NPs solution.
6.2.4 Freeze-Thaw Cycle:

For the freeze-thaw cycles, the Au-AA NPs and lipid mixture were frozen
after equilibrium in liquid nitrogen (temperature: -196 °C) and then thawed

at room temperature.
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Chapter 3
6.2.5 Synthesis of Phenylalanine functionalized gold nanoparticles:

We followed an in situ green synthesis method to synthesize the
phenylalanine functionalized gold nanoparticles (Au-Phe NPs) [3]. At first,
7.750 mL of Milli-Q water was added in 0.250 mL of 30 mM chloroauric
acid solution and the solution was gently stirred for few minutes at room
temperature. Then, 2 mL of freshly prepared 5 mM phenylalanine solution
was added to the previous solution followed by the instantaneous addition
of 0.2 mL of 1 M NaOH solution. The solution was kept under vigorous
stirring for an additional 6-7 hr. The formation of colloidal stable Au-Phe
NPs was confirmed as the colorless solution slowly turned into a ruby red

solution.
6.2.6 Preparation of the lipid vesicle and Au-Phe NPs mixture:

To study the interaction of Au-Phe NPs with different zwitterionic lipid
vesicles, we took two different ratios of the number of nanoparticles to the
number of lipid vesicles per mL (2:1 and 80:1). To calculate the number
ratio, we took two different concentrations of lipid (0.4 mM and 0.0125
mM) at a fixed concentration of the Au-Phe NPs (20 nM). Then, 500 pL of
fixed Au-Phe NPs solution was placed in each 1.5 mL Eppendorf tubes,
then two different concentrations of 500 uL lipid vesicles were added in

each Au-Phe NPs solution and kept overnight to reach the equilibrium.
6.2.7 Simulation Methods:

All simulations and analyses were performed using the GROMACS-2018
simulation package [4-6]. Potential parameters for phenylalanine and lipids
were taken directly from the “MARTINI” coarse-grained (CG) force field
(FF), which lumps a few (three or four) heavy atoms into each CG bead [7-
9]. Coordinates and potential parameters for the 12 nm-sized spherical Au
particle were obtained from the CHARMM-GUI website [10]. All-atom Au
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atoms were converted to CG Au beads by 1-to-1 mapping, and the bead type
“C5” (¢ = 3.5 kd/mol and ¢ = 0.47 nm, no charge; hydrophobic) was
assigned for Au beads interacting with phenylalanine, lipids, and water,
which has successfully reproduced experimental results regarding the
structure and dynamics of Au particles and their interactions with lipid
membranes [11,12]. A mixture of an Au particle and phenylalanine
molecules were equilibrated, leading to the adsorption of 1,443
phenylalanine molecules onto the surface of Au particle, called the “Au-
Phe” particle. A temperature of 293 K, which is slightly lower than the
phase-transition temperature of the CG 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) bilayer (295 K) [13], and a pressure of 1 bar were
maintained by applying a velocity-rescale thermostat [14] and Parrinello-
Rahman barostat [15] in an NPT ensemble. Note that Marrink et al.’s
simulations captured the gel phase of CG DPPC bilayer below the phase-
transition temperature of 295 K [13]. However, it has been experimentally
known that the phase-transition temperature decreases as the liposome size
decreases [16], and thus only qualitative comparison for phase behaviour
can be achieved in this work. The Lennard-Jones and Coulomb potentials
were smoothly shifted to zero between 0.9 and 1.2 nm and between 0 and
1.2 nm, respectively. The LINCS algorithm was used to constrain the bond
lengths [17,18]. Simulations were performed for 100 ns with a time step of
20 fs on computational facilities supported by the National Institute of
Supercomputing and Networking/Korea Institute of Science and
Technology Information with supercomputing resources including
technical support (KSC-2020-CRE-095).

