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Abstract

Lipids are the building blocks of cell membrane which not only compartmentalize the cell but
also do regulate many physico-chemical mechanisms (i.e., diffusion, active transport, energy
conversion) in the cell. The lipid-water interface can be characterized by a network of H-bonds
which sustains the liposome’s structure and regulates the dynamics of both water and lipid
molecules. The main aim of this thesis is to explore the roto-vibrational structure of H-bond
network at the interface of liposomes/vesicles under different chemical environments by using
state-of-the-art far-Fourier-transform infrared (THz) spectroscopy. This thesis consists of four
articles: (a) The inner hydration in surfactant/cholesterol vesicles differs from the outer one: a
spectroscopic investigation (b) Addition of cholesterol alters the hydration at the surface of
model lipids: a spectroscopic investigation (c) The explicit role of interfacial hydration during
polyethylene glycol induced lipid fusion and (d) Alteration of lipid hydration in alcoholic
environment. In this thesis atomic force microscopy (AFM) and scanning electron microscopy
have been used to monitor the structural modification and dynamic light scattering (DLS)
measures the dimensions of thus modified liposomes. We investigate the solvation behaviour
of micelles/vesicles and observe that when micelles are converted into vesicles inner solvation
appears and the solvation nature of inner interface is surprisingly differing from the overall
solvation which is strongly vesicle’s charge dependent. We then investigate the hydration
behaviour of two different charged phospholipids (DOPC and DOPG) in absence and in
presence of cholesterol and observe that in presence of cholesterol, hydrogen bond network at
lipid water interface becomes weaker and dynamics gets accelerated. We also investigate PEG-
induced lipid fusion using three model phospholipids (DOPC, POPC and DPPC) and observe
that liposomes follow some intermediate steps: bilayer aggregation, destabilization and finally
lipid fusion. We find that such fusion process is associated with the dehydration of the
membranes and fusion is associated with a substantial solvation entropic cost. In a subsequent
work we investigate the structural modification of liposomes (POPC) in alcoholic environment
and we found that the water at the lipid interface becomes stronger and more restricted in

presence of both ethanol and TFE but the effect of TFE is more prominent.
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Chapter 1

Introduction
Human body is composed of ~ 63 trillion cells and every cell is a tightly package of countless

membranes.! The American Heritage dictionary defines a membrane as “a thin pliable layer of
plant or animal tissue covering or separating structures or organs”.! Biological membranes act
as a boundary which separate the inner environment of the cell from extracellular environment
and also pass the essential nutrients, gases and solutes to keep the cells alive.? Eukaryotic cells
consist of several such membranous organelle (scheme 1la) which are unique in structural
configuration, composition and in functions.? Among them plasma membrane (PM) is the
most dynamic and busiest membrane which mainly separates the cell contents from the rest of
the world.2 PM not only compartmentalizes the cell but also regulates a number of cellular
functions, including membrane fusion, signal transduction and protein trafficking.*®
Membranes consist of several types of lipids, proteins, carbohydrate and sugar molecules;® 1!
the major component is lipid. The lipid composition of a membrane varies depending on the
cell cycle, cell types and organisms.®2 The outer leaflet of mammalian plasma membrane is
primarily composed of phosphatidylcholine (PC), sphingomyelin (SM) and gangliosides (GM),
while the inner leaflets consist of phosphatidylethanolamine (PE), phosphatidylserine (PS) and
other charged lipids (scheme 11b).12 Lipids help membrane for budding, tubulation, fission and
fusion and some characteristics that are essential for cell division and intracellular membrane
trafficking.®'? There are basically three types of lipids: phospholipid, sphingomyelin and
cholesterol, but the major structural lipid is the phospholipid.®* Phospholipids are amphiphilic
in nature, consist of both polar headgroup and nonpolar hydrophobic tail which consists of
saturated or unsaturated fatty acyl chains with varying length.*> The major sphingolipid in
mammalian cell membrane is the sphingomyelin whose hydrophobic backbone is ceramide.'®
Again, the major sterol present in mammalian cell membrane is cholesterol which regulates the
fluidity and rigidity of membrane.!” In plasma membrane cholesterol content varies in between
20-30%, but in red blood cell it could rise up to 50%.81° Non-bilayer lipids like cardiolipin

can accommodate membrane proteins which regulate their activities.?

Biological membranes are quasi two-dimensional supramolecular assemblies which are

anisotropic in nature.?> Due to the complex nature of cellular membranes, artificial lipid



bilayers have been employed as a favourable model to investigate various physicochemical
processes occurring in the membrane since the lipid bilayers closely mimic the bio-membranes
in terms of their structures and physical properties.?? Lipid bilayers provide a semifluid
environment? for peptides and proteins and play a role on different biological phenomenon
like lipid-protein interaction, ligand-membrane binding, ion transport, ion-membrane
interaction etc.2*2® An intriguing feature of lipids is that they are inherently dynamic; the
interior hydrophobic region is isotropic in nature while the lipid interface is highly ordered.?®
Due to this complex organization of lipid membrane, the physical property like polarity,
mobility or fluidity, as well as Hydrogen bonding (H-bonding) efficiency3®3, vary across the

membrane.2%:32
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Scheme 1I: (a) Cartoon Picture of animal cell. (b) Lipid distribution in Plasma membrane

To understand the different physical properties as well as physicochemical processes
occurring inside the membrane (more specifically inside the lipid), one of the most convenient
ways is to use spectroscopy. Spectroscopy, defining the interaction between atoms/molecules
and photons®, has been a widely used technique to explore different inherent mechanism of
biologically important systems like membrane dynamics, protein (un)folding, or protein-

membrane interaction etc.>#3 Equilibrium structural configuration as well as structural



fluctuations (dynamics) of those systems can directly be probed using various spectroscopic
techniques e.g., vibrational®! (infrared (IR) pump/probe spectroscopy, two-dimensional IR,
sum frequency generation (SFG), Raman spectroscopy, Terahertz (THz) spectroscopy),
rotational*>*?® (dielectric relaxation spectroscopy), electronic (absorption, fluorescence)*4>
spectroscopy and also nuclear magnetic resonance spectroscopy*®4’ (provides the spin
information of molecules). For the structural heterogeneity of membrane, dynamics span over
a wide range of time scale from femtoseconds (for molecular vibrations) to a few hours (for
trans-bilayer flipflops). In this time window, different kinds of motions of lipid in membrane
such as shape fluctuation, membrane undulation, thickness fluctuations of bilayers, as well as
the dynamics of individual lipids such as flip-flops between the leaflets, lateral diffusion within
the monolayer, localized rotations and conformational and vibrational motion can occur
(scheme 1l1a).48-%2
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Scheme 1II: Schematic diagram of (a) different motion (dynamics) of lipid membrane over different
length and time scale (Image source: Langmuir, 2020, 36, 15189-15211). (b) vibrational structure (HB-
stretch & lib motion) of water at lipid-water interface.

The most integrated part of Lipid membrane is its interfacial region in terms of its
physiochemical characteristics and function.??° It offers unique dielectric characteristics,
different from both bulk and hydrocarbon regions.>® Interface plays a crucial role in membrane
stability and cell viability.>*> Lipid-water interface can be characterized by a network of H-
bonds which sustain the lipid structure and regulate the dynamics of both water and lipid

molecules.?®% Water appears to be the essential solvent for life due to its many physical and



chemical properties and its ability to form H-bonds.>"%8 It has high melting and boiling points,
as well as a wide temperature range over which it remains liquid, also a high dielectric constant,
which is crucial to its solvent activity.5”->° Due to such extreme environment, water has become
amajor matrix for life: most of the biological process occurs inside the water environments.57:60
Water can influence the structure of bio-molecules such as membrane and it interacts with the
membrane surface mostly through H-bonding,®--6? a mainly local type of weak bonding among
water molecules and between water and the polar or ionic group of biomolecules.® In liquid
state, each water molecule can form slightly less than four H-bonds with its neighboring water
molecules, two via the hydrogen donating OH-group and two via hydrogen accepting oxygen
atom.®* H-bond network is dynamic in nature and it fluctuates due to thermal motion; water
exchanges its H-bond partners via breaking and reforming the H-bond over picosecond time
scales.%® Water molecules show different vibrational modes due to stretching, bending and
rotating motion of H-bonds: hindered translational motion of H-bond or HB-stretch appears at
~200 cm* and hindered rotational motion (librational motion) at ~650 cm*.#?> H-bond bending
motion appears at ~ 50 cm™.%6 Intramolecular OH stretching and bending vibrations of water
molecules occur approximately within 10 and 20 fs.5 Intermolecular H-bond stretching and
bending vibration appears with a time scale of ~ 200 fs and 600-800 fs respectively.®” Again
water molecules librate within ten to hundreds of fs of time scale in its hydrogen bonded
environment.>® When lipid membrane is exposed to an aqueous environment, a new type of
water network is formed: water at the immediate vicinity of the membrane, termed as
“biological water” which offers structural and dynamical response different compared to bulk
water.588 Hydrogen bond network dynamics at lipid interface can be explored by using
different experimental techniques. Incoherent elastic and quasi-elastic neutron scattering
(EINS and QENS) techniques measure the displacement of individual hydrogen atom and
provide information on translational and rotational dynamical motion of water molecules.5%70
Femto-second (fs) resolved infrared pump-probe spectroscopy is a powerful technique, probes
the reorientation dynamics of water molecules in lipid solutions. Nuclear magnetic resonance
(NMR)’%72 neutron scattering”®7# and infrared spectroscopy’>® offer the dynamical response
of individual water molecules. Small angle X-ray scattering and neutron scattering (SAX and
SANS) can determine the radial distribution of counterion around biomolecules and can
directly probe the hydration shell structure.”” Some techniques including dielectric relaxation
(DR)8, optical Kerr-effect (OKE)”® probe different “collective dynamics” of water molecules
associated the biomolecules. Each of these spectroscopic techniques have their own advantages

and limitations. Recently THz spectroscopy has come up with a unique feature of water in the



terahertz region (0.3 THz to 20 THz); the region between microwave and infrared in
electromagnetic spectrum (1THz = 10'? Hz = 1ps™). It measures the change in the collective
dipole moment of water, more specifically the hydrogen bond network of water, thus the
information of water associated with biomolecules (hydration water) can be extracted.808?
Another advantage of THz spectroscopy is that it is a label free, non-invasive experimental
technique which can provide the subtle change in the dynamical orientation of water
molecules.?? THz frequency probes the dynamical and structural response as well as the
amplitude of various collective water network motions, such as translational, rotational
diffusion and librational motions.*°8384 These unique features make THz spectroscopy a
powerful tool to explore the dynamical and structural fluctuation of water molecules at the
hydration cell of lipid membrane (scheme 111b). In spite of having the detailed understanding
about the structure and dynamics of lipid molecules, there has been a lack of in depth
knowledge about the behavior of water buried inside the lipid molecule or the water within the

hydration shell of lipid molecules.

The primary objective of this thesis is to explore the vibrational structure of water
at the dynamical hydration shell of lipid molecules using terahertz spectroscopy and how this
vibrational picture is perturbed under different chemical environments. We began the thesis
work with vesicles, since vesicles can mimic the lipid cellular environment and then move on
to liposomes. Vesicle is mainly an assembly of bilayer system consisting of three regions: the
inner and outer regions are aqueous (polar) in nature with hydrophobic long chains forming
the inner phase.®2¢ Some surfactant molecules can form vesicles in presence of cholesterol.
When non-ionic surfactant molecules form vesicular structures, they are termed as
Niosomes.8”#8 Lipid molecules can also form such bilayer structures, they are known as
liposomes. Vesicles including liposomes offer a large number of applications in industrial
field®>% and in pharmacology®% to act as drug carrier agent®°*, carrying genetic material,
enzymes and others molecules into cell®®°! in medicine industry®®® and also in food industry®.
Depending on the preparation technique, vesicles are mainly classified into two wide
categories: ULV (uni-lamellar vesicle consisting of a single bilayer) and MLV (multi-lamellar
vesicle; made of more than one bilayer).8 In this thesis we have tried to address four

fundamental questions of liposomes/vesicles from the perspective of water.

o How the solvation behaviour during the micelle to vesicle transformation is altered?

Whether the water in the core region and outer to bulk region of vesicles possess similar



physical properties or not and how these properties of water vary with the surfactant
charge type?

o Is the interfacial dynamics of lipid charge dependent? How the cholesterol molecules
perturbed the interfacial dynamics of lipid caring the fact that cholesterol plays a key
role in modifying the lipid’s structure?

o How do the physical properties of the interfacial water in liposome changes during
polyethene glycol (PEG) induced lipid fusion?

o How the hydration behaviour of lipid membrane alters in presence of alcohol (ethanol

and TFE) knowing the fact that alcohol modulates the properties of lipid membrane?

This thesis investigates the response (structure and dynamics) of surface water at different
conformational states of vesicles and lipids: (a) The inner hydration in surfactant/cholesterol
vesicles differs from the outer one: a spectroscopic investigation, (b) Addition of cholesterol
alters the hydration at the surface of model lipids: a spectroscopic investigation (c) The explicit
role of interfacial hydration during polyethylene glycol induced lipid fusion and (d) Alteration
of lipid hydration in alcoholic environment. We have followed sonication technique to prepare
the charged vesicles and injection technique to prepare the niosomes. We use film hydration
extrusion technique to prepare liposomes. Dynamic light scattering technique is used to
characterize the formation of vesicles and liposomes and also to estimate the size of such
particles. We use atomic force microscopy to obtain the morphological picture of thus prepared
vesicles and liposomes. Field emission scanning electron microscopic technique is used to
monitor lipid fusion process. Finally, Far-FTIR (THz) spectroscopy is used to probe the

hydration behavior at different conformation of vesicles/liposomes.
This thesis consists of following chapters as described briefly:

= Chapter 1 deals with the general introduction of lipid membrane and their
physiochemical response using different spectroscopy technique, especially the state of
art THz spectroscopy as a label free technique, used to probe the hydration behavior of
lipid cell membrane.

= Chapter 2 consists of some basic theories, mathematical model and description of
chemical used in this thesis. This chapter also deals with the working principal of the
instrument which have been used to measure or extract the parameters in this thesis.

= Chapter 3 consists of the formation of vesicles from micelle in presence of cholesterol

and how the hydration behavior of micelles is altered when they are converted into the



vesicles. For that we have chosen three different charged surfactants: SDS (-ve), CTAB
(+ve) and Brij 30 (neutral); cholesterol is used for the formation of vesicles. Here we
have followed sonication and injection technique to prepare the charged and neutral
vesicles. Dynamic Light Scattering (DLS) is used to monitor the size of the vesicles.
Atomic force microscopy (AFM) gives the morphological picture of thus formed
vesicles. Finally, FAR-IR (THz) spectroscopy is used to study the hydration behavior
of vesicles. When micelles are converted into vesicles the water network alters which
strongly depend on surfactant charge and cholesterol concentration.

Chapter 4 explores the interfacial water dynamics of two model phospholipid:
negatively charged DOPG (1,2-Dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol)
sodium salt) and zwitterionic DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine) in
presence of cholesterol. We have followed film hydration sonication technique to
prepare the liposomes in absence and in presence of cholesterol. DLS and AFM
techniques affirm us the formation of liposomes. Our THz results conclude that
cholesterol induces weaker hydrogen bond and faster hydrogen bond
vibration/stretching dynamics at lipid interface.

Chapter 5 deals with the lipid fusion in presence of PEG. Here we have chosen three
lipids (DOPC, POPC and DPPC) with different aliphatic tail as they undergo fusogenic
transition in the presence of PEG (average molecular weight 4000). Dynamic light
scattering and electron microscopic measurements confirm the formation of different
intermediate steps of the liposomes during the fusion process: bilayer aggregation,
destabilization and finally lipid fusion. Here we experimentally probe that PEG-
induced membrane fusion is associated with the dehydration of the membrane(s). THz
FTIR spectroscopy explore the explicit information on interfacial hydration of fused
lipid membrane. Hydration measurements yield that stronger H bond is formed in the
aggregated state of the lipid interface compared to that of the pristine liposome for all
the liposomes irrespective of the constituting lipid molecules.

Chapter 6 explores the hydration behaviour of lipid in presence of two alcohols ethanol
and 2,2,2-trifluoroethanol. Here POPC is chosen as a model lipid and we prepare the
liposome by using film hydration technique. DLS and SEM is used to probe the
structural perturbation of liposomes in presence of alcohols. THz FTIR results conclude
that the water at the lipid interface becomes stronger and more restricted in presence of

both ethanol and TFE but the effect of TFE is more prominent.



= Chapter 7 summarizes the key finding of chapter 3, 4, 5 and 6. It also consists of some

ideas of future research in this direction.
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Chapter 2

Theories, Techniques and Instruments

2.1. Theories:
2.1.a. Charge in vesicle surface from Zeta potential:

The most popular technique used to measure the charge at the vesicle surface is the zeta
potential measurement.'? Zeta potential can be defined as the potential at the slipping plane or
the potential at the hydrodynamic shear boundary of colloidal systems.? The assumption for

charge calculations from zeta potential for a bilayer system is as follows?:

1. Bilayer can be considered an infinite planar surface with bound charges uniformly
smeared at x=0.
2. Dielectric constant of solution is constant at all x>0.
3. The ion of the solution can be treated as point charge.
Goey-chapman model is based on the Poisson-Boltzmann relationship which relates between

surface potential and surface charge density of any colloidal systems like micelle/vesicles.

Poisson’s equation® can be written as V. E = Eﬁ (2.1.a1)
0

Where p is the volume charge density and ¢, is the free space permittivity.
AsE = —Vcb (¢ is the electric potential),

Poisson’s equation becomes as V2 = — Eﬁ (2.1.a2)
0

Again, electrochemical potential of ion is related to the electric potential as,
Vu, = —Z;eVo (2.1.a3)

Where y; is the chemical potential and Z; is the valency of i-th ion.

: : du; d
For one dimensional systems, Fi— _7e 29
dx dx
_Zl-e(;b
Boltzmann distribution of ion’s can be written as n; = nge” kT (2.1.a4)
Zl-ezi)

Again, volume charge density p = Y;en;Zie” T
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Z;ed
. . 1 it A
Now, Poisson’s Boltzmann equation becomes V¢ = — E_Zi en;Z;e kT (2.1.a5)
0

For one-dimensional conducting plane surface,

Zl-eQ)

2
M = _ézienizie_ kT (2'&6)

dx?

Debye-Huckel Approximation:

¢ is small in everywhere in double layer

Ziedp

ie. Ziegp < kT then e i =~ 1“2
. d?¢ 1 Zied
Equation 2.1.a6 becomes as —z = —gzienizia — 7) (2.1.a7)

For electroneutrality in bulk electrolyte 1%t term in equation 2.1.a7 is zero. So,

d?¢ __Ziezn?2§¢

dx? ekT

dZ Z-eznpz.z
L9 — k2¢p where k = [N
dx? ekT

Parameter x depends on electrolyte concentration ny, termed as Debye-Huckel parameter.

So, for the solution of equation 2.1.a6, we have performed the integration of equation 2.1.a6

and applied two boundary conditions that

1. In bulk where x=co, % =0&¢p =0

2. For most electrolytes as though they were symmetric with valency Z, equal to valency
of counterions.

So, the solution of equation 2.1.a6 becomes as
Zep(x) _ Zedy _jyex
tanh = tanh or € (2.1.a8)

At the shear plane, ¢(x) = {; the potential is called the zeta potential (Scheme 21I).

tanh 2% = tanh 2222 ¢ =¥ \where ¢, is the surface potential.
4kT 4kT

Surface charge density, 0 = —€ (%)
x=0
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o = V8n® € KT sinh(522) (2.1.29)

(-) ve charged Liposome

L

1111

Lipid Bilayer

Potential

=

— - ~ . -
Stern layer Distance from bilayer surface

Scheme 2I: Schematic diagram of surface potential and zeta potential of a vesicle (-ve charged)

2.1.b. Principal Component Analysis (PCA):

Principal component analysis (PCA) is a very popular technique used to reduce the
dimensionality of a dataset consisting a large number of variables.®> We perform PCA using
singular value decomposition method.6® For PCA analysis, we construct a matrix A where
change of absorption coefficient (Aa) serves as the row vectors while Q as a column vector.

