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PREFACE

Lipid bilayer is the basic building block of all biological membranes. Many cellular events and
biochemical reactions occurring on the cell surface are complex and regulated by various proteins
and other bio molecules. Interactions of these biomolecules are also difficult to study in vivo as
their interactions are governed by various appropriate conditions and signaling on the cell surface.
Therefore, it is often useful to study model membrane in order to unravel mechanisms of more
complex cellular events as well as interactions with some biomolecules such as cholesterol,
proteins etc. In the present thesis I have prepared solid supported lipid bilayer and giant unilamellar
vesicles which are excellent model system for studying many cellular events. Phospholipid
structures can even serve as templates for nanostructure fabrication by imparting controlled
positioning and growth of nanoparticle embedded bilayers. It has been well established that
phospholipid membranes are held in place above a solid support by a combination of Van der
Waals, Electrostatic, hydration and steric forces. The main advantage in using solid support is to
increase robustness and stability of the phospholipid membrane. Another important advantage of
solid lipid bilayer is that the interactions occur on the membrane surface can be probed by powerful
surface specific analytical technique like atomic force microscopy (AFM). The advantage of AFM
is that it can directly image label-free surface topography of the sample. Further, Peak-Force
Quantitative Nanomechanical microscopy (PF-QNM) is another specialized version of AFM
which acquires the data for nanomechanical properties like elasticity, viscosity, deformation, and
dissipation of the sample. I have used PF-QNM for the measurement of nanomechanical properties

of solid lipid bilayer with varying amount of cholesterol and nanoparticle in it.
Objectives:

1) To study the formation of solid supported lipid bilayer and multilayer with simple
methodology of self organisation and physisorption of lipid molecules.

2) To study the nanomechanical properties of solid supported lipid bilayer with varying
amount of cholesterol.

3) To study the interaction of solid supported lipid bilayer with anionic silver nanoparticle.



4) To prepare giant unilamellar vesicles from large unilamellar vesicles, measurement of zeta
potential of lipid membranes prepared from different lipids, and to study the incorporation

of antimicrobial peptide on it.
Methodology:

I have prepared solid supported lipid bilayer on mica surface by simple vesicle fusion method. In
this method small or large unilamellar vesicles are added to the substrate, where they
spontaneously adsorb, rupture and fuse to form supported bilayer. The unilamellar vesicles are
prepared from multilamellar vesicles by extrusion technique. These supported bilayers can
withstand the lateral forces imparted by the tip of AFM. Therefore, I can easily monitor the

characteristics followed by the interaction of solid supported bilayers.

One disadvantage of solid supported bilayer is that the effect of substrate cannot be ignored
completely. To overcome the limitation, GUV s are prepared from a simpler technique using LUV
by electroformation technique. Owing to their large diameter (10-100 um) they have been studied

under phase contrast microscope.

Summary of the thesis:

In chapterl, I describe a general introduction on the topic in connection with the thesis. Sample
preparation and all experimental techniques, used in this thesis work, are described in chapter 2. I
primarily employed atomic force microscope to study solid supported lipid bilayer. Therefore,

more detailed description of AFM is illustrated.

Chapter 3 reveals the growth of single as well as multiple bilayers of DOPC vesicle on highly
hydrophilic mica surface by simple vesicle fusion method without any complex preparation of the
substrate or incorporation of external reagent. The direct observation of co-existence of single,
double and triple lipid bilayer by quantitative AFM measurement shows excellent prospect not
only for easy preparation of single and multiple lipid bilayer but also for the study of the interaction

of proteins or drugs with single and multiple DOPC bilayers in a single system.

In Chapter 4, we investigate the influence of different cholesterol levels (1-40 mol %) on the

morphology and nanomechanical stability of dioleoylphosphatidylcholine/cholesterol
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(DOPC//Chol) membrane by means of atomic force microscopy (PF-AFM QNM) imaging.
Cholesterol-containing bilayers with greater rigidity are found in comparison to the surrounding
region. The tubular protrusion, a generic phenomenon of the natural cell membrane, is also noticed

successfully at low cholesterol concentrations.

In Chapter 5, we explore that AgNP has the ability to induce defects in DOPC lipid bilayer. it is
found that the AgNP cannot produce many defects on the cholesterol mediated DOPC lipid bilayer
in comparison to pure DOPC lipid bilayer. The nanoparticle trapped bilayer regions show height
elevation and increased rigidity. The silver nanoparticle is observed to induce cell membrane
permeability which is reflected in the change of elastic modulus, adhesion and energy dissipation

at the adhering site of nanoparticle with the lipid bilayer.

In chapter 6, a simple method is described regarding the formation of GUV from LUV. The Zeta
potential of phospholipid membranes, made of different lipids, is measured. Incorporation of

antimicrobial peptide is also studied in this chapter.