6.2.8 Simulations of a single Au-Phe particle and lipids:

A single Au-Phe particle was randomly mixed with 3,200 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) or 2,900 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) lipids and then solvated with ~79,000 water
molecules (representing ~316,000 real water molecules) in a periodic box
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of size 24 nm per side. Note that in simulations the thickness of the amino-
acid coating is less than 1 nm, and hence the diameter of Au-Phe NP is ~13
nm, which is much smaller than the experimental NP-diameter of 24-26 nm
with the coating thickness of ~6 nm. Therefore, ~3,000 lipids per
nanoparticle were used instead of 48,964 lipids for the high lipid

concentration.
6.2.9 Simulations of eight Au-Phe particles and lipids:

Eight Au-Phe particles, which were positioned with a distance of 2.5 nm
between neighboring particles, were randomly mixed with 4,000 DPPC or
DOPC lipids and then solvated with ~310,000 water molecules
(representing ~1,240,000 real water molecules) in a periodic box of size 37
nm per side. Note that although ~1,000 lipids per nanoparticle are required
to mimic the experimental condition of low lipid concentration, here 500
lipids per nanoparticle were simulated to avoid the crowding problem of
lipids because eight nanoparticles are quite tightly positioned in the

simulation box.
6.2.10 Freeze-Thaw Cycles:

For the freeze-thaw cycles, we adopted two different freezing protocols.
One was that the Au-Phe NPs and different lipid mixtures after equilibrium
were frozen in liquid nitrogen (-196 °C) and then thawed at room
temperature (RT). Another one was that the Au-Phe NPs and different lipid
mixtures after equilibrium were frozen in Refrigerator (-12 °C) and then
thawed at RT.

Chapter 4

6.2.11 Synthesis of Amino Acid Functionalized Silver Nanoparticles
(Ag-AA NPs):

With the use of three distinct aromatic amino acids (AA) and NaOH, we
tried to synthesize the Ag-AA NPs in situ, by altering the AA and NaOH
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concentrations. We primarily optimize the size variation of Ag NPs
functionalized with AA. To synthesize colloidal and stable AA
functionalized Ag NPs, we use two distinct AA concentrations of 1 mM and
0.5 mM as well as altering the concentration of NaOH from 2 mM to 10
mM.

To synthesize the Ag NPs, we first mixed 8.75 mL of Milli-Q water with
250 pL of 30 mM aqueous silver nitrate solution. The 9 mL solution
underwent continuous stirring for 30 minutes at 80 °C. The necessary
quantity of AA solution at a particular concentration was then added to it,
followed by the addition of NaOH at a particular concentration. The entire
solution was then left at 80 °C for 2 hours while being constantly stirred.
As colloidal Ag NPs developed, the colour of the solution changed from

colourless to yellow.
6.2.12 Calculation of Ag NPs concentration:

The concentration of the synthesized Ag NPs was calculated by previously
reported method by Siripinyanond et al. [19]. Our TEM images revealed
that Ag NPs were spherical in shape. The number of silver atoms was
calculated by considering that the volume ratio of silver atom to Ag NPs is
74.1% in the cubic structure. We know that the radius of silver atom is 0.144
nm, and hence its volume is 0.0125 nm3. Now, for Ag NPs with the diameter

of d nm, its volume is (n/6)d® nm®. Thus, the number of silver atoms (N)

. . 74.1 1 .
present in each Ag NPs is equal to Too X Zd3 x which is ~ 31 d°.

6 0.0125
Now, the concentration of the Ag NPs was calculated by the below

following equation:

Nitotal

Concentration of the Ag NPs =
NVNg4
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Where Niota iS the total number of silver atoms added to the reaction
solution, N is the number of silver atoms present in each nanoparticle, V is

the volume of the reaction solution in liters, Na is the Avogadro’s Number.

In our experiment, we took the AgNOz concentration in solution 0.75 mM
and total volume of the reaction solution was 10 mL or 0.01 L. So, the total
number of silver atoms added to the reaction solution was 0.75 x 10 x
6.023 x 102

Now, from our HR-TEM experiment, the average size of the Ag-Tyr and
Ag-Trp NPs were ~ 22 and ~24 nm respectively. So, for calculation, we
took the average size of Ag NPs was 23 nm (d = 23 nm).

0.75 X 1073 x6.023 x 1023 _
31 x (23)3 x0.01 X6.023 x 1023

The concentration of the Ag NPs =
1.988 x 107" M ~ 200 nM.