Singular value decomposition provides three matrices, named as a score matrix (U), a singular
matrix (S) and a loading matrix (V). They are related as:

A=USVT (2.1.b1)

where VT is the transpose of the matrix V. Principal components can be extracted from the
following relation:

PCi = S5;V; (2|b2)

s; are the diagonal elements of the S-matrix where v; are the row vector of I/.
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2.1.c. Three Component Model:

Water is the major liquid for life and most of the biological phenomena occurs inside the cell
in agueous environment; there are mainly two types of water associated with the biomolecules;
water in front of biomolecules, called the hydrated water and away from biomolecules, called
the bulk water.>*! Interestingly this hydrated water can control the structure and stability of
biomolecules and the structural and dynamical response of these two waters are completely
different. Response of this hydrated water can be directly probed by using THz spectroscopy
which measures the fluctuation of dipole moment of any solutions in terms of absorption
coefficient.1>1> Thus any change in dipole moment will reflect on the change in absorption
coefficient of the solutions. For any biomolecules, absorption coefficient can be written as the
average weight of absorption coefficient of solute molecule @t (), hydration shell ag, (v)

and bulk water a,,;, (v) (scheme 211).

Vv 1% 1%
atotal(V) = asolute( V) % + ash(V) ﬁ;l + abulk(V) thoutlakl (Z-I-Cl)

whereViorarr Vsoruter Vsn, and Vi, are the total volume and volume occupied by solute
molecule, volume occupied by dynamical hydration shell and volume of bulk water

respectively.

Again equation (2.1.c1) can be written as

Atotal ( V) = Usolute ( V)d’solute + Ush ( V) ¢sh + Apuik ( V)¢bulk (2 I -C2)

[¢ — Vsolute. d) — Vsh . d) — Vbulk]
solute Vtotal 1 ¥sh Vtotal’ bulk Vtotal

S

Solute

Hydration

.

15



Scheme 2II: Schematic diagram of solute molecule with dynamical hydration shell in a solutions.
Orange sphere defines the solute molecule and cyan shell is the dynamical hydration shell associated
the solute molecules. Blue colour represents the bulk molecules.

2.1.d. Structural response of water at the hydration shell of biomolecules:

The bond between two atoms of a molecule behaves like a spring that has a certain intrinsic
frequency and the molecule follows simple harmonic oscillator motion with a natural
frequency.'® When the molecules are in motion then the frictional force or damping come into
play which is proportional to the velocity of molecular motion. If the light is applied to the
damped motion of the particle i.e. driven by the light, then one dimensional equation of motion

of atoms can be written as'’

dzy dy
=ty 4 w3x = f cos wt (2.1.d1)

b . k . eE
Wherey:%, Wy = ’;,fzz

solution of equation 2.1.d1 gives: x(¢) = f —=@-¥)

where ¢ = tan~1(—=2)

J(-w?) sy wg-ut
Absorption of radiation by the ions per unit time is:
P=-N<F.%> (2.1.d2)
Where F = —eEcos (wt) and & = Z—f
Equation 2.1.d2 becomes as P(w) = —— B @Y (2.1.d3)

m[(wg—w2)2+4y2w2]
Again, the absorption coefficient is related to dissipation as P(w) = @% € E? (2.1.d4)

Where n is the refractive index and € is the dielectric constant of the medium and c is the

velocity of light.

Putting equation 2.1.d3 into equation 2.1.d4 we get,

Aw? Ne?
vy where 4 = 2225
2 Cc me

a\w) =
() (wZ-w?)*+4y2w
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If molecule undergoes more than one underdamping motion then absorption coefficient can

24,.
become as =Y, A i 2.1.d5
a(w) =X 4; (@2 v ( )
2.1.e. Lifetime of Dipole moment autocorrelation function:

The motion of a dipole can be considered as a one-dimensional damped harmonic oscillator
and the corresponding equation of motion can be written as

d%x

dx
Sty + w2x =0 (2.1.e1)

where y and w, are the damping term and the natural frequency, respectively. When THz
radiation is applied on a substance, it exerts a force (—eEcos(wt)) and correspondingly the

power spectrum of the harmonic oscillator can be written as

L(@) = = N (eE)w?y (2.1.62)

[(03-w?)" +4y2w?]

with N, m being the number of oscillating dipoles per unit volume and mass of each dipole,
respectively. The time correlation function of position can be expressed from power spectrum

(using Wiener-Khintchine theorem) as'®
C(t) =< x(0)x() >= [ dw et [ (w) (2.1.€3)

Combining 2.1.e2 and 2.1.e3 we get,

C(t) = [° —NED WY g, plwt (2.1.e4)

_mm[(wg—w2)2+4y2w2]

Since dipole moment correlation function Cy(t) is proportional to the position correlation

function, it can be estimated from equation (2.1.e3) in the following way?®:
C (t)oc(cosw t+—sinw t)e‘t/T (2.1.e5)
u 1 Tw, 1 1.

where w, represents the oscillation frequency of damped harmonic oscillator compared to
2

natural frequency w, with w; = / wé + 4”? The term, 1 (= i) stands for the lifetime of the

autocorrelation function. Experimentally it can be estimated from the linewidth as t; = ﬁ;

i

where w; are the fitted parameter of the i component.5-19
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2.11. Experimental techniques:

2.11.a. Preparation of Bilayer Systems:

2.11.a.1. Vesicle Preparation:

The charged vesicles were prepared using sonication technique.?®?! Concentration of both
Sodium dodecyl sulfate (SDS) and hexadecyltrimethylammonium bromide (CTAB) surfactant
was kept fixed at 20 mM, which is much higher than their corresponding critical micellar
concentration (cmc) (=8 mM for SDS and ~ 1 mM for CTAB).?? Dry cholesterol molecules
were added to the micellar solutions followed by sonication up to 20 min in a bath sonicator
(model no: UR1, 35 kHz, 2x240 W) at room temperature. Before the experiments, the solutions

were kept in dark overnight for stabilization.

2.11.a.ii. Niosome Preparation:

Niosomes were prepared using chloroform injection technique.?® Both Brij 30 and cholesterol
in desired weight proportions were dissolved in chloroform and the solution was then injected
in aqueous environment using a Hamilton syringe. This solution was then stirred in a magnetic
stirrer for 30 min at a constant temperature of 40 °C in order to evaporate chloroform. This

homogeneous solution was also kept overnight before the experiments.

2.11.a.iii. Liposome preparation:

Film Hydration technique:
Liposomes were prepared using film hydration technique.?4#2 Briefly, lipid molecules were

dissolved first in chloroform. A gentle stream of nitrogen was then passed through the solution
to evaporate the chloroform. The lipid film was then placed in desiccator for 2 hrs. to ensure
complete disappearance of any chloroform molecule. The dried lipid film was then hydrated
with the phosphate buffer (50 mM, pH 7.4) solution. The lipid starts to swell and separate from
glass vial and forms inhomogeneous cloudy solution which was then stirred with a magnetic
stirrer to 30 min at a speed of 1100 rpm at 25 °C. The solution was kept at 4 °C for complete

swelling and again stirred for 30 min with 1100 rpm speed at 25 °C.

: The solution was then sonicated for 30 min at room temperature.
Finally, it was kept overnight at 4 °C before the measurements. We also prepared

liposomes using the same protocol in presence of cholesterol with varying Q =

[Cholesterol]
[Lipid]

The solution was then extruded (scheme 2111) through a mini-

extruder (Avanti polar lipid) with polycarbonate membrane filter (pore size 100 nm),
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fitted with Hamiltonian syringes (model no 610017-1Ea). The samples were passed ~11
times through the filter to get uniform liposomes. Liposome solution was kept at 4 °C

overnight before experiment.

| Dry lipid Liposome Preparation
Chlorof
orotom Thin Film Hydration
&

Extrusion technique

Passing
through Desiccating

Gentle N, Zhrs

Buffer, pH 7.4, T>Tm T>Tm —
©
QQ &>

. Hydrated and swellin i itati
Llposome Lipid film ¥ g mechanical agitation

~1100 rpm
A - -
HI \ Dynamic Light — Extrusion
3 J. \ Scattering (DLS) poec T>Tm

1
Hyd. Dia. {nm)

Scheme 2I11. Preparation of liposomes by using film hydration based extrusion technique.

2.11.b. Analyses and Techniques:

2.11.b.i. Image collections & Analyses:

Atomic Force Microscopy:

The prepared samples were drop casted on freshly cleaved mica substrate and then kept for 30
min to ensure complete adsorption on the substrate. The excess solution was then washed by
flowing milli Q water. Finally a gentle nitrogen flow was passed to vaporise the remaining
water prior to the AFM measurements. Collected images of vesicles and liposomes are
analysed by using Image J and Gwyddion software to extract the size and height of the particles.
Field Emission Scanning Electron Microscopy:

Firstly samples were drop casted on properly cleaned silicon wafer and kept it in desiccator
overnight to ensure complete de-wetting of sample. Gold of thickness 1 nm was deposited on
the sample prior to the imaging. Collected images of liposomes are analysed by using Image J

and Mathematica 13.0.1 software to extract the size of the particles.
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2.11.b.1i. Measurements:

DLS Size measurements:

DLS measurements followed the light scattering technique. DLS experiment gives the intensity
auto-correlation curve between time of measured data. By fitting this correlation curve with
exponential function, the diffusion coefficient (D) can be extracted as diffusion coefficient is
directly related to the lifetime of fitted data. Hydrodynamic diameter (dn) of the particle is
related to the diffusion coefficient of the solutions, can be calculated from the stoke-Einstein

model?8

g = kgT
"™ 3mnD

Where kj is the Boltzmann constant and 7 is the viscosity of the solutions.

Zeta Potential measurements:

Zeta potential measurements are based on the principles of light scattering. Here the sample is
placed into a chamber which consists of two electrodes. When Electric field is applied into the
electrodes then charged nanoparticles starts to migrate corresponding to the electrodes with a
velocity proportional to zeta potential. The zeta potential is then calculated from the velocity
or the electrophoretic mobility by using Henry equation?2’

__ 2€éf(ka)

U
e 3

where Ue is the electrophoretic mobility, ¢ the dielectric constsnt, £ is the zeta potential, 1 is
the viscosity of the medium and “ka” is the ratio between the particle diameter and the Debye

length. For aqueous solutions a Smoluchowski’s approximation is considered and the value of

f(ka) is taken as 1.5.1

THz-FTIR measurements:

The Spectrometer is attached with an ATR (attenuated total reflection) sample compartment
and all the measurements were performed in the ATR mode.” A diamond crystal with refractive
index of 2.41 was used in the ATR attachment. The sample compartment was evacuated each
time prior to the measurements using a vacuum pump. Each measurement was an average of
128 scans with resolution of 4 cmt. We measured three times of each sample and then averaged
to get the final spectra to be analysed further. The spectral signature was obtained in ATR unit

which was then converted into absorbance using following formula
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intensity in ATR unit(v) x 1000
Wavenumber (v)

Abs(v) =
Using Beer-Lambert law, the absorption coefficient was estimated as
1
O((V) = @ (Absreference (V) - Abssample (V))

where d,, is the penetration depth, obtained as?®

A
C2m /(ngSin@)2 — n2

dp

where 1 in the wavelength of the light, n, and n, are the refractive indices of the sample and

diamond crystal respectively and 8 is the incident angle (here 6 = %).
Change in the absorption coefficient was expressed as,

Aa(v) = Usample (V) — awater(V)

2.11.c. Chemical used:

2.11.c.i. Lipids:

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC): DOPC is a zwitterionic phospholipid
(scheme 21Va), generally found in eukaryotic cells. Structurally, it consists two unsaturated
long (18:1) oleic acids and colin as a headgroup. It has a transition temperature -16.5 °C,

therefore exists in the fluid phase at room temperature.?®

2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine  (POPC): POPC is a zwitterionic
phospholipid (scheme 21Vb), consists of two distinct tails: one is saturated long palmitic acid
(16:0) and another is unsaturated oleic acid (18:1).2° Molecular weight of POPC lipid is
~760.08 gm/mol.

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC): has phase transition temperature ~41
°C and remains in solid like gel state at room temperature.3' Structurally, it consists two

saturated long (16:0) palmitic acids and colin as a headgroup which is shown in scheme 21Vc.

1,2-Dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG):
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DOPG is a negatively charged phospholipid, having molecular weight ~797.03 gm/mol.
Structurally, it consists two unsaturated long (18:1) oleic acids and colin as a headgroup

(scheme 21Vd). It has phase transition temperature -18°C.32

3B-Hydroxy-5-cholestene,5-Cholesten-33-ol (Cholesterol): has molecular weight ~386.65
gm/mol. Cholesterol is the major sterol, present in only mammalian cell membrane (scheme
21Ve). It does resides into phospholipid bilayer of membrane which regulates the fluidity and
rigidity of membranes.®® Cell membrane contains 20-30% cholesterol, whereas it could rise up

to 50% in red blood cells.3
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Scheme 21V. Chemical structure of (a) DOPC (b) POPC (c) DPPC (d) DOPG and (e) cholesterol

2.11.c.ii. Surfactants:

Sodium dodecyl sulfate (SDS): is an anionic surfactant, having molecular weight ~288.38
gm/mol and the chemical structure of SDS in shown in scheme 2Va. It is amphiphilic in nature
contains both hydrophilic headgroup and hydrophobic hydrocarbon tail parts. The critical
micellar concentration (CMC) in water at 25°C of SDS surfactant is ~8 mM and above the
CMC value, it forms micelle in agueous environments. It is widely used as a cleaning and
hygiene products and emulsifier in pharmaceutical field and in many industries.36:7
Hexadecyltrimethylammonium bromide (CTAB): is a cationic surfactant with molecular weight

~ 364.45 gm/mol and the chemical structure of CTAB in shown in scheme 2Vb. The critical
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micellar concentration (cmc) of CTAB surfactant is ~1 mM.%8As like most surfactants CTAB
also forms micelle in aqueous environment. CTAB is an antiseptic agent against bacteria and
fungi. It is used in synthesis of gold nanoparticles, mesoporous silica nanoparticles and
sometimes in the extraction of DNA 3940

Polyoxyethylene 4 laurylether (Brij 30): is a non-ionic surfactant (scheme 2VV¢) with molecular
weight gm/mol. It can form vesicle in presence of cholesterol, termed as a niosome.*14? Brij
30 is widely used as a emulsifying agent, penetration enhancer, and also as a solubilizing

agents.*® Recently, it is also used as a carrier vehicle of drug in drug industries.*

(a) SDS 0\\\\ %O
e Ve Ve U a NP a PN
0™ |

O_Na+

(b) CTAB

AV VN VA VAV

(c) Brij 30 ’

e
* Br-

Scheme 2V. Chemical structure of (a) SDS (b) CTAB and (c) Brij 30 surfactants

2.11.c.iii. Co-Solvents:

Ethanol: Ethanol is a short chain alcohol, basically amphiphilic in nature (scheme 2VIa).
Ethanol has a large application in medicine industry as a model anesthetic in food industry as
food preservative.**When ethanol is introduced into lipid bilayer, primarily they are located at

the lipid/water interface region, forms hydrogen bonds with lipid’s headgroup. ¢4’

2,2,2-Trifluoroethanol (TFE): is an organic liquid and a cosolvent (scheme 2VIb) in cell
biology which has a lot of applications to stabilize peptides and proteins.*® It also alters the

lipid’s bilayer properties.*®
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Scheme 2VI. Chemical structure of (a) Ethanol and (b) TFE

2.11.c.iv. Molecular Crowders:

Polyethylene Glycol 4000 (PEG 4000):

PEG is a water-soluble polymer (scheme 2VII), widely been used as a macromolecular
agent®%51 owning to its biocompatibility.>? In lipid bilayers, PEG molecules alter the molecular
order of the bilayer at the point of contact and produce volume exclusion induced aggregation

followed by dehydration which eventually destabilizes the bilayer membranes.5354

Scheme 2VII. Chemical structure of polyethylene glycol 4000

2.111. Instruments:

2.111.a. Dynamic Light Scattering (DLS):

Dynamic Light Scattering (DLS) (which is sometimes called as Quasi-Elastic Light Scattering)
is a technique used to measure the hydrodynamic diameter (dn) of particles.?6:5% As the particles
are in Brownian motion, the intensity of scattered light fluctuates over time. The velocity of
this Brownian motion is directly related to the diffusion coefficient of the particles in solutions.
DLS mainly monitors the Brownian motion of the particles suspended in a liquid. The

correlation function of intensity can be defined as < I(t)I(t + &t) >
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For nondispersive particle, correlation function is exponentially decaying:
G(t) = A[1 + Be 2]
Where A and B are the baseline and intercept of corelation function and t=Dg?

D is the translational diffusion coefficientand q = 4T”"Sin(g)

A is the wavelength of laser; 6 is the scattering angle and n is the refractive index of dispersion.
For polydisperse sample the correlation function can be written as G(t) = A[1 + Bg(t)?];

Where g(t) is the sum of all exponential decays.

Here we perform DLS experiments with Nano S Malvern instrument with He-Ne laser with
lasing power 4 mW and wavelength 632.8 nm. All the scattered photons (here the Rayleigh
scattering) are collected at 173° scattering angle. The block diagram of DLS is shown in scheme

2V1I1. According to Stokes-Einstein model, d+ of the particle is directly related to the diffusion

.. . kgT
coefficient of the solutions: d = 3;})

where ks is the Boltzmann constant and 7 is the

viscosity of the solution.

FC — AP5

.h“ - Dump

|

L Sample

Scheme 2VIII. Block Diagram of Dynamic light scattering (DLS). BS, FC, APD, Dump stands for the
beam sampler, fibre coupler, avalanche photodiode, beam dump respectively. M1 and M2 are the plane

mirror, L is lens and A represents attenuator
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2.111.b. FAR-FTIR (THz) Spectroscopy:

We perform the far-FTIR measurements by using Vertex 70V, Bruker, Germany. Here Globar
is used as a IR source and DLaTGS (a complex material) as a detector. We collect the spectrum
in between 50-450 cm* as a far-IR spectra. Measurements were carried out in ATR (attenuated
total reflection) mode with a diamond crystal of refractive index 2.41. The sample compartment
was evacuated using a vacuum pump every time prior to the experiments. FTIR follows the
Michelson interferometer principal (schematic diagram is shown in scheme 21X).% It is used
to investigate the hydration behaviour of solute molecules which measures the change in the
collective dipole moment fluctuations of water, more specifically the hydrogen bond network
of water.357 It directly probes the permanent and induced dipole moment of the systems in
terms of absorption coefficient!?:

a(w) = —— 2O gypiot < j70) M(t) >

4meg 3Ven(w) “—©

M1
? Interferometer
Compartment
. Beam Splitter
= Delay Stage —
r——n .|
. H -
: w2 a2
H H

Detector

‘\ ‘L ............. m .

Sample Compartment

Source

Scheme 21X. Ray Diagram of Michelson interferogram. M1 represents the fixed mirror, M2 and M’2

represents the movable mirror respectively.

2.111.c. Atomic Force Microscopy (AFM):

Morphologies of vesicles and liposomes at different conformations are collected by using
Atomic Force microscope (AFM; model no di INNOVA) technique.5®%° Laser (of wavelength
600-700 nm) is used as a source and photodiode as a detector. It is a technique which is based

on the detection of interaction force in between the microscopic tip and a sample surface.®® The
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term “Atomic” comes from the fact that the interaction between tip and sample surface involves
some atoms. The most important part of AFM is the “AFM probe” (generally made by silicon
or silicon nitride) which contains a cantilever with a sharp tip at one end (is shown in scheme
2X). The reflected and refracted laser beam illuminates the four quadrant photo-diode. When
the tip is far away from the sample, i.e. in absence of any force, beam hit the middle of the
photodiode and the signal provides from the upper and lower panel of the photodiode remains
unchanged; so the signals provide by the operational amplifier (OP-AMP) is zero. But, when
the tip is interacting with a sample surface with small force both the cantilever and reflected
beam deflect resulting a non-zero output force from the OP-AMP. AFM probe raster scans on
the sample surface and construct 3D-topography of images. It is widely used to collect the
morphological picture of biological samples and from force-displacement curve one can easily

probe the elasticity of the materials.