Then, the solution was diluted 10 times with the 10 mM HEPES buffer to

get the desired experimental concentration of Ag NPs (20 nM).
6.2.13 Preparation of Lipid Vesicles:

Three zwitterionic lipid vesicles DOPC, DMPC, DPPC and two charged
lipids DMPC/DMTAP and DMPC/DMPG was prepared by rapid ethanol
injection method [20]. For charged lipids, we used 7:3 ratio of neutral to
charged lipids. Briefly, the required amount of HEPES buffer solution (10
mM) was heated on a round bottom flask for 1 h above the phase transition
temperature of respective lipids. Then, the required amount of ethanolic
solution of lipid was rapidly injected in the preheated solution. After 1 h,
the solution was cooled at room temperature for further use. The final
concentration of all lipids was 0.8 mM and the added ethanol volume was

less than 1% of the total solution.
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6.2.14 Preparation of lipid vesicle-Ag NPs mixture:

We investigated the formation of lipid corona and lipid-induced aggregates
around Ag NPs at different number ratio of the number of nanoparticles to
the number of lipid vesicles per mL (1:1 to 1:80). To calculate the number
ratio, the concentration of Ag-NPs was fixed (20 nM) and the concentration
of lipid was varied from 0.8 mM to 0.0125 mM (see Table 4.3). Briefly,
500 pL of Ag-NPs was placed in Eppendrof tube and then 500 pL of
different concentration of lipid was added to it and the mixture was
incubated for 10 h at 30 °C.

6.2.15 Effect of the lipid corona on the aggregation of Ag-NPs and Ag*
ion dissolution against external stimuli: We took 1:2 number ratio to
study the effect of lipid corona on the aggregation of Ag NPs and Ag”*
dissolution against external stimuli i.e pH, high NaCl concentration, freeze
thaw cycles. To remove all the excess lipids, the lipid-NPs was centrifuged
and again re-dispersed with buffer solution.

Chapter 5

6.2.16 Synthesis of Aromatic Amino Acid-Functionalized Gold
Nanoparticles (Au-AA NPs):

We synthesized Au-AA NPs following our previously reported method with
slight modification [1,3]. At first, 0.625 mL of chloroauric acid solution of
30 mM was taken in 19.375 mL of Milli-Q water and the solution was
stirred for 30 minutes at 80 °C. Then, 5 mL of freshly prepared 5 mM
individual amino acids solution was added to the previously heated solution
followed by the addition of 500 pL of 1 M NaOH solution for an additional
2 h under vigorous stirring. The colorless solution turned into a ruby red
color indicating the formation of Au NPs. The synthesized Au NPs was
centrifuged to remove the excess amino acids and then re-dispersed into 10
mM (NaCl concentration = 1 mM) phosphate buffer solutions (pH =7.4) to
get the desired Au NPs solution for experiment.
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6.2.17 Synthesis of Citrate Functionalized Gold Nanoparticles (Au-Cit
NPs):

The citrate functionalized gold nanoparticles were synthesized following
our previously reported method with slight modification [21]. Briefly,
0.416 mL of chloroauric acid solution of 30 mM was taken in 23.844 mL
of Milli-Q water and the solution was stirred for 30 minutes at 80 °C. Then,
0.740 mL of 68 mM tri-sodium citrate dihydrate solution was added under
vigorous stirring for an additional 2 h. The formation of colloidal Au-Cit
NPs was confirmed as the colorless solution slowly turned into ruby red
solutions. The synthesized Au-Cit NPs was centrifuged to remove the
excess citrate molecules and then re-dispersed into 10 mM (NaCl

concentration = 1 mM) phosphate buffer solutions (pH = 7.4).
6.2.18 Preparation of Au NPs and lysozyme mixture:

To investigate the interaction of the Au NPs and lysozyme at physiological
pH (7.4), we varied a wide ratio of the number of nanoparticles to the
number of lysozymes per mL (from 1:5 to 1:2000). For this purpose, we
varied the concentration of the lysozyme at a fixed concentration of Au NPs
(4 nM) to get the desired ratio of the number of NPs to the number of
lysozyme molecules per mL (see Table 5.2). Then, 500 pL of fixed Au NPs
solution was placed in each 1.5 mL Eppendorf tubes; then different
concentrations of 500 pL lysozyme were added in each Au NPs solution

and kept 2 h to reach the equilibrium.