Photo-Diode

+
OA »— Force

2D topography of liposome

Sample

N

Scheme 2X. Block Diagram of AFM. OA stands for operational amplifier (OP-AMP) and PZT

3D topography of liposome

represents Piezoelectric scanner

27



2.111.d. Scanning Electron Microscope (SEM):

Scanning electron microscope is an electron microscope which is used to extract the surface
chemistry and morphology with submicron resolution.6%62 Here electron gun is used as a source
which accelerates electrons through 1-30 kV accelerating voltages. Electromagnetic lenses are
used to focus this electrons into a beam and scan the beam to the sample surface to generate
the images. The SEM chamber is kept under a vacuumed with pressure 0.1-10 Pa to avoid the
interaction of electrons with air. When high energy electron reaches to the sample surface
several electron and X-ray signals are generated. The secondary electron comes from the few
nanometre distance from the sample surface and they are very much sensitive to the sample
surface and provides topographic information. Beside the topography, chemical composition
of a material can be extracted from the SEM. To do this, X-ray spectra (also known as the EDX
spot spectrum) are collected by focusing the electron beam on the sample and measuring the
number of X-rays with various energies that hit the detector. By comparing the energy of the
characteristic X-ray peaks to elemental standards, individual elements in the sample are
identified. We image the liposome solution by using field-emission scanning electron
microscope (FEI QUANTA FEG 250) (scheme 2XI).

Electron Source

Limiting aperture
Condenser lens

Limiting aperture

Objective lens Backscattered
X-ray
kt
Secondary
Sample IR 2 Augcr

Scheme 2XI. Block Diagram of SEM
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Chapter 3

The Inner Hydration in Surfactant/Cholesterol Vesicles Differs

from the Outer One: A Spectroscopic Investigation:
Vesicles contain two aqueous regions: inner core and outer-to-bulk. It has remained an open

question whether hydration behaviour in the inner core
differs from the outer-to-bulk region, mostly owning to the

inability of the conventional spectroscopic techniques to

deconvolute the contribution from these two regions. We,
using THz-FTIR  spectroscopy  (1.5-13.5 TH2z)

experimentally probe the inner hydration of three

differently charged surfactant/cholesterol vesicles composed of SDS, CTAB and Brij 30. Both
dynamic light scattering (DLS) and atomic force microscopy (AFM) measurements affirm the
transition from micelles to vesicles as cholesterol is added into surfactant solutions. FTIR
measurements show that hydration behaviour changes significantly as micelles are converted
into vesicles, the change been exclusively caused due to the formation of an inner core. Our
measurements on the hydrogen bond stretch and librational motion of the inner hydration show
distinct features compared to the overall hydration, which in turn is found to be surfactant type

and cholesterol concentration dependent.

3l. Introduction:

Vesicles are bilayer amphiphile assemblies consisting of three distinct regions separated by
two interfaces: “inner” and “outer” solvent exposed to hydrophilic regions of amphiphiles
(inner and outer-to-bulk) and hydrophobic phase consisting of carbon chains of amphiphiles,
respectively.>2 Apart from mimicking cell membranes® vesicles can offer a large number of
applications in industry*® and in pharmacology®’ acting as drug carrier agents®® carrying
genetic material, enzymes and others molecules into cells,*” in medicine industry>and also
in food industry.'* Surfactant molecules are often used in preparing vesicles.>24 Earlier reports
conclude that dialkyldimethylammonium bromide salts with varying chain length can form
vesicles above their respective critical micellar concentration (cmc) values when sonicated in
aqueous millieu.'>%® Surfactant-based vesicles have earned much attention in recent times
owning to their stability and easy preparation procedure.? However, the challenges remain in
the fact that not all surfactants can form vesicles by themselves. Surfactants with single carbon
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tail, above their cmc values, can, however, form vesicles in presence of cholesterol if sufficient
external mechanical energy is supplied.**” Cholesterol being a lipid molecule, is insoluble in
water and hence only resides at the hydrophobic region of the thus formed vesicles.'® Non-
ionic surfactants (e.g. Tween 20, Span 30, Brij 30 etc.) can form vesicles, usually termed as
niosomes,**2° depending upon their hydrophilic-lipophilic balance (HLB).?1?2 Previous studies
suggest that surfactants with HLB value in the range of 14-17 are not suitable to prepare
niosomes with, while those with the value of ~ 8.6 do form niosomes with high entrapment
efficiency.®2! Certain other non-ionic surfactants with HLB > 6, produce niosomes only when
combined with cholesterol.?® Better stability and longer shelf life make niosomes efficient
drug-delivery agents over liposomes.?* As niosomes do not essentially carry any charge, they
are less toxic, more compatible in nature and offer wide application in anti-cancer research.?2
In-spite of considerable efforts on studying the structure, stability and applications of vesicles,
relatively less attention has been paid to investigate their hydration behaviour.?” Dey et al.?®
have used femtosecond (fs) up-conversion spectroscopy to observe the solvation behaviour of
vesicles composed of dodecyl-trimethyl-ammonium bromide (DTAB) and sodium dodecyl
sulfate (SDS) surfactants and reported two different time scales: the slower time scale was
attributed to the confined water inside the micelles/vesicles, whereas the ultrafast time scale
(<0.3 ps) was associated with the water at the exposed/surface region of the micelles/vesicles.
In a later study Mandal et al.,?° using time resolved fluorescence study, have reported that both
solvation and rotational relaxation time of coumarin 153 (C153) gradually increases with
cholesterol content in 1-hexadecyl3-methylimidazolium chloride ([Cismin]Cl)/cholesterol and
benzyldimethylhexadecylammonium chloride (BHDC)/cholesterol vesicles, implying a
change in the water behaviour around C153 during micelle to vesicle transformation. Ghosh et
al.'® have carried out time-resolved fluorescence anisotropy, and fluorescence correlation
spectroscopy measurements of SDS/cholesterol and CTAB/cholesterol vesicles and they
concluded that hydrophobicity of vesicle bilayer increases as micelles are converted into
vesicles. In-spite of these experimental efforts, understanding of the solvation behaviour during
micelle to vesicle transformation and its alteration in presence of cholesterol still remains
elusive. Additionally, it is also not evident whether the physical properties of water molecules
in the inner core region and those in the outer-to-bulk region offer similar physical properties,
and if not, up to what extent they differ from that of the bulk water. Also, it is interesting to
investigate how these properties vary with surfactant charge type and cholesterol content. Such
information could be of interest for specific solubilization and/or subsequent release of

drugs/ligands in/from the inner core of vesicles when used as carriers. Conventional

33



spectroscopic techniques are not very useful to explicitly probe the inner hydration as they are
mostly external probe dependent and such probes are solubilized in both the water region, and
it remains difficult to deconvolute the subtle difference in their behaviour in these two regions.
This makes the question remained unanswered. A plausible solution could be obtained using
THz spectroscopy measurements which has emerged as a powerful technique to detect the
collective hydrogen bond dynamics of water3®-32 in the solvation layer of bio-molecules3*-3
lipids®®3” and others complex molecules.®83° The unique advantage of this technique lies on
the fact that it is a label free tool as it directly probes the fluctuations of collective dipole
moments of water; such fluctuations correlate in the form of strong absorbance of water in the
THz frequency window.3! Thus, any solute-induced change in the absorption coefficient of a
solution manifests changes in the associated solvation of the solute (herein vesicles). We
investigate the solvation nature of three differently charged vesicles using Fourier transform
infrared (FTIR) spectroscopy in the terahertz (THz) frequency region (50-450 cm, 1.5-13.5
THz). We prepare and characterize surfactant-based (CTAB, SDS and Brij-30) vesicles

containing cholesterol molecules of varying concentrations; we define a parameter A (=

%) accordingly. We use dynamic light scattering (DLS) and atomic force microscopy

(AFM) measurements to estimate the dimensions of the vesicles. We estimate the surface
charge density of the charged vesicles using zeta potential measurements and verify how the
introduction of cholesterol molecules perturb the charge distribution. We measure the change
in solvation around the vesicles using THz-FTIR spectroscopy. We identify that solvation is
noticeably altered as micelles are transformed into vesicles. Moreover, our study
unambiguously addresses the concern to conclude that hydration at the “inner core” of the
vesicles remarkably differs from that of the “outer to bulk” hydration, the difference being

dependent on the surfactant charge type.

311. Materials and Methods:

Sodium dodecyl sulfate (SDS), hexadecyltrimethylammonium bromide (CTAB),
polyoxyethylene 4 laurylether (Brij 30), Cholesterol (35-Hydroxy-5-cholestene,5-Cholesten-
3p-ol) and chloroform were purchased from Sigma Aldrich with the highest available purity
and were used without any further purification. Details of all the chemicals are described in sec
211.c.ii. All the vesicles were prepared in aqueous medium using ultrapure milli Q water which

is described in 21l.a.i. The details of all the used instruments are described in 2.111.
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3111. Results and Discussions:

Structure of Vesicles: DLS measurements were carried out to measure the hydrodynamic
diameter (dn) of the vesicles. DLS profiles of SDS micelles (A=0.0) and cholesterol containing
vesicles at different A values are shown in figure 3Aa. Similar profiles for CTAB micelles and
vesicles are shown in figure 3Ab. DLS profiles indicate that the hydrodynamic diameter (dr)
of SDS and CTAB micelles at 20 mM concentration are ~2.8 and ~1 nm respectively.*>4* Upon
the addition of cholesterol to both the micelles, larger aggregates start forming. It was
previously reported that at low cholesterol concentrations micelles, mixed micelles and vesicles
co-exist.1*42 However, with the increase in cholesterol concentration micelles and mixed
micelles start disappearing and only vesicles predominate. At low cholesterol content (A=0.1),
dn of SDS-vesicle becomes as high as ~91 nm and it only increases to 106 nm at A=1.0;3
similarly diameter of CTAB vesicles (A=0.1) is ~80 nm and it increases up to ~164 nm at
A=1.0 (figure 3Ad).1342 DLS profiles of Brij 30/cholesterol niosomes are shown in figure 3Ac.
We observe the coexistence of two types of particles with diameters ~ 78 and ~ 396 nm (figure
3Ad) for 10 mM Brij 30 aqueous solutions (A=0.0). Ghosh et al. has previously reported the
formation of cholesterol mediated Tx-100 vesicles with two size distributions of ~150 and ~
1300 nm.*® As cholesterol is added to the Brij-30/water system, we observe a non-linear
increase in the dn (figure 3Ad). The particle size does not change appreciably up to A=0.2; as
A increases to 0.25 the du shows a noticeable increase to 255 and 955 nm, respectively and
remains unaltered up to A=0.4. Interestingly, beyond this mole fraction, we obtain the signature
of the larger particles (~ 1 um) only, the diameter of which increases regularly with increasing

A (figure 3Ac and 3Ad).

AFM measurements: AFM images of two charged vesicular systems are shown in figure 3A(e-
f). AFM images clearly identify the appearance of spherical particles with average diameter ~
72 £14 nm for SDS (figure 3Ae) and ~ 76+ 24 nm for CTAB vesicles (figure 3Af) at A=0.5.
For Brij 30 solutions we observe the signature of spherical particles with an average diameter
of 160+8 nm (figure 3Ag1). The diameter of the particles does not change appreciably (average
diameter: 146+20 nm) when small amount of cholesterol is added (A=0.2) (figure 3Ag2). At
higher cholesterol concentration (A=0.5) the size increases to 430+70 nm (figure 3Ags) along
with a noticeable increase in the height of the particles compared to that at low cholesterol
concentration suggesting the formation of larger aggregates at higher A, as also has been

evidenced from the DLS measurements.
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Figure 3A. Representative dynamic light scattering profile of (a) SDS (b) CTAB and (c) Brij 30 vesicles
(in presence of cholesterol) at different A. The concentration of SDS and Brij 30 is kept at 20 and 10
mM, respectively. The grey broken lines represent surfactant solutions in absence of any cholesterol.
(d) Hydrodynamic diameter of three different vesicular systems as a function of A; the inset shows
hydrodynamic diameter of the smaller particles of Brij 30 solutions. (e-f) AFM images of (d) SDS, (e)
CTAB A=0.5. (g1-gs) AFM images of Brij 30 vesicles at A=0.0, 0.2 and 0.5 respectively.

Charge at the surface of Vesicles: We perform zeta potential measurements to determine the
charge at the vesicle surfaces (figure 3B and Table 3a). Zeta potential value for SDS micellar
system is estimated to be -47.945.9 mV.%344 For vesicles with A=0.1 it increases to -79.1+3.9
mV (Table 3a). Upon further addition of cholesterol, it decreases mildly and at A=1.0 the value
becomes -61.5 + 1.7 mV (figure 3Ba and Table 3a). For CTAB micelles, zeta potential value
is +48.746.9 mV; as small amount of cholesterol is added (A=0.1) and vesicles are formed,
it increases to +66.5+2.7 mV. The value reaches a maximum at A=0.2, and beyond that it
increases mildly (figure 3Ba and Table 3a). These results corroborate well with the results
obtained by Ghosh et al. for similar systems.'® While Zeta potential quantifies the charge at the
diffuse layer or the slip plane of micelles/vesicles, which monitors the stability of colloidal

system, one also needs to calculate the surface charge density as it gives a clearer insight about
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the charge distribution of micelles/vesicles at the surface. In self assembled systems (such as
micelles, vesicles) counter-ions are strongly bound to the surfactant head-groups and therefore,
the Stern layer thickness could be assumed to be the size of the hydrated counter-ions.*> We
assume the Stern layer thickness of SDS and CTAB to be as 5A and 3A, respectively as those
of the sizes of hydrated Na* and Br- counterions.*¢4’ We calculate the surface charge density
of vesicles form the Zeta potential data following a Goey Chapman model (in section 2.A.a).
Surface charge density of vesicles are found to be higher than that of the micelles (figure 3Bb
and table 3a). Cholesterol being a neutral molecule, carries no net charge. Addition of
cholesterol into the micelles minimizes the electrostatic repulsion between the head group of
surfactants inducing more surfactant molecules to be densely packed at the interface. As a
result the surface charge density increases significantly compared to that of the micelles.?
However, it suffers nominal change with the increase of cholesterol concentration in both the

vesicles.
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Figure 3B. (a) Zeta potential of CTAB (upper panel) and SDS (lower panel) vesicles as a function of
A. (b) Surface charge density as a function of A for CTAB and SDS vesicles. (c-d) Electrostatic potential
profile as a function of distance from the surface to bulk for (c) SDS and (d) CTAB vesicle solutions.

The shaded region of each figure represents the corresponding stern layers.

Hydration at the surface of vesicles: We now focus on the hydration behaviour of the vesicles as
estimated from the frequency dependent absorption coefficient a(v) in the THz frequency

window. The a(v) profile for pure water can be deconvoluted (figure 3Cb) into two intense
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peaks: one at ~ 130 cm™ emanating from the hindered translational motion of water network
(hydrogen bond stretching vibration) and another one at ~ 495 cm?, associated with the
hindered rotational motion of water molecules (librational motion) (figure 3Cb).* We measure
FTIR in the ATR (attenuated total reflection) mode, thus a decrease in the peak frequency (red
shift) compared to the conventional transmission mode is observed.*>* This spectral feature
of pure water undergoes substantial modification in micelles and in vesicle interfaces. Some
representative a.(v) profiles of pure water, SDS micelles and SDS vesicle (A=0.5) are depicted
in figure 3Ca. It is important to note here that both surfactant(s) and cholesterol do not show
any noticeable absorption behaviour in this frequency window, and therefore, any change
observed in the a(v) profile is due solely to the modification in the associated solvation

behaviour.
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Figure 3C. (a) Frequency dependent absorption coefficient of pure water (black), SDS micelle (A=0.0,
grey) and SDS/cholesterol vesicles (A=0.5, blue). (b) Deconvoluted (using gaussian equation) o(v)

profile of pure water.

We observe that micelles and vesicles offer decreased a(v) profiles compared to pure water;
such suppression in o(v) with the addition of small molecules in water has been reported
previously.>-52 In order to obtain explicit information on micellar solvation, we calculate the
difference, Aa(Vv) (= Asolution (V) — Awater(V)). Aa(v) profile of SDS micelles and of
SDS/cholesterol vesicles at different A values are depicted in figure 3Da. Similar profiles for
CTAB/cholesterol and Brij 30/cholesterol vesicles are shown in figure 3Ea and 3Eb,
respectively. In order to identify the various vibrational modes of water in the solvation shell,

we fit the Aa(v) profiles using a damped harmonic oscillator model:>45°
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Aa(v) = T2, 2o’ (3.1)

(1)2 2
v2 u)iz +m2 <v12 +—4 —v2>
4T

where a;, w;,v; are the amplitude, width and the centre frequency of the i resonance. The

unperturbed centre frequency is given as

[, e
Voi = |Vi 472

A representative fit of SDS micellar system is shown in figure 3Db in which we obtain two

peaks, one at vi~ 160 cm™ and another at v2~ 452 cm*. The observed blue shift in the H-bond
stretch (table 3b) manifests the formation of higher number of and/or stronger H-bond,%:57
while the red shift in the librational mode indicates a less hindered rotation of water molecules*
at micellar interface compared to that in bulk water. We then investigate how interfacial
solvation changes as micelles are converted into vesicles. We fit the Ao(v) curves for the
vesicular systems and plot the peak frequencies vi and vz as a function of A (figure 3Dc and
table 3b).

Note that Aa(v) provides information on the total hydration of micelles and vesicles (see
equation 3.3 and 3.5) and does not differentiate between the outer-to-bulk and inner hydration.
We, therefore, discuss these parameters in the ambit of overall hydration. In SDS micelles,
v1SPS appears at ~160 cm while in vesicles, at low cholesterol content (A=0.1), it suffers a
distinct ~62 cm* red shift. With further addition of cholesterol, viS°S(A) does not change
appreciably (figure 3Dc and table 3b). For CTAB vesicles we observe a somewhat non-
monotonous A dependent behaviour. In micelles, vi™A8(A=0.0) appears at ~136 cm%; with the
addition of cholesterol vi™B(A) shows an initial blue shift of ~12 ¢cm beyond which the
frequency starts to decrease up to Actas =0.6 and at Actas> 0.7 it changes only subtly (figure
3Dc). In Brij 30 solution (A=0.0) v18%0 appears at ~158 cm*, which decreases marginally up
to A = 0.25, beyond which it decreases regularly with A, an eventual red shift of ~58 cm™ is
observed at high cholesterol content (A =0.7). We also observe changes in the peak frequency
v2 during the micelle to vesicle structural transition (figure 3Dc, lower panel). v2 decreases
more-or-less regularly with the increase in A for all the surfactant systems. A better
interpretation of hydration modification could be obtained by comparing the absorption

coefficient (o) values at the corresponding peak frequencies. It could be emphasized here that
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o(v) roughly corresponds to the population of water molecules collectively vibrating at that

particular frequency.
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Figure 3D. (a) Representative change in absorption coefficient, Aa(v) (=sample- Qwater) fOr SDS vesicles
at different A. (b) Representative fitting of Aa(v) for SDS micelles (A = 0.0) using a damped harmonic
oscillator model (equation 3.1). The red broken curve represents the raw data and the black solid line
stands for the overall fitting. The 1% peak with frequency vi1 (blue line) represents the hydrogen bond
stretching of water molecules, the 2" peak with frequency v, (green line) represents the librational
motion of water molecules. (c) Peak frequency (HB stretch and librational mode) of three vesicular
systems as a function of A. The broken lines are guide to the eyes. The black dotted lines indicate the
corresponding frequencies in bulk water. (d) Aa, measured at peak frequency, as a function of A for
HB stretching (upper panel) and librational mode (lower panel) of water. The dotted lines are guide to

the eyes.

As pure water exhibits peaks at 130 and 495 cm™* we plot the Aa values obtained at these two
frequencies in the vesicles (figure 3Fa). As expected, all the Ao values are negative exhibiting
a THz deficit®®37, which correlates the decrease in o as water is replaced with low absorbing
surfactants, where ¢ stands for the corresponding volume fraction(s). omicette is very small and

could be neglected and Aa(v) is expressed as:
Aapmicenne (V) = (Ppu — Dapur (V) + ¢i§r§f§elleaﬁ§e”e(") (3.3)
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It is evident from this equation that the value of ¢7i¢e!*eapt/ée! ™ (v) determines the sign and
magnitude of Aa(v). Interesting to note here that further alteration in hydration is observed as
vesicles are formed. To compare the hydration, we therefore plot the Adumicelle—svesicle Values
obtained at the HB and Lib frequencies of the corresponding micelles (figure 3Dd). We notice
some interesting features in the parameter. For the ionic surfactants, THz absorbance decreases
for both the vibrational modes as vesicles are formed, the effect being more prominent in SDS,
especially in the low cholesterol content region. In Brij 30 systems, however, we observe a
contrasting trend in which Aa shows an initial increase followed by a marginal decrease beyond
A=0.4. Note that the thus obtained Aaumicelle—svesicte Values correspond to the change in hydration
either due to the formation of a new interface and/or introduction of cholesterol molecules into

the interface:

I _ . .
alggg(ilcle (V) - ¢ ,bulk Apulk ( V) + ¢bilayer abilayer ( V) + (]5}(;;3 ag;é ( V) + ¢}1173117(lierail173111}1€r ( V)

(3.4)
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[also note that ¢y # D buil- Since the bilayer is composed of surfactant and cholesterol
molecules, awilayer(v) could be neglected owing to their very small values. It can be noted that
two additional terms, which contain the absorption coefficients ajyg and a;’;’ger have been
incorporated in equation (3.4). We can make another approximation here that the a,‘i% term is
more or less equivalent to a,f{lyige”e. The difference in the axotal therefore mostly emanates from
the term ¢,i[3‘,7(§era,"[;’g”(v), which manifests the newly formed inner hydration core in the
vesicles. If afie" differs from apyy, the a b9l (v) value should be different from afo/a;. (v).

The Aayesice CaN be expressed as:

— / out . out inner , inner
Aa’vesicle - (1 - d) bulk)abulk(v) + (l)hydahyd(v) + ¢hyd ahyd (V) (3-5)
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Figure 3F. (a) Aa, measured at the peak frequency, as a function of A for hydrogen bond stretch (upper
panel) and librational motion of water (lower panel). Aa;39 and Aayqs Signify the difference in
absorption coefficient measured at 130 cm™ and 495 cm respectively. The broken lines are guide to
the eyes. (b) AAa(v) profiles for SDS-cholesterol vesicles (inner hydration, dark blue) and Aa(v) profile
for SDS-cholesterol micellar system (sky blue).

Considering that micelles possess only a single surfactant/water interface, if we subtract
altd, (v) from af9t%,,(v), we would obtain exclusive information on the “inner-
hydration”, which otherwise is not an easily obtainable parameter. We measure Ada(v) =
A yesicie V) — Amicenne (V) profiles for the three vesicle systems; representative profiles of
AAa(v) at different A values for SDS/cholesterol vesicles are depicted in figure 3Ga. This can

be expressed in terms of (from equations 3.2-3.5):
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AAa(V) = (@', 1 — Poutk) Xpue (V) + Pruqansa (V) + @i aibie (v)

_ ¢’7lnyi§elleafrlny'cclelle ( V)

icell icell ' '
~ (¢’bulk - ¢bulk)abulk ) + (¢foz% - ¢l7$ccie e)“g}lée ‘v + ¢h’}'&erah’}’é” ) (3.6)

with the approximation that @pgyer~@micerre~0 and ajis?e~apky (vide infra). It is now
important to verify whether the thus obtained “inner-hydration’ actually originates from the
inner water/vesicle interface or the change is associated with cholesterol induced solvation or
both. To verify this, we prepare an SDS micellar solution at a concentration just above its cmc
(to ensure that no vesicles are formed) and into that solution we added cholesterol (A=0.1).
This ensures that the thus formed mixed interface approximately mimics the outer surface of
the vesicles; accordingly, the calculated Aa(v) profiles would reflect the modification of the
SDS interface as a result of the inclusion of cholesterol at the SDS/water interface. We observe
that Aa(v) changes only marginally (figure 3Fb), which unambiguously confirms that the
observed change in AAa(v) (figure 3Ga) explicitly manifests the effect of the inner solvation,
which eventually is governed by the term ¢ afvie" (v) (equation 3.6). AAa(v) profiles at
different A values for CTAB/cholesterol and Brij 30/cholesterol vesicles are depicted in figure
3Ec and 3Ed, respectively. Note that any non-zero value of AAa(v) would indicate that

a,ﬂ’;@” differs from ajp},;. We indeed observe non-zero AAa(v) profiles for all the three vesicles

(figure 3Ga) manifesting altered hydration of the inner core. To obtain a quantitative insight
into the modified inner solvation shell we fit the AAa(V) profiles for all the systems using a

damped harmonic oscillation model

NN
AAa(V) = Y2, e e (3.7)

2 Z
2 w/s
V2w +112(wi2+—12—v12>
am

We use the primed symbols to denote values corresponding to the inner hydration. A
representative fitting of AAa(v") profile for SDS vesicles (A=0.5) is shown in figure 3Gb. In
SDS, two peaks are obtained, v;;2S and v;35° appearing at ~113 and ~360 cm'’, respectively.
Appearance of these peaks unambiguously suggests that the solvation layer in the inner core
has finite difference than the outer interface, the effect seems to be more pronounced in the
librational bands. We fit all the AAa(v) profiles and the results are depicted in figure 3Gc and
table 3c. We observe that the inner core solvation nature varies with the surfactant type. For

SDS, the change is significant at low cholesterol contents. For CTAB vesicles, interestingly,
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we do not recover any signature of the H-bond stretch mode and the AAa(v) profiles are fitted

with a single librational mode, v;5;,
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Figure 3G. (a) Representative figure showing change in Aa defined as AAa (ZAQvesicle- Almicelle) aS @
function of frequency for SDS vesicles at different A. (b) Representative fitting of AAa for SDS Vesicle
(A =0.5) using a modified damped harmonic oscillator model (equation 3.7). The red curve represents
the raw data and the black solid line shows the overall fitting. The 1% peak with frequency v'1 (blue line)
represents the HB stretching while the 2" peak with frequency v'2 (green line) presents the librational
motion of water. (c) Peak frequencies of SDS, CTAB and Brij 30 vesicular systems as a function of A.

The broken lines are guide to the eyes. (d) AAa (measured at the peak frequencies) as a function of A

for different vesicles.

We observe a bell-shaped v;$I4B (A) profile with the maximum appearing at Actas=0.4. For

niosomes we observe interesting features; the AAa(v) values are found to be positive up to

A=0.3. Moreover, for the best fit for the AAa(v) profiles (up to Asrij-30=0.4) we need to consider
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three bands® (table 3c). v,rn 7 >°(A) increases with A (up to 0.4) regularly (figure 3Gc, right
panel) indicating stronger and/or a higher number of H-bond in the “inner-hydration” water
network. The librational bands do not change appreciably up to A=0.4, beyond which it
decreases regularly (figure 3Gc). For a better understanding of how the formation of a new
interface (during micelle to vesicle transition) influences hydration structure, we plot the peak
frequencies of the “overall” (filled symbols) and “inner” (hollow symbols) hydration in figure
3H(a-c). We observe some distinct salient features of the inner hydration. In SDS vesicles
(figure 3Ha): the AAa(v) profiles could be fitted with both H-bond vibration (vus) and libration
(vLib) modes. vue does not change noticeably, however, the libration band shows a distinct red
shift (lower energy). Lowering of viic mode manifests that a significant reduction in the
restricted rotation of water molecules within its tetrahedral network as the inner core develops,
which leads to a-priori conclusion that the inner core hydration is more labile compared to the
outer interface. We also check the change in THz absorption coefficient Aa},z and Aay;;, (for
overall hydration) and AAayz and AAayz (for the inner hydration) at the peak frequency
(figure 3Hd). The figure unambiguously points to the fact that the inner hydration suffers lesser
THz loss compared to the overall hydration. Keeping in mind the fact that the total volume of
the vesicles is very small (less than 5% of the total volume), the effect of volume fraction on
the absorption coefficient could be neglected (equation 3.5 and 3.6). The difference in the
values of Aa. and AAa therefore mostly emanates from the corresponding values of a,%‘,’éer,
which differs substantially from aj};5;. This observation, coupled with the fact that v suffers
a red shift, shows that the water molecules are less strongly bound to the inner interface
compared to the overall hydration in SDS/cholesterol vesicles. Interestingly, this difference
remains more or less independent of the cholesterol concentration. The inner hydration in
CTAB vesicles does not offer any particular H-bond vibration mode; since AAa is a difference
spectrum, this could either be due to the fact that the mode is completely identical in inner and
outer hydration, or the mode is sufficiently red shifted irrecoverable in the present frequency
range. The libration band is, however, pronouncedly red shifted for the inner hydration (figure
3Hb). Weakening of the H-bond interaction is also supported from the fact the THz loss is less
in the inner hydration (figure 3He). v2/¢"* shows a marked red shift (460 to 372 cm®) with
increasing A, similar to that observed in SDS, however, v does not offer any such A
dependency manifesting that hindered rotation of water molecules inside the CTAB vesicles
does not depend on the addition of cholesterol. Interestingly, in Brij-30, the behaviour of the

inner hydration is contrasting (figure 3Hc,f) than the charged vesicles. In addition to the usual
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HB stretch and libration bands, an additional band appears in the frequency window of 200-
250 cmt, the origin of which is not very clear. Appearance of such an intermediate band is

often found in case of metal ions owing to the rattling motion.3%:5°
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Figure 3H. Comparison of overall (solid symbols) and inner (hollow symbols) hydration of HB-stretch
and librational mode for (a) SDS, (b) CTAB and (c) Brij 30 vesicles. Aa or AAa as a function of A for
hydrogen bond stretch and librational motion of (d) SDS, (e) CTAB and (f) Brij 30 vesicles respectively.
Units of Aa and/or AAa are expressed in cm™.

Noticeably, the HB stretching and libration frequencies in the inner hydration are in tune with
those in the overall hydration. The corresponding absorption co-efficient(s), however, show
very unique features. In the low A values, we intriguingly observe a THz excess in the inner
hydration as AAa offers positive values for both the bands (figure 3Hf, hollow symbols). Note
that Aa¥ (which is a difference value with respect to that of bulk water) is always negative for
all the systems (figure 3Hf, filled symbols), which, according to equation 3.3 and 3.5, reveals
that the positive contribution from the @preeteaiticete(v) or (ppuhankhi(v) +
gb;'[;’é”a;;’}’}fr(v)) term(s) does not overwhelm the negative contribution emanating from the

water replacement term, (@pux — 1) apur (V). AAaY, on the other hand, is a difference of
difference terms (equation 3.6). A negative value of this parameter, as observed in SDS and
CTAB vesicles (hollow symbols, figures 3Hd, e), ascertains that the inner hydration

contribution does not supress the THz loss arising from the first two terms. On the other hand,
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positive values of AAa for Brij system (up to A=0.4) emphasizes an overwhelming positive

contribution from the ¢RYi" a v (v) term.

Overall Comprehension: In summary, as micelles are converted into vesicles, a new core of inner
hydration develops. We have aimed to investigate how this inner hydration differs from the
outer hydration. THz measurements lead us to deconvolute the overall hydration and
investigate this inner hydration explicitly (equation 3.6). Such explicit identification of the
difference in the hydration behavior of the two different regions has not been reported earlier.
Our study unambiguously concludes that the inner hydration does differ markedly from the
overall hydration, and the extent of such difference is surfactant charge dependent. In SDS and
CTAB micelles the inner hydration offers a more labile binding with the interface than that in
the outer surface. In non-ionic Brij-30 vesicles it offers strikingly different behaviour and
shows stronger hydrogen binding of water with the inner surface. Our findings on the inner
hydration of vesicles could contribute in fundamental as well as applied research toward
developing vesicles as a delivery agent. While the results are immensely striking, a molecular
level understanding on the origin of such differences is still illusive, and a detailed simulation

study is strongly demanding.

Table 3a. Measured zeta potential and calculated surface charge density values for SDS/cholesterol

and CTAB/cholesterol for different A-values.

A Zeta potential | Surface charge A Zeta potential Surface charge
(mV) density (C m?) (mV) density (C m?)
SDS CTAB
0 -47.9+ 5.8 -0.026 + 0.005 0 488 +7 0.023 + 0.005
0.1 -79.1+ 3.9 -0.081 + 0.014 0.1 66.5 £ 2.7 0.038 + 0.003
0.2 -73.1+5.9 -0.063 £ 0.015 0.2 749+ 2 0.049 + 0.003
0.3 -711+28 -0.059 + 0.006 0.3 60.3+1 0.032 £ 0.001
0.4 -86.1+ 29 -0.113+ 0.016 0.4 67.2+1 0.039+ 0.001
0.5 -80.24+ 14 -0.088 + 0.009 0.5 61.3+11 0.033 £ 0.001
0.6 -73.1+25 -0.063 £+ 0.006 0.6 59.1+ 26 0.031 £ 0.002
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0.7 -65.3 £ 2.6 -0.047 + 0.004 0.7 574+ 15 0.029 £+ 0.001
0.9 -60.7 + 2 -0.04 + 0.003 0.8 547+ 17 0.027 + 0.001
1.0 -61.5+ 1.7 -0.041 + 0.002 0.9 553+ 0.9 0.028+ 0.001

1.0 55.8 + 2.6 0.028 + 0.002

Table 3b. Peak frequency of overall hydration for three vesicles. Data are fitted by using damped
harmonic oscillator equation:

SDS CTAB Brij 30
Al vilem™) | vyem™) | A | vy(em™) | vy(em™T) A vi(em™) | vy(em™)
0 |1509+17.3 |4529+162| 0 | 1363461 | 460.7+15 | 00 | 157.8422 | 502.2+20
0.1 | 97.3+0.9 |462.7+302 | 0.05 | 1431421 | 4683419 | 0.1 | 157.3+95 | 460.7+20
02 | 959407 |414.1+119| 02 | 1488412 | 439.1+16 | 015 |162.8+117 | 464.2432
03 | 916407 | 4053490 | 04 | 121741 |4307+105| 025 | 142.3+2.4 | 485.3+29.7
05 | 927423 | 3825452 | 06 | 944+81 | 397475 | 03 | 1365433 | 453+30
06 | 100409 | 3731434 | 07 | 1427415 | 377.6435 | 04 | 1414+13 | 5085156
0.7 | 10L3+1.8 | 367.8+4.8 | 08 | 130.9+13 | 377.6435 | 05 | 132.9+12 | 426.5+22.5
09 | 90.3+69 | 3643+37 | 09 | 1162+19 | 3792432 | 0.6 | 132.9+19 | 4265482
10 | 959+08 | 3621427 | 10 | 1161456 | 3722448 | 0.7 | 99.3+3.1 | 369.6455
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Table 3c. Peak frequency of inner hydration for three vesicles. Data are fitted by using damped
harmonic oscillator equation:

SDS CTAB Brij 30

A | Viem™) [ Vilem™) | A [ Vy(em™) | A | V(em™) | Vp(em™) | v3(em™)
0.05 | 113.3+0.8 | 360+7.1 | 0.05 | 330.2+3.8 | 0.1 | 147.8+0.7 | 245.8+18 | 476.1+23
01 | 81.6+2.7 |339.77445| 01 | 3411414 | 015 | 153.240.6 | 239.242.2 | 531.7+82
02 | 917408 | 3383+7.1 | 0.2 | 336.9+2.4 | 0.25 | 159.740.8 | 233.742.4 | 437.1+7
03 | 86.6+0.7 | 3329423 | 03 | 3352427 | 0.3 | 1547408 | 251.842.9 | 534.6+50
04 | 819405 | 3354+18 | 04 | 3498+42 | 04 | 1652408 | 303.6+2.5 | 443.9+10
05 | 86.7£19 | 3414423 | 05 | 3416419 | 05 2247462 | 319.4+86
06 | 96.1+15 | 3362422 | 0.6 | 339+18 | 0.6 2047459 | 3043137
08 | 79.846.4 | 332.9+30 | 0.7 | 340.2+19

09 | 84408 | 3339+16 | 08 | 331.2+16

10 | 917407 | 3324416 | 09 | 3346415

10 | 330.9+17
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Chapter 4

Addition of cholesterol alters the hydration at the surface of

model lipids: a spectroscopic investigation:

Cholesterol is known to modify the phase behavior of model lipid membranes as it makes

phospholipid bilayer more structured. Simulation results have shown that addition of

cholesterol allows more bulk like water tO | swowertsons siower oynamics
_,.j- "( od™ ol

e
protrude into phospholipid interfaces. However, | :}\_Yfr"‘{: £ Cholesterol Jg N
P }“( 5o o0

such claims have not so far been verified | .4" 29

experimentally. We have investigated the

alteration of hydrogen bond network structure of water at the surface of two model
phospholipids DOPC and DOPG as cholesterol is added into those using ATR-FTIR
spectroscopy in the FIR-THz region. Our measurements and analysis lead us to probe the
collective H-bond network explicitly at the lipid surface. A detailed principal component
analysis on the measured data concludes that the water-water H-bond vibration dynamics gets
slower at the lipid surface as compared to bulk water, the effect being more prominent in case
of the charged phospholipid, DOPG. However, as cholesterol is added and more bulk like water
protrudes into the liposome interface, the H-bond vibration gets weaker and correspondingly

the dynamics gets accelerated.

41. Introduction:

Cell membrane acts not only as a barrier of permeability to compartmentalize cell but also
provides a balance between hydrophilic-hydrophobic interactions to facilitate biomolecules to
be functional.>? Generally, plasma membrane contains more than thousands types of lipid
molecules which can be divided broadly into three categories: phospholipid, sphingomyelin
and sterol.2-> Phospholipids (the major structural lipid) are amphiphilic molecules having both
hydrophilic and hydrophobic moieties.® In aqueous milieu phospholipids self-organize into
bilayer structures, termed as liposomes, with their hydrophilic portion directly exposed to the
aqueous environment and the non-polar hydrophobic residues construct the inner hydrophobic
region. Liposomes have gained much attention as key agents in medicine and pharmacology
as major chemicals and drugs interact with lipid inside body.”® For clinical purposes, it is

widely used as delivery agents of anti-cancer, anti-fungal, anti-inflammatory and anti-biotic
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drugs, anesthetics and gene materials.® Cholesterol is the major sterol, present in mammalian
cell membrane, which plays pivotal roles in membrane function, organization and dynamics
by regulating the fluidity and rigidity of membranes.® Cell membranes generally contains 20-
30 mol% cholesterol while in red blood cell the content could rise up-to 50 mol%.'%%2
Cholesterol contains a small hydrophilic hydroxyl group including a sterol ring attached with
the hydrophobic tail. Such structure makes cholesterol to fit into lipid bilayer structures with
the hydroxyl head group lying along the lipid head groups and the hydrophobic tail fitting
inside the hydrophobic lipid bilayer.'®!* Several experimental and theoretical studies have
reported that incorporation of cholesterol modifies the structure and organization of
phospholipid bilayers.*>1¢ It usually increases the ordering of lipid acyl chains and enhances
lipid packing in membranes by decreasing the area per head group of lipid molecules, the
phenomenon commonly termed as the condensing effect.*>7 Since hydration plays a key role
in maintaining the structure and stability of biomolecules,'®%° elucidating the hydration
behavior of lipids is also an ever important aspect towards understanding lipid stability and
functionality. Water at the lipid interface is expected to show slower dynamics than bulk water
as they can interact to the lipid head groups. Several experimental and simulation studies also
have rendered evidence towards this understanding. Recently, Flanagan et al.,?° using two-
dimensional infrared (2D-IR) and vibrational sum frequency generation (VSFG) techniques,
reported a retarded water dynamics at lipid water interface. Yamamoto et al.,?! using THz
spectroscopy, have investigated the temperature dependent hydration behavior of DMPG and
DMPC lipid bilayers both in gel and in crystalline phases and found that the lipids show distinct
hydration behavior and different packing parameter in these two different phases. Our group
has explored the interfacial water dynamics of negatively charged DOPG and zwitterionic
DOPC lipid bilayers by using THz time domain spectroscopy and observed that the hydrogen
bond network of water around lipid interface is dependent on lipid concentration as well as on
the lipid head group polarity.?? In a very recent study, using THz spectroscopy measurement,
we have reported that the inner hydration of a cholesterol/surfactant vesicle is distinctly
different compared to the outer hydration and the difference changes with the content of
cholesterol as well as the charge type of the surfactant(s).?*These studies have unambiguously
established the altered water dynamics at the lipid interface, the extent of which in turn is lipid
specific. While several attempts have been made towards understanding the hydration behavior
of lipids, it has still not been extensively explored whether cholesterol plays any role in
modifying lipid hydration specially/specifically considering the fact that addition of cholesterol

does modify lipid structures. There have been a few simulation studies in this regard: Elola et
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al.?* using MD simulation has reported the abundance of more bulk like water at DPPC
membrane interface in presence of cholesterol. They also reported that water molecules diffuse
faster with shorter rotational relaxation time upon the insertion of cholesterol into DPPC lipids.
In a more recent study Oh et al.?> has made a detailed analysis on the hydrogen bond network
of water in DPPC lipid membrane in presence of cholesterol. They found that with increasing
cholesterol content the average number of DPPC-water hydrogen bond per DPPC molecule
increases, which eventually also accelerates water relaxation dynamics. These simulation
results provide insightful understanding on lipid hydration in presence of cholesterol, however,
there has been no experimental validation of such claim. In this work, using far IR Fourier
transform infrared spectroscopy in the terahertz (THz) frequency region (50-450 cm; 1.5-13.5
THz), we explore the hydration behaviour of two differently charged lipid bilayers in presence
of cholesterol. THz (far-IR) spectroscopy is a label free, non-invasive powerful technique to
underline the collective hydrogen bond network of water molecule.?630 It can directly probe
the permanent and induced dipole moments of water molecules present at the interface of
biomolecules such as proteins, -3 lipids?%:2233 etc. The total dipole moment is directly
correlated with the absorption coefficient of the systems; thus any change in the absorption
coefficient of a solution manifests alteration in the hydration behaviour of solute molecules.34
36 Measurements of frequency dependent absorption coefficient therefore offers an elegant
avenue to directly probe lipid hydration. We prepare DOPC, DOPG and DOPC/DOPG (1:1,
mol/mol) liposomes in absence and in presence of cholesterol. Dynamic light scattering (DLS)
and atomic force microscopy (AFM) was used to estimate the dimensions of the thus formed
liposomes. As mentioned, hydration behavior in these liposomes was probed using FIR-FTIR
measurements. Our study unambiguously concludes that cholesterol induces weaker hydrogen
bond and faster hydrogen bond vibration/stretching dynamics at lipid interface, which

establishes the validity of the earlier simulation results.