To study the interaction of Au NPs and lysozyme at pH 12 (above the pl of
the lysozyme), we took fixed concentration of Au NPs and added NaOH,
then different concentrations of lysozymes were mixed and equilibrated for
2 h.
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6.2.19 Binding of proteins and peptides on the surface of the Au NPs:

We took two Serum Albumin Proteins (BSA and HSA) and a small tri-
peptide Glutathione (GSH) to bind on the Au NPs surface. To accomplish
this, we varied the concentration of BSA, HSA, and GSH (1 to 20 uM). To
study the interaction of these protein and tri-peptide coated Au NPs with the
lysozyme, we first centrifuge the mixture to remove the excess proteins and
tri-peptides. Then, we mixed required lysozyme concentration to achieve

the desired ratio to the number of Au NPs to the number of lysozymes.

6.2.10 Formation of the lipid corona on the surface of the Au-AA NPs:
The lipid corona on the surface of the amino acid (phenylalanine)
functionalized gold nanoparticles was formed following our previously
reported protocol [22,23]. Briefly, at a fixed concentration (20 nM) of the
Au-AA NPs, 0.4 mM of zwitterionic (DOPC and DPPC), and positively
charged lipid vesicles was added and equilibrated for 2 h. After that, the
mixture was centrifuged to remove the excess liposomes from the solution.
Then, we mixed required lysozyme concentration to achieve the desired

ratio to the number of Au NPs to the number of lysozymes.
6.3 Instrumentation

6.3.1 Steady-State Measurements:

All the UV-visible absorption spectra were recorded using a Varian UV-
Visible spectrophotometer (Cary 100 Bio). All of the fluorescence spectra
were recorded using a Fluoromax-4p spectrofluorometer from Horiba
JobinYvon (model: FM-100). The absorption and emission spectra were
corrected for the spectral sensitivity of the instrument. All of the absorption
and fluorescence emission spectra were analyzed using Origin Pro 8.1

software.
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6.3.2 DLS and Zeta Potential Measurements:

DLS of the all-synthesized NPs and all the mixture was measured by using
a Nano Plus particle size analyzer (NanoPlus-3 model). The zeta potential
of each synthesized NPs was also measured by using a Nano Plus particle
size analyzer (NanoPlus-3 model). Each sample was measured three times

for better reproducibility of the result.
6.3.3 Confocal Laser Scanning Microscopy (CLSM):

We used a confocal microscope from OLYMPUS, model 1X-83 for the
confocal imaging of samples. A Multiline Ar laser (gas laser) with an
excitation wavelength of 405 and 559 nm was used to visualize both the
morphological changes of the Au-AA NPs, lipid vesicles, and their binary
mixtures. An excitation wavelength of 448 nm was used to visualize both
the morphological changes of the Au NPs and lysozymes in their binary
mixtures. An aliquot of the sample was immobilized on a clean cover slide
by spin coating at 750 rpm for 3 min. Then, it was fixed by a glass slide in
a sandwich manner by using transparent nail polish before imaging. ImageJ
software was used to process all of the images with linear adjustments of
brightness and contrast. All imaging studies were performed at room

temperature.
6.3.4 High Resolution-Transmission Electron Microscopy (HR-TEM):

HR-TEM images were taken using a field emission gun transmission
electron microscope (model:Tecnai G2, F30) with an acceleration voltage
of 300 kV. A small amount of the concentrated sample was dropped onto a
carbon-coated copper grid and allowed to sit for about 1 h. The excess
sample was wicked off by the use of Whatman filter paper. The grid was
wicked dry and washed two times with water for 10 min each. The grid was
placed under an IR lamp for 1 h and then overnight at RT for drying.
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6.3.5 Atomic Force Microscopy (AFM):

For AFM imaging, all of the samples were incubated for 12 h to reach
equilibrium. The samples were then drop-casted on mica substrates and
dried under a vacuum. The images were recorded using Smart Scan
software (model park NX10) in a tapping mode at a scan frequency of 0.65-
1.0 Hz.