411. Materials and Methods:

DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine), DOPG (1,2-Dioleoyl-sn-glycero-3-
phospho-rac-(1-glycerol) sodium salt), Cholesterol (33-Hydroxy-5-cholestene,5-Cholesten-
3B-ol) and chloroform were procured from Sigma Aldrich with their highest purity (>99%) and
were used without any further purification. Details of all the lipids, using here, are described
in section 211.c.i. Freshly prepared 50 mM PBS (phosphate buffer saline) of pH 7.4 were used
for preparing the liposomes and the liposomes preparation technique is described in section

211.a.iii. All the used instruments are described in section 2.111.
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4111. Results and Discussions:

Structures of liposomes: To ensure the formation of liposomes we measure the hydrodynamic
diameter of three liposomes in presence of cholesterol. Representative DLS profiles of DOPC
liposomes with different-Q are shown in figure 4Aa. Similar profiles for DOPG and
DOPC/DOPG (1:1) liposomes are shown in figure 4Ab and figure 4Ac respectively. The
hydrodynamic diameter of DOPC liposome is ~80 nm while that of DOPG liposome is ~50
nm. Interestingly, we notice that the diameter of DOPC/DOPG systems is reduced to ~38 nm.
Diameter of all the liposomes increases upon the addition of cholesterol (figure 4Ad). Kotoucek
et al.3" has previously reported that in unsaturated lipids the size of liposome increases as the

concentration of cholesterol increases, which corroborates our findings.
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Figure 4A. DLS profile of (a) DOPC, (b) DOPG and (c) DOPC/DOPG liposomes in absence and in
presence of cholesterol. (d) indicated hydrodynamic diameter as a function of Q for three liposomes

respectively.

AFM measurements (figure 4B) also identify the appearance of spherical DOPC, DOPG and
DOPC/DOPG liposomes with diameters of 49+12 nm, 55+21 nm and 48+25 nm, respectively
at Q=0.4 corroborating the DLS results. Existence of spherical particle with a finite height
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strongly supports the formation of liposomes and their structural modification in presence of

cholesterol.

-0.5

-1.5

Figure 4B. AFM images of (i) DOPC, (ii) DOPG and (iii) DOPC/DOPG liposomes at Q=0.5

respectively.

Hydration Study: We now focus on the hydration behaviour of lipids in presence of cholesterol.

We measure the frequency dependent absorption coefficient a(v) in liposome at different Q in
the THz frequency window (1.5-13.5 THz; 50-450 cm™!). Bulk water exhibits two intense bands

in this frequency regime (figure 4Ch): ~136 cm* corresponding to the hindered translational

motion (HB-stretch) and ~475 cm™ due to the hindered rotational motion (librational motion)

of water molecules.?®** a(v) of the lipid solution is found to be less than that of bulk water

(figure 4Ca) which decreases even further upon the gradual insertion of cholesterol into the

lipid bilayer.
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Figure 4C. (a) Absorption coefficient as a function of frequency for DOPC liposomes at different Q.

(b) Representative fitted profile for water. Red curve shows the raw data of water, black line shows the
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total fitted data. Blue curve indicated HB-stretch and green curve indicates libration motion of water

molecule.

To get a clearer insight into the explicit hydration of the liposomes, we calculate the difference
in absorption coefficient: Aa(v) = Asorution(V) — apusfer (v). Aa(v) profiles for DOPC
liposomes at different Q are shown in Figure 4Da. Aa(v) profiles for DOPG and DOPC/DOPG
(2:1) liposomes are shown in figure 4Ea and 4Eb, respectively. Aa(v) profiles for both DOPG
and DOPC/DOPG systems follow similar trend as that of the DOPC system. To separate the
different vibrational modes appearing in the lipid hydration we fit the Aa(v) profile using a

two-component damped harmonic oscillator model:

Aa(v) = T2, 2o (4.1)

vZw?+m2 <vi2+—12—v2>
am

where a;, w;,v; are the amplitude, width and the centre frequency of the i resonance. The

unperturbed centre frequency is given as

(1)2

= [y2 i
Vo,i = Vi +4n2.

A representative fitting profile of DOPC (Q=0.4) with two distinct peaks has been shown in
figure 4Db. Peak frequencies and the other fitting parameters are shown in figure 4Dc and table
4a. HB-stretch (vyp) in DOPC liposome (Q=0.0) appears at ~112 cm* which is 24 cm™ red
shifted compared to that in bulk water. On the other hand, vz appears at ~189 cm™ (~ 53 cmr
! blue shifted compared to bulk water) in negatively charged DOPG liposomes (Q=0.0). In
mixed lipid v, appears at ~117 cm* (19 cm red shifted). A red (or blue) shift of HB-stretch
manifests the formation of weaker (or stronger) hydrogen bond network in water.383° The
librational mode (vy;;,) of interfacial water in these three liposomes appears at ~395 cm, ~419
cmt and ~403 cm™, respectively (=80 cm?, 56 cm, 72 cm red shifted for compared to bulk
water). A red (or blue) shift in the librational mode expresses a less (or more) restricted motion
of water molecules at the lipid water interface.3? These results thus a priori conclude that
depending on the lipid charge, the water network around lipid bilayer interface gets modified,;
to put it more specifically, lipid-water hydrogen bonds act into play along with water-water
hydrogen bonds. Earlier investigation also reveals that the behaviour of water around lipid

interface differs from that of bulk water.2022
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Figure 4D. (a) Change in absorption coefficient, Aa(v) (=asample- @water) @S a function of frequency for
DOPC liposome at different Q. (b) Representative fitting of Aa(v) profiles for DOPC liposome (Q
=0.4) using a damped harmonic oscillator model (equation 4.1). The red broken curve represents the
raw data and the black solid line stands for the total fitting. The 1% peak with frequency vi (blue line)
represents the hydrogen bond stretching of water molecules, the 2" peak with frequency v, (green line)
presents the librational motion of water molecules. (¢) Peak frequency (HB stretch and librational mode)
of different liposomes as a function of Q. (d) Aa(= ag — ay,q¢er), Measured at the peak frequency, as

a function of Q of liposomes for librational mode of water.

We then monitor how the lipid hydration gets further modified in presence of cholesterol. We
fit the Aa(v) profiles using equation 4.1 (figure 4Dc, table 4a). Before discussing the
modification of water network in terms of the peak frequency, let us first discuss on the
modification of a related parameter, Aa as it corresponds to the population of various water
types around the lipids.3¢49 A representative profile for Aa'Lib against Q is shown in figure 4Dd.
We observe a distinct increase in |Aa"Lib| (the negative sign suggests lower absorption compared
to bulk water) for both DOPC and DOPC/DOPG liposome with increasing cholesterol,
however the effect is mild in DOPG system (figure 4Dd). Considering a three-component

model we express a(v) of liposome solution as:

a(V) = pukPouik + AhyaPrya + Aipia Puipia (4.2)
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Where apy i, ripia, Xnyq are the absorption coefficients of pure water, pure lipid and water in
the dynamical hydration shell of liposome, respectively and ¢; is the corresponding volume

fraction with ¢y + Gnya + Puipia = 1.
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Figure 4E. Aa as a function of frequency at different Q-value for (a) DOPG and (b) DOPC/DOPG
liposomes.

So, Aa in pristine liposomes can be written as:

Aa(v) = apuu (V) (Ppue — 1) + ahyd(v)d)hyd + alipid(v)¢lipid (4.3)

In presence of cholesterol the modified Aa’ is expressed as:
Ad'(v) = apu (V) (@ puk — 1) + ahya (V)P nya + ipia V)P tipia (4.4)

aipia COUld be neglected as pure lipid offers negligible absorbance in this frequency window.
Figure 4Dd clearly indicates to the fact that Aa;;, > Aa,;,. This leads to the following
inequality: apyuc (P, — Poutk) > TnyaPhyd — Ahya® nya- SOIVing this inequality exactly
is a bit challenging since it contains terms which could not explicitly be measured; one needs
to execute ab-initio simulation to solve this inequality. However, we can make some
approximations to extract vital information from this inequality. DLS results show that the
liposome size increases with the addition of cholesterol (figure 4Ad). This inevitably confirms:
S e < Poue- SO the left hand side of the inequality is negative, and subsequently,
Ay Prya < Ahya®P'nya- IN our previous study we have observed that the addition of

cholesterol does not perturb the hydration of surfactant interface.?® This leads us to approximate
that in the lipid interface also, cholesterol would not affect the interfacial hydration noticeably
and we take apy,q = ap,q, Which finally concludes that ¢’y > ¢py 4. This inequality is a very

useful information as it manifests that more water molecules are accommodated in the
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hydration layer of lipids in presence of cholesterol compared to the unmodified liposomes. This
observation is in line with previous result showing increased hydration around lipid head
groups in presence of cholesterol.*! Establishing the fact that water population is enhanced at
lipid interfaces in presence of cholesterol, we now investigate how v,z and v;;;, get modified
when cholesterol is inserted into the lipid bilayer. Addition of small amount of cholesterol
(Q=0.1) in DOPC liposome shifts v,z to a higher frequency (~147 cm-?); however, with further
addition of cholesterol v shifts successively towards lower frequencies (red shifted) and at
high cholesterol concentration (Q=1.0) it again returns to its initial value (at Q=0.0). In DOPG
liposome, we observe an oscillatory trend of HB-stretch in presence of cholesterol. vy5(Q) of
the mixed liposome follows more or less a similar nature as that of DOPC liposomes. v, ;;, for

DOPC liposomes

(a) (b)
. DOPC
450+ 1) v DOPG
'y [DOPC/DOPG
- 40 ] 13
& € |74 1]
m 250 # £ 30 L ! ? 1
e o) R | z
(= Y = -
¥ = 20f )
sof * ¥ v
0.1 0.4 0.7 1.0 0.1 0.4 0.7 1.0
Q Q

Figure 4F. Lifetime of oscillator’s dipole moment autocorrelation function corresponding to (a) “HB-
stretch” and (b) “librational motion” modes of water associated with DOPC, DOPG and DOPC/DOPG
systems as a function of Q.

appears at 377 cm™ at Q=0.1; a red shift of ~38 cm is observed at Q=1.0 (figure 4Dc, lower
panel). On the other hand, we notice an oscillatory trend in v,;;, for DOPG liposome. For
DOPC/DOPG liposome, v;;;, suffers a ~11cm™ blue shift in presence of small amount of
cholesterol (Q=0.1); however, with further addition of cholesterol v, ;;, is gradually red shifted
(~ 20 cm* at Q=1.0) (figure 4Dc, lower panel). Measurements of a(v) in the THz frequency
region also lead us to estimate relaxation lifetime(s) (i) of the corresponding modes (both HB-
stretch & librational motion) (see section 2.l.e for details). ti in principal manifests the
dynamical behavior of water wrapped in the lipid-water interface. We depict the calculated

lifetime in figure 4F and table 4b. The lifetime corresponding to the intermolecular “HB
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stretch” (T3%¥) of bulk water is ~44 fs while that for the librational mode (tP%¥) is found to be
~ 22 f5.2642 typ in the lipid interface is found to be much slower than that in bulk water. Slower
H bond lifetime of water at lipid water interface has been reported earlier.*® For DOPC
liposome it appears to be ~282 fs, while for DOPG and DOPC/DOPG liposomes it is ~181fs
and ~147 fs, respectively (figure 4Fa). tLib is also found to increase in the three lipid-water
interfaces compared to bulk water (figure 4Fb). We notice that both tHs and tLib depends on
the charge type of the liposomes. Upon the addition of cholesterol in all the three liposomes
we observe a rather non-monotonous, more specifically an oscillatory trend of both 7,5 and
T.ip (figure 4F, table 4b). While our experimental results unambiguously suggest a definite
modification in the hydrogen bond network of lipid hydration in presence of cholesterol, from
the observed non-regular trends in the Av and At [change in both peak frequency and bond
stretching] of interfacial water it seems difficult to reach at a cholesterol concentration
independent definite conclusion on the extent of modification also on the charge type of the
lipids. We therefore perform a principal component analysis (PCA) on Aa of each liposome in

presence of cholesterol in order to reducing the datasets (see section 2.1.b for details of PCA).
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Figure 4G. (a) Representative principal components (PCs) of DOPC liposome (Q # 0). (b) Relative
contribution of the first three components.

Representative first two principal components (PCs) and the contribution of the first three PCs
for DOPC liposomes are shown in figure 4G. As the first PC offers a significantly high
contribution (> 98%) for all the three liposomes, we consider only the first PC. For further
analysis we fit the first PC of the three liposomes by using the same damping equation

(equation 4.1) and the fitted parameters are summarized in table 4c.
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Figure 4H. Peak frequency (after performing PCA) corresponding to HB-stretch and librational mode
and the lifetimes of these two modes of hydration layer of DOPC (blue), DOPG (green) and
DOPC/DOPG (yellow) in absence (clear region) and in presence of cholesterol (shaded region). We

also plot the difference in peak frequency (Av; = v2*° —v?=°) where ‘i’ stands for HB and Lib, and

i

the same way difference in lifetime in the lower panel.

The PC analysis provides a definite description of the water HB network structure and
dynamics modification of the lipid membranes in presence of cholesterol. We plot the peak
frequencies and the corresponding lifetimes in absence and in presence of cholesterol after
performing the PCA (figure 4H). DOPG and DOPC/DOPG liposomes suffer distinct red shifts
(~23 and ~13 cm™! respectively; table 4d) in vus indicating a weaker and/or smaller number of
H-bond formation at the lipid interface in presence of cholesterol. The effect is rather subtle in
DOPC. We found a contrasting feature in the v,;;,; in DOPC liposomes v, ;, is ~46 cm™ red
shifted while in DOPG it is ~9 cm blue shifted (table 4d). In the mixed system the band gets
15 cm red shifted. In all the three liposomes 7,5 gets faster in presence of cholesterol, the
effect being more prominent in DOPG. In case of 7,;;, the changes are not straightforward; in

DOPC it is slower while in the other two systems, the changes are marginal.

Overall Comprehencen: Cholesterol is known to alter the phase behaviour (more specifically the
area per molecule and the ordering of the lipid molecules) by inserting itself within the lipid

assembly.® Since the working temperature in the present study is higher than the Tm of the
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concerned lipids,**44 both the lipids prefer to form a liquid disordered L, phase in aqueous
solutions. As cholesterol is added in these liposomes the acyl chains of the lipid molecules get
more ordered and at a moderate cholesterol concentration both L, and Lo phases could
coexist.1> At an even higher cholesterol concentration the Lo phase predominates. Our study
is intended to explore whether such a phase change imparts any modification in the lipid
hydration too. THz measurements enables us to explicitly determine the hydration at the
interface as the calculation of Aa(v) subtracts the bulk contribution.?® Thus the estimated peak

frequencies and the lifetimes manifest the interfacial information only.

We focus our discussion based on the parameters obtained from the PCA analysis
(figure 4H) as it helps to analyse the change explicitly. A quick look into the figure reveals that
interfacial hydration is lipid charge dependent and addition of cholesterol does modify it. We
first discuss the intermolecular H-bond stretch. vus manifests the central frequency of the
water-water intermolecular vibration mode and in bulk water it appears at 136 cm. Note that
this frequency lies in the far-IR region as this is intermolecular in nature and therefore
correlates the collective motion of water network. Such vibrations suffer distinct perturbation
water interacts with lipid structure. Interestingly, in uncharged DOPC it is slightly red shifted
while in DOPG it suffers a large blue shift. Formation of strong H-bond with the charged
DOPG interface shifts vus towards higher frequency. The effect of this strong interaction seems
not very prominent at the mixed interface. As cholesterol is added, the effect is found to be
negligible in DOPC, while in DOPG and in the mixed interface it gets red shifted (figure 4H).
Such red shift indicates weakening of the intermolecular H-bond at the interface in presence of
cholesterol. A similar conclusion can also be drawn from the tns estimation which
unambiguously shows accelerated H-bond vibration of water at lipid surfaces in presence of
cholesterol (figure 4H). Our experimental results matches excellently with previous simulation
results. MD simulation by In Oh et al.?® have predicted intrusion of bulk water into the lipid
interface and a consequent rupture of the H-bond network, which clearly is reflected in the
observed weakening and correspondingly red shift of the vus peak (figure 4H, left panel). It
has also been concluded that relaxation time scale of water decreases in presence of
cholesterol?* which we also have find in our experimental results. It is worth mentioning here
that simulation estimates the H-bond relaxation dynamics in zwitterionic DPPC/water interface
is to be 111 ps, which reduces to 56.6 ps at Xchoi=0.5. While comparing these time constants
with the experimental findings, one should be cautious about the particular mode responsible

for the calculated time constant. Simulation study essentially probes H-bond making and

64



breaking process which is governed by diffusion and therefore the time is slow. Also, it
involves single molecular motion, and therefore does not necessarily reciprocate the overall
bulk hydration. The trend in experimental ths with cholesterol is very distinct. Our analysis
offers a trs value of 282 fs in DOPC which reduces to 221 fs in presence of cholesterol (table
4c). This motion is relatively fast as it manifests the bond vibration and does not include any
diffusive motion. Moreover, since THz measurements probe collective vibration, we obtain
information on the global dynamics of water at the lipid interface, which indeed accelerates in
presence of cholesterol. It is interesting to note that the dynamics gets substantially accelerated
in case of charged lipid DOPG which indicates a larger water penetration in the lipid interface
compared to the zwitterionic lipids. We also notice that in case of the mixed lipid interface,
which can be used to mimic real cell membrane, the effect of cholesterol on the H-bond
network mostly resembles that in case of DOPC rather than that in DOPG. While most of the
simulation studies on the effect of cholesterol have so far been carried out using zwitterionic
lipids, less attention has been paid on the charged lipids, wherein electrostatics could play a
non-trivial role. Our results invoke further simulation studies using charged and mixed lipids.
In a nutshell, our experimental study unambiguously establishes the fact that addition of
cholesterol in model lipid membrane weakens the interfacial H-bond strength which eventually
leads to a faster dynamic of the lipid membrane water. Our study could be found encouraging

towards understanding lipid-lipid and lipid-protein interactions in a greater detail.

Table 4a. Peak frequency of total hydration for three liposomes. Data are fitted by using damped
harmonic oscillator equation:

DOPC DOPG DOPC/DOPG
Q vgg(em™) | vy(em™)| Q vgg(em™) | vy(em™) | Q vgg(em™) | vy (em™)
0 112.241.1 395.843.1 0 189.743.1 419.640.03 0 1179434 403.7£0.007
0.1 147.942.3 377.619.5 0.1 114.64+10.1 | 408.8+0.02 0.1 126.94+3.4 415.240.02
04 129.442.5 3575114 0.4 184.4+4.4 422.540.14 04 119.84+1.9 379.840.003
0.7 114.840.9 342.446.1 0.7 157.546.9 434.440.26 0.7 132.242.6 389.410.001
1.0 106.41+1.5 339.9+4.4 1.0 185.7+4.3 392.740.02 10 100.9410.9 | 394.8+0.02
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Table 4b. Lifetime of oscillator’s dipole moment autocorrelation function corresponding to “HB-

stretch” and “librational motion” modes of water associated with DOPC, DOPG and DOPC/DOPG

systems as a function of Q.

DOPC DOPG DOPC/DOPG
Q Typ(fS) Tp(fs) | Q Typ(fS) 1 (fS) Q Typ(fs) T (fS)
0 282122 1742 0 181429 35+12 0 147412 2442
0.1 407+101 2842 0.1 61+4 4045 0.1 157422 1743
0.4 278149 3343 0.4 3418 40+11 04 15549 2240.7
0.7 391435 3311 0.7 3349 34412 0.7 129411 2310.9
10 243+79 3441 1.0 8618 3716 1.0 80+9 20+1

Table 4c. Peak frequency and lifetime corresponding HB-stretch and librational mode of hydration

layer of lipids in absence and in presence of cholesterol (after performing PCA).

DOPC DOPG DOPC/DOPG

Q= Q#0 Q= Q%0 0=0 Q%0

Vs (cmY) 112.2 1126 189.7 166.08 118 105.63
v (€M) 395.8 349.9 419.7 428.8 403.7 388.4
g () 282.06 2217 181.08 46.62 147.2 87.8
T (S) 17.67 33 35.6 36.9 24.03 23.09

Table 4d. Peak frequency corresponding HB-stretch and librational mode of hydration layer of lipids

and the corresponding peak shifts in absence and in presence of cholesterol (after performing PCA) (-

ve sign indicates blue shift)

DOPC DOPG DOPC/DOPG
Q=0 Q+0 Peak Q=0 Q#0 Peak Q=0 Q=+0 Peak Shift
Shift Shift (cm)
(cm?) (cm?)
Vugp 112.2+1.1 | 1126415 | 04 189.743.1 | 166.08+10.4 | 23.62 | 118+34 | 105.63+0.4 12.37
(cm™)
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Viib
(cm?) 07

395.843.1 | 349.9+3.8 | 459 | 419.7+0.03 | 428.8+9.6 | -9.1 | 403.7+0.0 | 388.4+10.3 153
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Chapter 5

The explicit role of interfacial hydration during polyethylene

glycol induced lipid fusion: a THz spectroscopic investigation

While the phenomenon of excipient mediated membrane fusion has been studied widely, the
inherent role of interfacial hydration involved in the process has mostly remained unaddressed.
Here we report experimental validation of the fact that PEG-induced membrane fusion is
associated with the dehydration of the membrane(s). We explore the explicit hydration
behavior at three different lipids (DOPC, POPC and DPPC) membranes with different aliphatic
tails as they undergo fusogenic transition in the presence of PEG of average molecular weight
of 4000 using THz-FTIR spectroscopy in the frequency window of 1.5-13.5 THz. Dynamic
light scattering and electron microscopic measurements confirm the formation of different
intermediate steps of the liposomes during the fusion process: bilayer aggregation,
destabilization and finally lipid fusion. We observe that membrane hydration follows a

systematic trend with the lipid specificity as the fusion process sets in.

51. Introduction:

Membrane fusion is a key event in intracellular membrane trafficking e.g. egg fertilization,
viral entry, intracellular transport, neurotransmission through cell etc.** Bilayer membrane
fusion follows a complex mechanism involving several steps and proceeds through some
intermediate structures called ‘szalk’.>® To initiate the stalk stage the fusing membranes must
overcome electrostatic and hydration barriers among them; this could be achieved by
destabilizing the bilayer.22 In living cells several proteins like SNAP Receptor (SNARE), SM
protein, Rab protein etc. facilitate membranes to undergo intracellular fusion.”'! These
proteins usually act as the source of energy for the intracellular fusion; for example, SNARE
delivers ~40-140 ksT energy to fuse membranes,®'? helical bundle of SNARE complex exerts

force on the membrane anchor and provides an essential driving force to promote lipid fusion.*?

Investigating membrane fusion in-vivo is often challenging owing to the fast, dynamic
and complex nature of the membranes. Therefore, external molecules!*1° are employed to fuse
lipid membranes in-vitro condition to capture the intermediate states. Previous studies have

shown that Ca?* can fuse membranes in absence of proteins.'? Such charge induced lipid fusion

69



proceeds through three successive processes: docking, aggregation and close contact; however,
identifying and analyzing the kinetics of these intermediate steps remains mostly illusive.®
Polyethylene glycols (PEG) are also a common class of molecules used to fuse membranes in
absence of proteins.’>1® PEG is a water-soluble polymer widely used as a macromolecular
agent®29 as well as a molecular crowder owning to its biocompatibility.? In lipid bilayers PEG
molecules have been found to alter the molecular order of the bilayer. Lipid membranes need
to overcome hydration repulsion in order to fuse and to achieve this the hydration structure at
the membrane must be perturbed.!” Previous fluorescence studies have suggested that
exclusion by PEG induces dehydration at the membrane interface which in turn destabilizes it
and eventually induces them to aggregate.'®'” While several experimental and simulation
studies have been carried out to understand the mechanism of membrane fusion process in
terms of mechanical strain and the corresponding energetics of the membranes 62224 |ess
attention has been paid on experimentally establishing the role of (de)hydration during
membrane fusion. A key question remains elusive that how the interfacial water of lipid

membrane behaves during the fusion process.

Membrane fusion process has mostly been experimented using probe-based
spectroscopy/microscopy techniques, e.g., fluorescence, FRET etc.?>-2° While such techniques
are useful in capturing the morphology and energetics of the intermediate steps, they cannot
offer explicit information on interfacial hydration. In this context far-IR/THz spectroscopy
offers a unique platform to label free determination of such hydration as it probes the
fluctuations of the collective water dipole itself. THz spectroscopy has extensively been used
to investigate biomolecular hydration in the recent past.3®-** Our group has recently explored
the hydrogen bond network structure and dynamics of water in negatively charged DOPG and
zwitterionic DOPC membranes in absence and in presence of cholesterol; our study has
concluded that H-bond dynamics gets accelerated in presence of cholesterol.®® With the
background that THz spectroscopy can divulge the explicit hydration structure and hydration
at membrane interface, in the present study, we explore the hydration behavior of three lipids
with different aliphatic tails: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 2-oleoyl-1-
palmitoyl-sn-glycero-3-phosphocholine  (POPC)  and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) as they undergo fusogenic transition in the presence of PEG (average
molecular weight 4000). These phosphocholines differ in their hydrophobic tail parts with
saturation level and tail length (scheme 21V). We use dynamic light scattering and electron

microscopy measurements to monitor the lipid fusion process and the results confirm the
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formation of different intermediate steps of the liposomes during the fusion process. THz-FTIR
results conclude that liposomes indeed get dehydrated in presence of PEG as the fusion process

sets in.

511. Materials and Methods:

DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine), POPC (2-Oleoyl-1-palmitoyl-sn-glycero-
3-phosphocholine) and DPPC (1,2-Dipalmitoyl-sn-glycero-3-phosphocholine) were procured
from Avanti polar lipid with the highest purity (>99%) and were used without any further
purification. PEG 4000 and chloroform were procured from Sigma Aldrich. Here we denote
PEG 4000 as PEG. Milli-Q water was filtrated with a 0.2 um filter before it was used to prepare
the PBS buffer. 50 mM PBS (phosphate buffer saline) of pH 7.4 were used for preparing the
liposomes. Liposomes preparation technique is described in section 21l.a.iii. All the used

instruments are described in section 2.111.

5111. Results and Discussions:

Structure of liposomes in presence of PEG 4000: We measure the hydrodynamic diameter (dy) of
the three thus prepared liposomes (DOPC, POPC, DPPC) using dynamic light scattering (DLS)
technique. Representative DLS profiles of POPC liposomes in presence of different
concentrations of PEG are provided in figure 5A(a-c). For homogeneous pristine liposome we
measure a diameter of ~ 100 nm.*® As PEG concentration is increased (1%-25%) we observe
the appearance of different structures of liposome, which could be identified with the various
stages of aggregation of the liposomes (figure 5Ab). Interestingly, beyond 25% PEG
concentration, we again observe a homogeneous size distribution of liposomes (figure 5Ac).
These results thus reflect the PEG concentration dependent structural modification of POPC
liposomes. Similar size alteration is also observed in the other two liposomes, however, with
varying PEG concentration dependencies (figure 5Ba). For the concentration region PEG <1%
the structure does not alter appreciably and we assign this structure as Liposome Like State
(LLS). For PEG > 1% (table 5a) we found that dj increases sharply, reaches a maximum and
then decreases (figure 5Ba, table 5b); we assign this state as the aggregation state (AS). At an
even higher PEG concentration, dy does not change appreciably as a fused state (FS) is
reached. To visualize the morphological structures of the various conformations of liposomes
in presence of PEG, we image the three different regions using field emission scanning electron

microscope (FESEM). In pristine POPC liposomes we observe spherical structures which are
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Figure 5A. DLS profiles of POPC liposome at different concentration of PEG (a) 0% PEG (b) aggregation state
(AS) and (c) Fusion state (FS).

mostly in their monomeric states (figure 5Bbi). For POPC we identify the appearance of
spherical particles of various sizes which are in the close vicinity of each other, perhaps this
signifies the onset of aggregation (figure 5Bbii). In the FS region we observe the clear signature
of the assimilation of liposomes (figure 5Bbiii) providing a direct evidence of lipid fusion.?’

We also make a detail analysis of the SEM images to obtain the statistical distribution of the

~ (a
= @
% \A A J 4 "
5 e 3.
& 1000} y
|5} * DOPC
g ¥ POPC
a DPPC
'g 100 .- . . ) 400-—n'm
L 0 10 20 30
[PEG 4000] (wt%)

()

8
kS 10t 15} =
2 | | o S
5 (i) S
(=) ok = 2

01 02 02 03 2 4 6 8 10 ° 1 2

Diameter (um) Diameter (um) Diameter (um)

Figure 5B. (a) Hydrodynamic diameter as a function of PEG for three liposomes respectively. (b) SEM
images of POPC liposome of three different states: (i) LLS, (ii) AS and (iii) FS. (c) Diameter
distribution (from SEM images) of the three different states of POPC liposome. (d) Size comparison of
three liposomes (DOPC, POPC, POPQG)) of three different states.
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size of the particles in these three states. In LLS, the average size of the particles is ~180+30
nm (figure 5Bci); large particle (aggregates) with average diameter of 4.58+1.5 um is
identified in the AS state (figure 5Bcii). In the FS, we observe the particles with diameter
2.0940.59 um (figure 5Bciii). We observe more or less similar size distribution in the other

two liposomes also (figure 5Bd).

Hydration behaviour of liposomes at different state of fusion:
Upon establishing the appearance of the individual forms of liposome aggregation in presence

of PEG, we now monitor the hydration behavior of those using THz-FTIR spectroscopy. We
measure the absorption coefficient, a(v) of the liposome solutions in the 50-450 cm* window.
In this frequency window the absorption profile of bulk water can be deconvoluted into two
distinct curves (figure 5Cb) peaking at: ~136 cm™* corresponding to the hindered translational
motion (HB-stretch) and at ~475 cm™ due to the hindered rotational motion (librational
motion).3839 In pristine liposomes we observe that the a(v) profiles have lower values than bulk
water (figure 5Ca), which can be explained from the fact that high absorbing water molecules
being replaced with lower absorbing liposomes, a phenomenon commonly termed as “THz

deficit” 31354041 1t should be noted here that measured absorption coefficient of the liposome
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Figure 5C. absorption coefficient as a function of frequency for DPPC liposomes with different
concentration of PEG 4000. (b) Representative fitted profile for water. Red curve shows the raw data
of water, black line shows the total fitted data. Blue curve indicated HB-stretch and green curve
indicates libration motion of water molecule.
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solutions (afi‘;l},fg‘,’,’fe (v)) is a sum of contribution(s) received from bulk water (a,,q¢er(V)),

liposome (@;iposome (v)) and liposome hydration (alhiy d (v)). Considering the fact that the

posome
volume fraction of the liposomes is very small and liposomes themselves absorb nominally in
this frequency window, the difference in the absorption coefficient could be estimated as:

Aa(v) = Qjiposome (V) — Qparer(v); ideally its value should be zero unless (ayqrer (V) #

P74 (). Interestingly we obtain non-zero Aa(v) profile(s) (figure 5Db) for all the

aliposome

systems which unambiguously establishes the fact that liposome possesses a hydration

different than bulk water, similar to other biomolecules.3242-44

100 200 300 400 100 200 300 400
Frequency (cm™) Frequency (cm™)

Figure 5D. (a) absorption coefficient and (b) Aa as a function of frequency for three liposomes
respectively.

To quantify the difference we fit all the Aa(v) profiles using a two component damped

harmonic oscillator model:3°

Aa(v) = ¥, o (5.1)

(1)2 2
v2 wiz +m2 <viz+—12 —v2>
4T

where a;, w;, v; are the amplitude, width and the centre frequency of the i resonance. The

unperturbed centre frequency is given as

Vo = VP +—L, (5.2)

L 47172
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A representative fitting profile of POPC liposomes at PEG = 5% with two distinct deconvoluted
modes is shown in figure 5Eb. We deconvolute all the Aa(v) profiles with this model and the
fitted parameters are summarized in figure 5Ed and table 5c. Note that the fitting of the Aa(v)
profiles and the obtained fiting parameters provide explicit information on the altered
interfacial hydration of the liposomes as the contribution from bulk water has already been
subtracted (equation 5.1). The peaks are found to be shifted from the bulk values, and this
confirms a systematic alteration of hydration during membrane fusion. vy for pristine DOPC
liposome appears at ~96 cm* which is ~ 40 cm™* red shifted compared to bulk water. For POPC
and DPPC also the peak gets red shifted to appear at ~107 and ~104 cm?, respectively. v;;,
peak also suffers a red shift compared to bulk water. Such alteration in the vyg and vy,
manifests the formation of weaker H bonds as compared to bulk water coupled with less
hindered rotation of water around the pristine liposomes.344° This result also corroborates with

our recent report that lipid interfacial hydration is different from bulk water.3®
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Figure 5E. (a) Representative profiles of change in absorption coefficient (Aa!(v) = Aiposome (V) —
apgc(v)) as a function of frequency with increasing PEG concentration. (b) Representative fitting of
Aat(v) profile for POPC liposome solution (in presence of [PEG]= 5 wt%) using a damped harmonic

oscillator model (equation 5.1). The red broken curve represents the raw data and the black solid line
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stands for the total fitting. The 1% peak with frequency vug (blue line) represents the hydrogen bond
stretch while the 2" peak with frequency viin (green line) presents the librational motion of water
molecules. (c) Aa! measured at 136 and 475 cm™ respectively as a function of [PEG] for both HB-
stretch and librational mode of water. (d) Peak frequency (HB stretch and librational mode) of lipid

hydration as a function of [PEG] for different liposomes.

We next investigate how such hydration gets further perturbed as PEG is added. We
measure the absorption profiles of the lipid solutions in presence of PEG and observe a drastic
decrease in the a(v) profiles (figure 5Ca). To extract the explicit lipid hydration, we define a
parameter: Aa'(v) (= af2iiion, (v) — ag2iétom (v)) (figure 5Ea, 5F(a-b)) which quantifies the
altered hydration at liposome interface in presence of PEG. We monitor the change in Aa' at
two particular frequencies: 136 cm™ (vyg) and 475 cm? (v;;,). We observe that as the
concentration of PEG increases both |Aals4| and |Aal,s| decreases gradually (figure 5Ec),
which signifies a dehydration at the interface. Since THz measurements probe the hydration at
the liposome interface explicitly, the observed decrease flourishes a direct experimental

evidence of membrane dehydration in presence of PEG as predicted earlier.®%
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Figure 5F. Aa as a function of frequency at different concentration of PEG 4000 for (a) DOPC and (b)
DPPC liposomes.

For a quantitative insight we fit all the Aa‘(v) profiles using the same two component
damped harmonic oscillator model (equation 5.1). The results are depicted in figure 5Ed, table
5c. We found that upon the addition of small amount of PEG (0.5%) into DOPC, vy suffers
a marginal blue shift (~4 cm™) compared to the pristine liposomes. With further addition of

PEG, vy increases gradually up-to 20% PEG beyond which it decreases again. For POPC

76



liposomes, vyp suffers a marginal blue shift compared to the pristine POPC liposome
(PEG=0.5%) and follows a trend similar as that of DOPC liposomes. For DPPC, v,z does not
change appreciably upon the addition of small amount of PEG; however, it increases gradually
up to 10% PEG and then decreases up to 30% (see table 5c). In DOPC at PEG=0.5%
v, appears at ~357 cm (8 cm blue shifted compared to pristine liposomes) (figure 5Ed,
lower panel). Upon further addition of PEG, we notice a rather non-monotonic change in v, ;.
In POPC it decreases up to 10% (red shift) beyond which it remains almost constant with PEG

concentration. Similar non-monotonous trend in v, ;;, is also observed in DPPC liposomes.

At this point it is very important to verify the extent to which bare PEG molecules alter
the collective dynamics of bulk water. As a control we study the hydration behavior of PEG
solutions at different concentrations. We measure the difference in absorption coefficient:
Aappe (V) = afdHoM (v) — a,,0cer (V). Representative Aapgs(v) profiles at different PEG
concentrations are shown in Figure 5Ga. We fit the Aapg;(v) profiles using equation 5.1 and
the fitted parameters are presented in table 5d. We observe a regular decrease in vyg with
increasing PEG concentration up-to 7% beyond which it does not change appreciably (upper

panel; figure 5Gd and table 5d). v;;;, is found to remain mostly unchanged with PEG
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Figure 5G. (a) Change in absorption coefficient (Aapgc (V) = @presotution (V) — Awater (V) at
different concentration of PEG. (b) Representative fitting of Aapg; (v) profiles for PEG solution (10
wt%) using the damped harmonic oscillator model (equation 5.1). The red broken curve represents the
raw data and the black solid line stands for the total fitting. The 1% peak with frequency vi (blue line)
represents the hydrogen bond stretching of water molecules, the 2" peak with frequency v, (brown line)
presents the librational motion of water molecules. (c) Aa measured at 136 and 475 cm respectively
as a function of [PEG] for both HB-stretch and librational mode of water. (d) Peak frequency (HB
stretch and librational mode) of water as a function of PEG 4000.

concentration. PEG is known to alter water H-bond network as it forms a hydration layer
around itself, thereby rupturing the tetrahedral bulk water network.*® This makes the vhs to
suffer the observed red shift. This control study thus confirms that PEG, by virtue of its
modifying the water network structure, induces osmotic stress in the solution, which varies
near-linearly with the PEG concentration as has previously been shown from thermodynamic
considerations.*” This study strongly confirms that PEG does influence water structure,
however, in a near-linear manner, and therefore the observed non-linear behavior in the PEG-

liposome solution is enrooted to the various bipartite interactions taken together.

While our results unambiguously identify a distinct modification of the lipid hydration,
an initial look at figure 5Ed invokes a rather inconclusive insight on the systematic H-bond
structure at different states of fusion (LLS, AS, FS). To reach at a statistically conclusive
statement we perform a principal component analysis (PCA) of all the Aa!(v) profiles for the

three different states (see section 2.1.b for PCA analysis details).
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Figure 5H. (a) Representative principal components (PCs) at AS state of DPPC liposome (b) Relative
contribution of the first three components.

A representative first three principal components (PC) and their contributions for DPPC
liposomes at the AS state is shown in figure 5H. Since the contribution of the first PC is
overwhelmingly high (>98%) for all the three lipids and for all the three states, we consider
only the first PC for further analysis. We then fit the first PC (Aab.(v)) of three distinct states
of each liposome using the damping equation 5.1 and the fitted parameters are summarized in

figure 51 and table 5e.
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Figure 5I. (a) Peak frequency of intermolecular HB stretching (vug) and libration (viin) mode of
interfacial water at different states (LLS, AS & FS) during membrane fusion pathway. of three different
during the fusion pathway. (b) The ratio of amplitude of HB and libration band of water in the different

states of membrane fusion.