6.3.6 Field Emission Scanning Electron Microscopy (FESEM):

Field emission scanning electron microscopy study was performed by using
a ZEISS Suprab5 field emission scanning electron microscope. An aliquot

of the sample was then drop-cast on glass slides and dried under vacuum.
6.3.7 Circular Dichroism (CD) Spectroscopy Measurements:

CD spectra of all the samples were recorded on a JASCO J-815CD
spectropolarimeter using a quartz cell of 1 mm path length with a scan range
of 190-260 nm. Scans were recorded with a slit width of 1 mm and speed

of 50 nm/min.
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Chapter 7

Conclusion and Future Aspects

7.1 Conclusion

In this thesis, we shed light on the physical interactions leading to novel
lipid corona formation around nanoparticles (NPs) and its impact on the
interaction with protein. Our study reveals that aromatic amino acids
(building blocks of protein) functionalized nanoparticles have intrinsic
ability to drag the lipid molecules away from the membrane to form a lipid
coating i.e., “lipid corona” around themselves. The formation of the lipid
corona depends on both the surface charge of NPs and lipid vesicles. Also,
the concentration of lipid plays a crucial role in lipid corona formation. At
high lipid concentration i.e., when the number of nanoparticles is almost
equal to the number of lipid vesicles, NPs form a stable lipid corona. Stable
lipid corona refers to a durable and organized coating of lipids surrounding
a nanoparticle, which persists without significant disruption under
physiological conditions over time. But the same NPs undergo lipid-
induced aggregation at low lipid concentration i.e., when the number of
nanoparticles is significantly higher than the number of lipid vesicles in the
solution. Lipid-induced aggregation or corona formation of NPs also
depends on the phase state of the lipid, area per lipid head group, and the
buffer medium. Surface ligands on the nanoparticle surface predominantly
account for the lipid corona formation rather than the metallic NPs core.
Lipid coated NPs offer excellent stability against external stimuli like pH,
high salt concentration, several freeze-thaw cycles. The lipid corona around
the NPs also inhibits the metal ion oxidation and dissolution of Ag NPs.
Based on the stability, for the first time, we also classified the lipid corona
as “hard” and “soft” lipid corona. The concept of "hard" and "soft" lipid

coronas is distinct from that of protein coronas. A hard lipid corona
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comprises lipids that are tightly bound to the nanoparticles surface and
remain associated even after multiple centrifugation steps, freeze-thaw
cycles, or exposure to harsh conditions. This robust attachment helps
preserve nanoparticle stability and prevents concentration loss or
aggregation. In contrast, a soft lipid corona is characterized by a leaky lipid
layer that is more susceptible to disruption under similar conditions,

potentially leading to nanoparticle dissolution or aggregation.

Protein induced nanoparticle aggregation is a concern to nano-researchers
for the application of NPs in biomedical aggregation. Different charged and
phase state lipid-coated NPs are suitable candidates to inhibit the
aggregation of NPs in presence of protein. We discussed how a hard lipid
corona maintains structural integrity, allowing proteins to adsorb only on
the lipid surface without directly accessing the nanoparticle core.
Conversely, a soft lipid corona permits protein penetration through the lipid
layer, enabling direct interaction with the nanoparticle surface and

potentially modifying its physicochemical characteristics.

In a nutshell our research not only provides physical insights into lipid
corona formation, but it also develops smart nanoparticles that minimize

protein adsorption for future biomedical applications.
7.2 Future Aspects

The lipid corona is a recently developing field relative to protein corona. In
future, the influence of aliphatic amino acids on lipid corona formation
could be discussed. The other important topic for investigation is how these
lipids coated NPs will affect the protein corona formation and vice-versa.
The properties of the lipid corona can also be modulated by varying the
composition of the lipid components. The quantification and mechanism of
these lipid-coated NPs cellular uptake will open a new direction to nano-
researcher for the application of NPs in catalysis, drug delivery, and photo

thermal therapy inside cellular environment.
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