Discussion: Our present in-vitro study using model lipid vesicles mimics cellular counterparts

and therefore provides insights into the basic structural events necessary for membrane fusion
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with a focus on the alteration of the associated hydration dynamics. From the thermodynamic
point of view, the change in the membrane mechanical strain, which is a prerequisite for
membrane fusion, is closely dependent on the activity of water on both sides of the membrane.
It has been predicted that the dynamic equilibrium between the ‘hardcore water’ and the
‘loosely bound water’ at the membrane interface dictates its surface pressure; and while
estimating such equilibrium, organization of water beyond the first solvation shell should also
be taken into consideration.*® Conventional spectroscopic techniques probe mostly the first
solvation shell while THz spectroscopy extracts information beyond the first solvation shell,

and therefore is a very suitable tool to investigate membrane fusion.

We choose three lipids which differ in their chain length and saturation, keeping the
head group same. DOPC (18:1) and DPPC (16:0) have equal number of C-atoms in both the
chains, with the former having one double bond in each of the chains while the latter is fully
saturated (scheme 21V). POPC (16:0-18:1) has different tail lengths (16 and 18) with one
double bond in one of the chains. The choice of the lipids is based on the fact that membrane
fusion is often assisted with the kink(s) it generates in presence of solutes/proteins, and any
asymmetry in the bilayer structure could induce its formation. We, in fact, observe that the
lipid with asymmetry (POPC) offers contrasting behaviour in comparison to the other two

lipids.

PEG exerts an osmotic stress on membranes as it withdraws water from its surface
which in turn creates high membrane tension, and at certain PEG concentration, it exceeds the
bilayer tensile strength which causes the vesicle to rupture.*® In the present investigation we
found that liposome aggregates start forming at a low (2-10 wt.%) PEG concentration. We also
check the fusion process using a lower molecular weight PEG-200; we observe no structural
alteration of pristine liposomes up to ~10 wt.%, and fusion initiates only beyond that
concentration. A previous study shows that osmotic pressure of PEG solutions follows a second
order polynomial relation with PEG concentration and the values are comparable for PEG 400
and PEG 8000.4’ So, it can be concluded from these results that PEG mediated osmotic stress
is not the sole factor that governs membrane fusion.*® Our measurements have unambiguously
shown that lipid layers get dehydrated in presence of PEG 4000, even at a low concentration,

and this indeed induces the required membrane stress to fuse.

We now discuss the perturbation in hydration. It is observed that in liposomes, both

vyp and v;;, are red shifted than bulk water. Since the measured Ao profiles probe the surface
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hydration explicitly, a red shift designates a lack of cooperativity in the tetrahedral water
network at the interface.*® As the liposomes aggregate, these frequencies suffer a blue shift, the
shift being the highest in the AS state and for POPC. This blue shift results from the release of
trapped water from the membrane interface to the bulk. Note that the peak frequency is
comparable to that of bulk water for the AS state in POPC; this suggest the most efficient
packing of liposomes with the release of surface water (dehydration) as the aggregated state is
formed. Interestingly, in the FS, the peak frequencies are lower than that in the AS, indicating

further rearrangement in surface hydration as the phase changes.

We finally investigate the energetic cost of this aggregation process using a concept of
solute hydration model of THz calorimetry. According to this model the free energy change in
biomolecular condensation process could be summarized in terms of two contributions: (i) to
create a cavity in the water continuum by distorting bulk water network and (ii) to introduce a
solute inside the cavity.5°%! While cavity formation is mostly dominated by an entropic cost,
the solute solvation process is enthalpy driven. The difference spectra Ao(v) manifests the
various H-bond modes in the vicinity of solutes, and therefore also corresponds to the solute
induce changes in the hydration network associated enthalpy and entropy changes. As
discussed earlier, the difference spectra can be deconvoluted into two curves, HB-stretch and
libration of the interfacial water. It has been shown that for amphiphilic solutes the amplitude(s)
of the HB and Lib bands holds a 1:1 correlation with the specific solvation energetics, and
therefore estimating the amplitudes of the Aa(v) fitted curves enables one to determine
hydrophobic and hydrophilic contributions.>® From the fitted data (table 5f) we estimate and
plot the relative amplitude ayg/a;;, for different aggregated states for the different lipids
(figure 51b). It should be noted here that the Aa(v) profiles take care of the PEG mediated
change of bulk hydration and so also its contribution (if any) towards the corresponding
energetics. So the energetic parameters from the analysis can safely be treated as those
originating from the PEG-induced fusion process solely. We observe that the ratio increases as
the liposomes aggregate, the trend is subtle in case of DOPC and DPPC while in POPC the
increase is significant. Since we have performed the experiments at ambient temperature only,
we are unable to estimate the entropy and enthalpy changes independently, however, the
ayg/aL, ratio provides with a direct estimate of the relative contribution of entropy and
enthalpy to the process involved. It is also important to remember here that the energetics
obtained with the analysis is purely those due to solvation change at the interface and does not

necessarily correlate linearly with the overall energetic parameters as obtained from
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calorimetric experiments. The observed increase in the ratio ayg/a;;, (figure 51b) indicates
an increase in the solvation entropy as aggregation proceeds. In pristine liposome, the enthalpy
of solvation dominates over the cavity formation cost. As the liposomes start aggregating, the
entropy cost starts growing, the effect being most prominent in POPC. As discussed earlier,
the PEG mediated pressure difference membrane interface leads to the formation of kink(s)
and eventually the aggregations. The asymmetry of the POPC molecule eventually makes the

entropic cost.

Conclusion: our results provide direct experimental evidence that during PEG mediated
membrane fusion, the membrane interface does undergo dehydration, the extent of which is
dependent on the lipid structure and on the PEG concentration, as various aggregated phases
emerge. We also found that the process of dehydration and fusion is associated with a
substantial solvation entropic cost, which is noticeably higher for asymmetric POPC than
symmetric DOPC or DPPC. In order to establish whether such a dependency is lipid intrinsic,

a detailed systematic study is underway in our lab.

Table 5a. Concentration of PEG 4000 at different state of lipids.

LLS AS FS
DOPC 0<[PEG] <05 1<[PEG] <25 25 < [PEG]
POPC 0<[PEG] <05 1 <[PEG] <25 25 <[PEG]
DPPC 0<[PEG] <05 05<[PEG] <7 10 < [PEG]
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Table 5b. Hydrodynamic diameter of liposomes (DOPC,POPC and DPPC) at different concentration

of PEG 4000
DOPC POPC DPPC
[PEG 4000] | Hyd. Dia (um) | [PEG 4000] | Hyd. Dia (um) [PEG 4000] | Hyd. Dia (um)
(Wt%) (Wt%) (Wt%)
0 0.1 0 0.1 0 0.1
0.1 0.1 0.1 0.1 05 0.1
05 0.1 05 0.1 1 11
1 13 1 1.0 3 2.3
3 15 2 15 7 42
5 15 3 15 10 2.3
7 17 5 5.6 15 2.0
10 5.6 10 5.6 20 17
12 5.6 12 5.6 25 2.3
15 5.6 15 5.6 30 2.0
20 42 20 48 32 1.0
25 31 25 2.7
30 2.3 30 2.3
32 17 32 2.3
35 17
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Table 5c. Peak frequency both HB-stretch and librational motion for three liposomes. Data are fitted

by using damped harmonic oscillator equation:

DOPC POPC DPPC
PEG VB Viib PEG Vup Vi PEG Vg Viip
(Wt%)
Wt%) | (em™) | (em™) | WE%) | (em™) (em™) (em™) (em™)
0 [965+1 349.2+2.8 0 107.4+2.3 | 389.8+10.7 0 [1043+14 |346.0435
0.5 |100.4+1.3 |357.1+29 05 |[1143+2 |389.6419.1 0.5 |105.6+12 |351.3+33
3 [806+25 |330.6+28 3 119.8+1 | 376.646.3 1 1213409 | 3483439
5 892405 |326.31+3.2 5 113.740.3 | 368.1+5.9 3 [1058+2.8 |3385+26
7 1136.3+1.8 |303.2455 7 166.1+1.6 | 362.41+4.5 5 11302+1.8 |362.6+11.8
10 | 1257411 |276.4+0.8 10 | 1195413 | 356.3+4.9 7 197.846.1 |360.3£195
15 |100.649.3 |382.3+4.8 15 | 161.746.7 | 384.747.6 10 | 137.3+2.2 | 3059404
20 | 161.643.7 |440.846.38 20 | 129.943.1 | 387.447.6 15 | 129.8+2.3 | 360.9£27.5
25 | 1444416 | 3479446 25 | 1235414 |331.64+1038 25 | 1174422 |336.54+4.9
30 | 138.9+1.7 |321.1437 30 | 1231414 |3825417.7 30 | 915404 | 3494442
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Table 5d. Peak frequency both HB-stretch and librational motion for PEG 4000. Data are fitted by

using damped harmonic oscillator equation:

PEG VHB Viib

(Wt9%) (cm™) (em™)
0.5 140.0+8.2 372.8+17.4
3 130.5+7.3 375.41+7.8
5 128.7+2.4 361.8+2.7
7 123.610.3 371.3+4.9
10 124.2+0.4 370.4+2.7
15 122.640.5 371.443
20 123.1+0.5 373.3+2.8
25 122.74+5 379.943.1
30 123.245.1 380.1+0.2

Table 5e. Peak frequency both HB-stretch and librational motion for three liposomes after performing
PCA. Data are fitted by using damped harmonic oscillator equation:

DOPC POPC DPPC
Vg Viib Vg Viip Vg Viip
(em™) (em™) (em™) (em™) (em™) (em™)
Pristine

Liposome | 96.5%1 349.242.8 107.4+2.3 389.8+10.7 1043114 | 346.0+3.5
LLS 100.4+1.3 | 357.1+2.9 114312 389.6+19.1 105.6+1.2 | 351.3+3.3

AS 116.2+0.6 | 373.9+5.3 138.742 37144 119416 346156

FS 107.5+1 354411 11714 375+2.4 101+0.6 343+ 12
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Table 5f. Amplitude and relative amplitude of both HB-stretch and librational motion for three
liposomes after performing PCA. Data are fitted by using damped harmonic oscillator equation:

DOPC POPC DPPC
Ayp Ayp | Ang Ayp Aup | Anp/ALip Ayp Apip App
/Avip /ALip
Pristine 0.007 0.039 0.007
Liposome | -940.7 | -141247.4 -7317.3 | -187880.4 -883.4 -117993.5

LLS -679.9 | -126642.1 | 0.005 | -10783.5 | -181601.6 | 0.059 -1134.1 -100539.7 0.011
AS -1629.6 | -143177.0 | 0.011 | -27689.6 | -240607.0 | 0.115 -3425.8 -140100.0 0.024
FS -27155 | -48590.2 | 0.056 | -8766.6 | -27505.5 0.319 -1116.5 -26224.4 0.043
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Chapter 6

Alteration of lipid hydration in alcoholic environment: THz

Spectroscopic investigation
While many simulation results assist that ethanol can modulate the structure of liposomes and

promotes the transformation of lipid bilayer to non-bilayer structure, but the role of hydration
during such structural alteration has remained almost unaddressed. Here experimentally we
explore explicit hydration behaviour of model lipid POPC in presence of alcohols (ethanol and
TFE) by using THz-FTIR spectroscopy in the frequency window of 1.5-13.5 THz. Then we
check how cholesterol mediated lipid hydration is altered in presence of alcohols. DLS and
electron microscopy suggests the deformation of bilayer structure in presence of alcohols. Our
hydration results yield that H-bond network gets strengthen at lipid water interface in presence

of alcohols and cholesterol does modulates this water structure.

61. Introduction:
Membrane fluidity plays a vital role to pass the ions, molecules through it to alive the

intracellular environments.>? The major factors which alters the membrane bilayer fluidity is
the bilayer composition and temperature.>* Cholesterol plays a vital role to maintain the
structural integrity and fluidity of animal cell membranes which does reside into the cell
membrane.> Mammalian cell membrane is highly enriched by cholesterol (~30% of total lipid)
and in the red blood cell it could rise up to ~50%.5" Cholesterol exerts a condensing effect into
the liquid crystalline phase i.e., it increases the thickness of lipid bilayer and reduces the lateral

mobility of lipid membrane.®

Ethanol is a small amphiphilic molecule which can also alters the fluidity and structural
integrity of lipid membranes.®2 The modulation of function and characteristics of plasma
membrane by such pharmaceutically active pathogen molecule is crucial for many biological
and biomedical applications including drug delivery, aesthesia, cryo-preservation and
permeation enhancement.®*2 Ethanol has a disordering effect on hydrophobic carbon chain of
lipid, increasing the area per head group of lipid and the overall fluidity of the membrane.314
Ethanol has a large number of applications in biotechnology, toxicology and in medical
industry as it has the ability to modify lipid’s structure.®*516 Very interestingly ethanol is used

as a disinfectant to kill the pathogen activity of virus and bacteria; it is hugely used in sanitizers
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as it can penetrate and damage the membrane of virus and bacteria and also prevents the
transmission of bacterial and viruses’ infections.'”*® Gurtovenko et al.?® studied the effect of
ethanol on a model lipid POPC and found that ethanol promotes the transformation of lipid
bilayer to non-bilayer structure. Patra et al.,° using classical MD simulations, reported that
ethanol can form hydrogen bonds with the lipid’s headgroup and also locates at the lipid head-
tail interface. Recently Shobhna et al.,?* using CG-MD simulations, explored the structural
perturbation of POPC lipid membrane in presence of ethanol. At low to moderate concentration
of ethanol (up to 30%), they found the swelling and aggregation of liposomes and at high
ethanol concentration, they even observed the rupturing of bilayer surface. Like ethanol, 2,2,2-
trifluoroethanol (TFE) also alters the stability and characteristics of lipid bilayer as well as it
modulates the function of membrane proteins.?223 Even at high concentration of TFE, it causes
the micellar aggregation, reduce acyl chain order and lipid phase transition temperature.?*2°
Zhang et al.?® both experimentally and theoretically studied the effect of different
fluoroalcohols (TFE, HFIP, PFTB) on 1,2-dierucoyl-sn-glycero-3-phosphocholin (DC22:1PC)
lipid bilayer. They found that TFE disrupts bilayer more than PFTB does, and at higher
concentration it leads to bilayer disintegration.

While several experimental and theoretical studies reveal the structural perturbation of lipid
surface in presence of alcohols but hydration studies have been paid less attention. Questions
remain elusive that (i) how the water structure at lipid-water interface is altered in presence of
alcohols and (ii) how this phenomenon occurs on cholesterol embedded lipid environment
knowing the fact that cholesterol suppress the damaging of lipid membrane caused by ethanol.
To search the answer of this questions, we have studied the effect of two alcohols: ethanol and
TFE on a model lipid in absence and in presence of cholesterol by using THz spectroscopy.
Recently our group has explored the hydration behavior of different charged lipid in presence
of cholesterol using far-FTIR (THz) spectroscopy.?” We observe that the water structure in
lipid-water interface becomes weaker and dynamics get accelerated in presence of cholesterol.

Now we focus how this water structure is altered in presence of alcohols.

Now a days THz spectroscopy has emerged as a label free, non-invasive powerful technique
to measure the collective H-bond network of water molecules associated with biomolecules.?-
31 As it directly probes the fluctuations in the collective dipole moment of water molecules,
any change will manifest the hydration of biomolecules.3?-3* Here we use the THz radiation in
between 50-450 cm™ and collect the absorption coefficient by using far-FTIR (THz)
spectroscopy. We prepare 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine  (POPC)
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liposome in absence and in presence of cholesterol. We have studied the structural perturbation
of liposomes in presence of two alcohols by using dynamic light scattering and field-emission
scanning electron microscopic technique. Hydration behavior was probed by using FAR-FTIR
spectroscopy. Hydration study yields that water structure at lipid water interface becomes
stronger and more restricted in presence of two alcohols and the effect is more prominent in
case of TFE.

611.Materials and Methods:
POPC (2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine) and Cholesterol were procured

from Avanti polar lipid with highest purity (>99%) and used without any further purification.
Ethanol and chloroform were procured from Merk and 2,2,2-trifluoroethanol was obtained
from TCI. Milli-Q water was filtrated with a 0.2 um filter prior to prepare the PBS. 50 mM
PBS (phosphate buffer saline) of pH 7.4 were used for preparing the liposomes. Liposomes
preparation technique is described in section 211.a.iii. All the used instruments are described in

section 2.111.

6111. Results and Discussions:
Dynamic Light Scattering measurements: We measure the hydrodynamic diameter (dw) of

liposomes (POPC and cholesterol mediated POPC) by using dynamic light scattering (DLS)
technique. Hydrodynamic diameter of POPC liposomes appear at ~106 nm while that for the
cholesterol mediated POPC liposomes arises at ~ 122 nm. In our earlier study, we observe that
when cholesterol is inserted into liposomes, the dx of liposome increases.?” Now we measure
the hydrodynamic diameter of liposomes in presence of ethanol and its fluro-derivative 2,2,2-
trifluoroethanol (TFE). Figure 6Aa is the representative DLS profiles for POPC liposome with
varying the concentration of ethanol (upper panel) and TFE (lower panel). In presence of
alcohols, size of the liposomes increases gradually up to 30% (figure 6A(a,c)) and beyond that
we observe the appearance of smaller size of particles or small globules at high concentration
of TFE (figure 6Aa, lower panel). It has been shown theoretically that high concentration of
ethanol causes the destruction of lipid bilayer and transformed it into “inverse micelle” like
structures within the bilayer interior.X® Here we cannot find the smaller globule for ethanol that
could be irrecoverable in present size window in DLS technique, but we observe it for TFE.
Then we have done same experiments for cholesterol mediated POPC liposomes (figure 6Ab).
Interestingly, similar size alteration has been observed for cholesterol mediated POPC
liposomes with alcohols content but the values of dw is distinct (figure 6Ab,d). DLS results

confirm us the structural modification of thus prepared two liposomes with alcohol content.
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Scanning electron microscopic measurements: To visualize the morphological structure of these
two liposomes in presence of alcohols, we use field emission scanning electron microscopic
(FESEM) technique. In POPC liposome, we observe the spherical structure of particles (figure
6Aei). For ethanol=60%, we identify the appearance of small particles inside the giant spherical

structured liposomes, providing the direct evidence of formation of inverted micelle from lipid
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Figure 6A. (a) DLS profile of POPC liposome with the concentration of ethanol (upper panel) and TFE
(lower panel). (b) DLS profile of cholesterol mediated POPC liposome with the concentration of ethanol
(upper panel) and TFE (lower panel). Hydrodynamic diameter of (c) POPC & (d) cholesterol mediated
POPC liposome as a function of two alcohols respectively. (¢) SEM images of POPC liposomes at (i)
0% (ii) 60% ethanol; (iii) inverted micelle inside liposome and (iv) 60% TFE.
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Steady-state anisotropy measurements:
To visualize the structural perturbation of lipid bilayer in presence of alcohols, we have done

the steady-state anisotropy measurements. 1,6-Diphenyl-1,3,5-hexatriene (DPH) is mostly
used to probe the fluidity or microviscosity in the acyl chain region of lipid membrane.3>36
DPH fluorescence anisotropy provides the information of microviscosity or fluidity of bilayer.
Here we have used DPH as a fluorophore to determine the structural features of lipid bilayers
in presence of alcohols. Figure 6Ba shows the anisotropy values for two liposomes with ethanol
contents and the anisotropy values are listed in table 6a. The steady-state anisotropy value of
POPC liposome is ~0.1 but in cholesterol loaded liposomes, it becomes ~0.2 which is much
more than bare liposomes. Our findings reflect that when cholesterol is incorporated into
liposome, the acyl chain of lipid becomes more ordered.®” As the concentration of ethanol is
increased the anisotropy value for both lipid systems decreases gradually (figure 6Ba),
indicating an increase in the bilayer fluidity with increasing ethanol concentration. But in
presence of TFE, anisotropy value is decreasing up to 30%, then start to increasing for both

liposomes.
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Figure 6B. Steady-state anisotropy value of POPC and cholesterol mediated POPC liposomes in
presence of (a) EtOH and (b) TFE.

Far-FTIR (THz) measurements: We now monitor the hydration behaviour of liposomes by using
far-IR spectroscopy. We measure the absorbance coefficient of two liposomes in presence of
both alcohols in the terahertz frequency region between 50-450 cm (1.5-13.5 THz). In this
terahertz regime, bulk water exhibits two intense peaks (figure 6Ca): 136 cm corresponding

to hindered translational motion of water molecules or HB-stretch and another is at ~ 475 cm-
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! due to the hindered rotational motion of water molecules (librational motion).333° For
liposomes, a(v) shifts to lower value compare to bulk water as water molecules are replaced

by low absorbing lipid molecules, the phenomena named as “THz deficit” (figure 6Cb).272°
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Figure 6C. (a) Representative fitted profile for water. Red curve shows the raw data of water, black
line shows the total fitted data. Blue curve indicated HB-stretch and orange curve indicates libration
motion of water molecule. (b) absorption coefficient as a function of frequency for bulk water and
POPC liposomes (300 uM).

To extract the explicit hydration of liposomes we calculate Aa (v) (Aa(v) = jiposome (V) —
apusrer (vV); difference between absorbance coefficient). We would obtain a finite value of
Aa (v) which unambiguously established an altered hydration around liposomes. Now we are
focusing on the microscopic picture of water structure around liposome, we fit Aa (v) profile
by using a damped harmonic oscillator model?®, assuming the fluctuating dipole moment

followed the damped harmonic oscillator motion:

Aa(v) = 32, i (6.1)

vZ@?2+m2 <viz+—12—v2)
am

where a;, w;, v; are the amplitude, width and the centre frequency of the i resonance. The
unperturbed centre frequency is given as
w;

— 2
vO,i = Vi + m
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Figure 6D. (a) Representative profiles of change in absorption coefficient (Aa(v) = afi%losome ) -

as? .01 (V) as a function of frequency with increasing ethanol concentration. (b) Representative fitting

of Aa(v) profile for POPC liposome (in presence of [ethanol]= 10%) using a damped harmonic
oscillator model (equation 6.1). The red broken curve represents the raw data and the black solid line
stands for the total fitting. The 1% peak with frequency vus (blue line) represents the hydrogen bond
stretch while the 2™ peak with frequency viip (green line) presents the librational motion of water
molecules. Peak frequency corresponding to (c) HB stretch and (d) librational mode of lipid hydration
with the concentration of both EtOH and TFE.

HB-stretch mode (v, ) for pristine POPC liposome appears at ~ 86 cm-*, which is 50 cm red
shifted compared to pure bulk water. v, for cholesterol mediated liposomes gets ~ 46 cm™
red shifted to be appearing 90 cm. Again, librational motion (v;;;,) for bare POPC liposome
is appeared at ~ 358 cm, almost ~117 cm™ red shifted compared to bulk water. But
interestingly, lib mode gets blue shifted (50 cm™) compared to bulk water in cholesterol
mediated POPC liposomes. A red (blue) shift of HB-stretch/lib motion indicates the weaker
(or stronger)/less (or more) restricted motion of water molecules at lipid-water interface.*0-42
Our experimental results reflect that water structure becomes weaker and follows less restricted
motion across lipid-water interface. In presence of cholesterol water structure gets restricted

across lipid-water interfaces.
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We then monitor how the lipid hydration is modified in presence of ethanol and TFE; we first
focus on the bare lipid (POPC) hydration. To extract the explicit lipid hydration we calculate
Aa (V) = a7osome (V) — a5itono1(v); Representative Aa (v) profiles for POPC liposomes as
a function of frequency with increasing ethanol concentration is shown in figure 6Da. For a
quantitative insight we fit Aa (v) profiles by using damped harmonic oscillator model
(equation 6.1) (figure 6Db at [EtOH]=10%). The results are depicted in figure 6D(c-d) and
table 6b. We found that at low concentration of ethanol (5%), vy suffers blue shift (~19 cm-
1) compare to bare liposomes and v, increases successively towards higher frequency with
ethanol contents. In presence of TFE, vy follows more or less similar nature as like ethanol
but the shift is more prominent in presence of ethanol compare to TFE. v;;;, appears at ~ 351
cmt (7 cm! red shifted) at [ethanol]=5.0%, and follows a “rise and dip” pattern with ethanol
concentration. Interestingly, v;;, appears at ~ 404 cm at [TFE]=5.0%, with further addition
of TFE, v;;;, is blue shifted and suffers ~ 103 cm* blue shift at 70%. Our results reflect that

water structure at lipid-water interface becomes more restricted in presence of TFE.
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Figure 6E. (a) Representative profiles of change in absorption coefficient Aa(v) as a function of
frequency for cholesterol mediated liposomes with increasing ethanol concentration. (b) Representative
fitting of Aa(v) profile for POPC liposome (in presence of [TFE]= 30%) using a damped harmonic
oscillator model (equation 6.1). The red broken curve represents the raw data and the black solid line
stands for the total fitting. The 1% peak with frequency vus (blue line) represents the hydrogen bond

stretch while the 2" peak with frequency viin (green line) presents the librational motion of water
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molecules. Peak frequency corresponding to (c) HB stretch and (d) librational mode of lipid hydration
with the concentration of both EtOH and TFE.

We then investigate how the cholesterol mediated lipid hydration is perturbed in presence of
ethanol and TFE. Representative Aa (v) profiles for cholesterol mediated liposomes with
varying the concentration of alcohols is shown in figure 6Ea. We fit Aa (v) profiles by using
same damped harmonic oscillator model (equation 6.1) and results are summarized in figure
6E(c-d) and table 6¢. v, 5 appears at ~124 cm (at [EtOH]=5%), which is 34 cm™* blue shifted
and for TFE (15%), vy appears at ~ 144 cm (figure 6Ec). We observe a non-monotonous
behaviour of vy with increasing the concentration for both alcohols (figure 6Ec, table 6c¢).
Interestingly, v;;;, follows an oscillatory trend with the concentration of ethanol while v, is
~51 cmblue shifted at low TFE concentration (TFE 15 %) but at and further addition of TFE,
v.ip does not change appreciably (figure 6Ed, table 6c¢).

At this point it is important to verify the extent to which the bare ethanol and TFE molecules
alter the collective dynamics of bulk water. As a control we study the hydration behaviour of
both two alcohols at different concentration. We measure the difference in absorbance

f i . 1 .
coefficient: AO(,(V) = a:?Oh(V) - iéwaterO‘\S/\(/)elter(V) - Ealcoholaalcohol(v)1 where fwater and

Ewater are the correction factors for water and alcohols respectively.
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Figure 6F. (a) Representative profiles of change in absorption coefficient (Aa'(v)) as a function of
frequency with increasing ethanol concentration. (b) Representative fitting of Aa’(v) profile for
ethanol= 50% using a damped harmonic oscillator model (equation 6.1). The red broken curve
represents the raw data and the black solid line stands for the total fitting. The 1% peak with frequency
vis (blue line) represents the hydrogen bond stretch while the 2" peak with frequency viin (green line)

presents the librational motion of water molecules. Peak frequency corresponding to (c) HB stretch
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(upper panel) and librational mode (lower panel) of lipid hydration with the concentration of both EtOH
and TFE.

Representative Ao’ (v) profiles at different concentration of ethanol is shown in figure 6Fa. We
fit Aa’(v) profiles by using equation 6.1 and the fitted parameters are presented in table 6d.
We observed that with the increasing of alcohol concentration, vyp shifts to the higher
frequency for both EtOH and TFE, but the extend of observed blue shift is much larger for TFE
compared to EtOH (figure 6Fc, upper panel). The blue shift of vy indicates a strengthening
of H-bond network which effect is prominent for more electronegative TFE molecules. For
V.ip,» We found a red shift at low concentration of both alcohols compared to water, but the

change is nominal with the alcohols content (figure 6Fc, lower panel).

While our results unambiguously established a modification of hydrogen bond network in lipid
interface in presence of two alcohols, but both the HB-stretch and librational motion follows a
non-regular oscillatory trend in case of specially cholesterol mediated liposomes. At this point,

it seems very difficult to reach any alcohols concentration independent definite conclusions.
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Figure 6G. (a) Representative PCs for cholesterol mediated liposomes in presence of ethanol. (b)
Relative contributions of first three components.

We perform principal component analysis on Ao of both two liposomes in presence of
two alcohols in order to reduce the datasets (see section 2.1.b for PCA analysis details).
Representative first two principal components (PCs) for cholesterol mediated POPC liposomes
with their contributions are shown in figure 6G. As the first PC carries high contribution
(>>98%), we collect the first PC only. For further analysis we fit first PC by using equation

6.1 and collect the peak frequencies which is shown in figure 6H and table 6e. POPC liposomes
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suffer ~ 43 cm* and ~ 38 cm™* blue shift in presence of ethanol and TFE (figure 6Ha) which
indicates the stronger HB formation in presence of alcohols in lipid-water interface.
Interestingly, for cholesterol mediated POPC liposomes, HB-stretch mode also gets blue
shifted (~ 32 cm™* for ethanol and ~ 28 cm* for TFE) in presence of alcohols but the shifting
is less compared to pristine POPC liposomes (figure 6Ha). We found a constructing features
of v,;;, for POPC and cholesterol mediated POPC liposomes (figure 6Hb). v;;, for POPC
liposomes remain almost same in presence of ethanol; but in TFE we observe ~ 107 cm™ blue
shift which indicates water molecule gets more restricted environment in presence of TFE. For
cholesterol mediated POPC liposomes, v,;;, suffers ~103 cm™ and ~ 48 cm red shift in

presence of ethanol and TFE respectively (figure 6Hb). Water molecules suffer less restricted
environment in cholesterol mediated liposomes.

(a) | (b)
130} o o 510}
e IS @
% 100k Chol_POPC % 440( |
s |
> >
o 370}
70l POPC ; o] o
Water Ethanol TFE Water Ethanol TEE

Figure 6H. (a) HB-stretch and (b) lib motion (after performing PCA) of POPC (blue) and cholesterol
mediated POPC (yellow) liposomes in two alcohol medium.

Summarize: Ethanol has a disordering effect on hydrophobic carbon chain of lipid, increasing
the area per head group of lipid and the overall fluidity of the membrane.®? It is well known
that when ethanol is inserted into liposomes, it binds to the headgroup region of lipid, and after
certain concentration even it can penetrate into the lipid bilayer and transform it into non-
bilayer structures.'® DLS and SEM results unambiguously conclude the structural modification
of liposomes in presence of both ethanol and TFE. Steady-state anisotropy results suggest the
increase in the bilayer fluidity with increasing ethanol concentration. Our study is also intended
to explore whether such structural modification imparts on lipid hydration. In presence of both
two alcohols, HB-stretch suffers a large blue shift, indicating stronger H-bond formation at
lipid water interface in presence of alcohols. Interestingly, H-bond network gets more restricted

in presence of more electronegative TFE molecules while it remains unaltered in presence of
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ethanol. We observe that addition of cholesterol does modify the lipid hydration. Stronger H-

bond formation of cholesterol mediated lipid-water interface is observed in presence of

alcohols. Our experimental study unambiguously established the fact that addition of alcohols

on model lipid strengthen the H-bond networks at lipid water interface and cholesterol does

modulates this H-bond network. Our findings could contribute in the fundamental as well as

applied research in pharmaceutics where liposomes is used as a drug delivery agent.

Table 6a. Steady-state anisotropy value of POPC and cholesterol mediated POPC liposomes in

presence of ethanol and TFE.

EtOH POPC Chol mediated TFE POPC Chol mediated
POPC POPC
0 0.097 0.20 0 0.10 0.20
10 0.065 0.18 5 0.09 0.13
20 0.059 0.14 10 0.03 0.07
30 0.044 0.11 30 0.03 0.08
50 0.052 0.07 50 0.09 0.09
60 0.039 0.05 60 0.11 0.12
70 0.038 0.04 70 0.11 0.12

Table 6b. Peak frequency both HB-stretch and librational motion for POPC liposomes with varying
the concentration of ethanol and TFE. Data are fitted by using damped harmonic oscillator equation:

POPC
EtOH VB Viib TFE VyB Viib
(%) (cm™1) (em™1) (%) (em™) (cm™1)
0 86.7t1.5 358.3+3.2 0 86.7+1.5 358.3+3.2
5 105.4+1.1 351.44+3 5 113.8+1.3 404.1+3.1
10 102.5+3.1 336.9+1.7 10 112.0+17 405.0+£7.3
15 124.9+7.8 344.6+4.8 15 115.6+7 445.6+15
30 114.4+16 377.143.3 20 93.7+11 452.748
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50 136.0+1.2 311.442 30 113.8+14 466.8+4.3
60 149.1+2.1 353.443 50 125.4+0.2 462.916.4
70 145.1+£3.1 438.242.8 60 126.9+0.3 466.316.5

70 130.418.6 461.0£9.0

Table 6¢. Peak frequency both HB-stretch and librational motion for cholesterol mediated POPC
liposomes with varying the concentration of ethanol and TFE. Data are fitted by using damped harmonic
oscillator equation:

Chol mediated POPC=0.5

EtOH Vup Viib TFE Vup Viib

(%) (em™) (em™1) (%) (em™) (em™)
0 90.6+28 525.6+26.8 0 90.6:28 525.6+26.8
5 124.840.4 457+15.8 15 144.4+14 474458
15 130.2+1.2 358.9+3.9 20 123.249.2 464.749.9
20 118.1+0.7 390.9+5.7 30 108.740.6 473.9+11
30 154.941.9 518.2+69.7 50 114.849.2 474.949.2
50 120.2+2.9 431.7+1.1 60 101+3.4 47146.5
60 137.745.2 420.54+5.9

Table 6d. Peak frequency both HB-stretch and librational motion for ethanol and TFE at different
concentration. Data are fitted by using damped harmonic oscillator equation:

EtOH Vup Viib TFE Vugp Viib

(%) (em™) (m™) | (%) (cm™) (em™)
0 136+4.8 47543.2 0 136+4.8 47543.2
10 1427+ 21 433.4+2.2 10 137.4+0.6 441.0+2.3
15 1448+ 3.1 4345+ 2.2 15 145.1+ 05 4445+ 23
20 140.1+ 4.2 436.0+ 3.3 20 148.6+0.2 4525+ 2.1
30 146.0+ 3 434.442.3 30 164.7+ 2.5 460.4+ 2.3
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50 1544+ 2.3 4359+ 1.7 50 193.1+ 41 462.1+7.9
60 161.1+ 35 434.8+2.2 60 216.9+ 83 4422+ 2.8
70 165.7+ 3.9 435.442.2 70 2235t 2.1 452.1+ 2.6

Table 6e. Peak frequency both HB-stretch and librational motion (after performin PCA) for water for
POPC and cholesterol mediated POPC in presence of ethanol and TFE. Data are fitted by using damped

harmonic oscillator equation:

POPC Vup Viib Chol.+ Vup Viib
POPC
(em™) (em™) (em™) (em™)
water 86.7 +1.5 358.3 +3.2 water 90.6 +2.8 525.6+ 2.6
Ethanol 129.4+ 3.2 355.2+ 0.5 Ethanol 122.7 +1.4 422 +4.05
TFE 124.8 +5.9 465.4 +6.7 TFE 1189 +7.4 477.6 +8.4
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Chapter 7

Summary and Future Perspective

71. Summary:
In the present thesis our main goal is to explore the physical response (both structure and

dynamics) of water at the interface of liposomes at different conformations. For that we choose
lipid as a biomolecule. We have started with the vesicle as it mimics the lipid cellular
environments. We have used SDS (-ve), CTAB (+ve) and Brij 30 (neutral) surfactant to prepare
three different charged surfactant/cholesterol based vesicles by using sonication technique.
Both dynamic light scattering (DLS) and atomic force microscopy (AFM) technique affirms
us the formation of vesicles in presence of cholesterol in micellar environments. We calculate
the surface charge density of the charged vesicles using zeta potential measurements and
observe cholesterol molecules perturb the charge distribution. We measure the solvation of
both micelle and vesicles by using THz (FAR-IR) spectroscopy and observe that solvation
nature gets alter as micelles are converted into the vesicles. In vesicles, a new core of inner
hydration develops. We have aimed to investigate how this inner hydration differs from the
outer hydration. We obtain the exclusive information of the inner solvation of the vesicles and
observe that for both charged vesicles (SDS and CTAB) inner solvation offers more labile
binding with the interface compare to overall hydration and interestingly for neutral Brij 30

vesicles stronger hydrogen binding of water at the inner surface.

In our next study we aim to explore the hydration behaviour of phospholipids with varying the
charge in presence of cholesterol. We have used DOPC (1,2-Dioleoyl-sn-glycero-3-
phosphocholine) as a zwitterionic and DOPG (1,2-Dioleoyl-sn-glycero-3-phospho-rac-(1-
glycerol) sodium salt) as a negatively charged lipids. We prepare DOPC, DOPG and
DOPC/DOPG (1:1, mol/mol) liposomes in absence and in presence of cholesterol by using
film-hydration sonication technique. Both DLS and AFM techniques establish the formation
of liposomes in absence and presence of cholesterol. Then we extract the hydration
information of liposomes by using FAR-IR technique and observe that interfacial hydration is
lipid charge dependent and addition of cholesterol does modify it. Our results (from Principal
component analysis (PCA)) unambiguously conclude that cholesterol induces weaker

hydrogen bond and faster hydrogen bond vibration/stretching dynamics at lipid interface.
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We then investigate the hydration behavior of three lipids when they undergo the fusogenic
transition by using THz FTIR spectroscopy (1.5-13.5 THz frequency domain). We have chosen
three zwitterionic lipids: 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 2-Oleoyl-1-
palmitoyl-sn-glycero-3-phosphocholine  (POPC) and  1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) with different aliphatic tail and PEG (average molecular weight 4000)
as a fusogenic molecule. We use dynamic light scattering and electron microscopy to monitor
the lipid fusion process and the results confirm the formation of different intermediate steps of
the liposomes during the fusion process: bilayer aggregation, destabilization and finally lipid
fusion. THz-FTIR results conclude that liposomes get dehydrated in presence of PEG during
the fusion pathway. Hydration measurements yield that stronger H bond is formed in the
aggregated state of the lipid interface compared to that of the pristine liposome for all the

liposomes irrespective of the constituting lipid molecules.

We also monitor the hydration behaviour of liposomes in presence of two alcohols (ethanol
and 2,2,2-trifluoroethanol) by using THz FTIR spectroscopy. Here POPC is used as a model
lipid. Our DLS and SEM results reflect that alcohols promote the transformation of bilayer
structure into a non-bilayer structure and formation of small globules inside lipid bilayer
interior. Our hydration results reflect the strengthening of H-bond network at the lipid water

interface in presence of alcohols.
The key finding of the thesis is:

e As the micelles are converted into vesicles new inner solvation appears and the
solvation nature of inner interface is surprisingly differing from the overall solvation.
The solvation nature (both inner and overall) is surfactant charge dependent.

e When cholesterol is incorporated into the lipid, the water structure at lipid interface
becomes weaker and the vibration/stretching dynamics becomes faster.

e Liposome follows different intermediate steps (bilayer aggregation, destabilization and
finally lipid fusion) during fusion in presence of PEG (a fusogenic molecule) and
liposomes get dehydrated during fusion pathway. Stogner H-bond is formed in the
aggregated state compare to pristine liposomes.

e Alcohols disrupt the bilayer structure of lipid-membranes and H-bond networks at lipid

water interface becomes stronger in presence of alcohols.
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711. Future Perspective:
The main focus of the thesis is to explore the hydration behaviour of vesicles/liposomes in

presence of different biomolecules. Here we have characterized different charged vesicles and
liposomes and investigate their interfacial water structure. This finding could contribute in the
fundamental as well as applied research towards developing liposomes as a delivery agents in
medicine industries and in pharmacology. We have investigated interfacial hydration
behaviour of cholesterol loaded liposomes which could improve the strategies for controlling
cholesterol-related pathologies. Our findings would encourage the understanding in different
biological phenomenon like lipid-protein interaction, ligand-membrane interaction, ion

transport, ion-membrane interaction etc.

In this thesis we explored the hydration behaviour of liposomes in presence
of cholesterol (animal sterol); Our future plan will be to explore the hydration behaviour of
ergosterol (sterol in fungal membrane) and stigmasterol (sterol in plant cell membrane) in cell
membrane as sterols are important for the structural and dynamical properties of cell
membranes.>? DPPC will be used as a model lipid and liposomes will be prepared by using
film hydration technique. Dynamics light scattering and scanning electron microscopic
techniques will be used to characterize the liposomes. 1,6-Diphenyl-1,3,5-hexatriene (DPH)
Anisotropy measurements will give us the information of fluidity and rigidity of lipid bilayer
in presence of sterol as DPH is mostly used to probe the fluidity or microviscosity in the acyl
chain region of lipid membrane.®* Finally THz spectroscopy will be used to monitor the

structural and dynamical response of water at the hydration cell of lipid membranes.

T,, : Phase transition temperature
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