Conclusion

The study of solid supported lipid bilayer and GUV is of great importance due to their biological
significance. I have prepared and studied the growth of solid supported bilayer and multilayer
system of phospholipids. The effect of cholesterol on the formation, growth and nano-mechanical
properties are systematically investigated using AFM along with Peak-Force Quantitative
Nanomechanical microscopy. The present study reveals that the cholesterol induces the formation
of cholesterol rich domains in purely unsaturated lipid bilayer which resembles with the formation
of liquid ordered (lo) phase in ternary system made up of saturated lipid, unsaturated lipid and
cholesterol. Lateral asymmetric distribution of lipids plays an important role in trans-membrane
signal transduction. Observed asymmetric distribution of membrane lipids leaves a scope for
further research in revealing signaling process through purely unsaturated lipid membrane.
Further, investigation of interaction of solid supported lipid bilayer with silver nanoparticle has
potent bio medicinal applications. It is well known that silver nanoparticle shows antimicrobial
effect due to its cytotoxic nature. My investigation reveals that cholesterol mediated solid lipid
bilayer bears less effect than pure lipid bilayer during interaction of anionic citrate coated silver

nanoparticle. It may be a reason that mammalian cell is more resistant to pore formation by silver

11



nanoparticle in comparison to other microbial cells. It is also revealed during investigation that
larger zeta potential obtained from PC-PE mixture as compared to pure DOPC. It could be a
consequence of increasing the rigidity in the presence of DOPE. A preliminary study shows that
the implantation of antimicrobial peptide NK-2 exhibits pores in GUV which is, indeed, an

important finding as pore formation is precursor to disruption of cell membrane.
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Chapter 1

Introduction

Nature with all its diversities enables itself to survive because of its unique trick to fabricate cell
membrane. The cell membrane is a selectively semi-permeable barrier which compartmentalizes
the inner part of the cell from the outer world. It has distinctive quality to exchange selective

materials between inner and outer world for the cell to stay alive.

There are wide varieties of lipids present in the bilayer membrane, among them,
phospholipids, non-phospholipids and sterols are important constituents of mammalian cell
membrane. There are four major phospholipids found in mammalian cell membrane, namely
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS) and
sphingomyelin (SM). The outer leaflet mainly consists of Phosphatidylcholine (PCs)
sphingomyelin (SM) whereas phosphatidylserine (PS) and phosphatidylethanolamines (PE) are
the main constituents of the inner leaflet. In most of the bio membranes, only 10% lipids are
charged and the remaining lipid fraction is either zwitterionic or neutral. Among them, PC-s, PE-
s, SM-s are zwitterionic, PS-s are anionic in nature. There is no positively charged membrane lipid
found in nature. The specificity of membrane lipid organization monitors many cellular functions
such as cell trafficking, cell signaling, cell growth even the entry of various foreign particles i.e.,
viruses, bacteria or nanoparticles. Cholesterol is another molecule, abundantly found in
mammalian cell membrane, is non-phospholipid by composition [1]. Its presence in the membrane
changes the physical behaviour such as fluidity, permeability and phase. Further, the concept of
the lateral organization of the lipid membrane is changed with the introduction of lipid raft theory
[2, 3]. Lipid rafts, are heterogeneous structure in the cell membrane which ensembles high amount
of cholesterol and saturated lipids and are responsible for signal transduction, protein clustering

like various multicomponent activities of the cell.
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Figure 1.1: Schematic (hand sketch) presentation of cell membrane

The structure and dynamics of the lipid membrane (Fig.1.1) is highly complex and is
dependent on various factors such as temperature, osmotic stress, pH, specific proteins, polymers,
nanoparticle and other biomolecules. It is very challenging to extract meaningful data related with
the cellular activities by isolating them in proper physiological condition. So, the researchers
always try to find a simple model membrane system which is easy to breed and manipulate to track
the various processes actually occur in real cell membrane. Model lipid membranes are prepared

by the self-assembly of various type of lipids.

1.1. Lipid molecules: structure and function

Lipids are amphiphilic molecules which possess both hydrophilic and hydrophobic moieties.
Amphiphilic molecules consist of two different covalently bonded segments. One component
shows high affinity to polar solvent (hydrophilic) and another component shows affinity to
nonpolar solvents like ethers, hydrocarbons and esters (hydrophobic). The head groups are usually
charged or zwitterionic and contains negatively charged carboxylates: —CO, , sulfonates —SO3 ,
phosphate —PO,  along with positively charged amines —NH;3" or large number of polar
uncharged hydroxyl group etc. The head group is linked with one or more hydrophobic

hydrocarbon chains. A schematic of simplified lipid structure is shown in figure 1.2.
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Figure 1.2: Schematic diagram of a lipid showing the hydrophilic head and the hydrophobic tail

superimposed onto a lipid chemical structure

The lipid hydrocarbon chains can be fully saturated, monounsaturated with double bonds at
different positions (cis and trans configuration) along the hydrocarbon chain or poly-unsaturated.
The lipid molecule may be asymmetric in terms of chain length of two hydrocarbon chains also.
The structures of lipids in terms of saturation are shown figure 1.3.
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Figure 1.3: Structure of different types of lipids (a) saturated (b) unsaturated with cis configuration (c)

unsaturated with trans configuration



In the cis configuration, two hydrogen atoms are connected with the bond reside on the same side.
It produces a kink or bend in the fatty acid chain as shown in Fig.1.3(b). In the trans configuration,
hydrogen atoms are at the opposite sides of the double bond (Figl.3(c)). The lipid chains with cis
double bond (DOPC) have relatively low melting point than the saturated lipid. The lipid with
trans double bond is rare in nature which is produced artificially by partial hydrogenation. Trans
unsaturated fatty acids are packed tightly and tend to be solid at room temperature. Among all
lipids, the main lipid used in this thesis is PCs which are abundant in the mammalian cell

membrane.
1.1.1.  Self- assembly of lipids

Owing to its amphiphilic character, the lipid molecules self- assemble in aqueous solution with the
help of various forces such as hydrogen bonding, steric effects, hydrophobic and other electrostatic
interactions. Generally, the head group forms a hydrogen bond with the water with an enthalpy
gain, while the insertion of apolar tails lead to the hydrophobic effect with a gain in entropy of the
bulk water. If a hydrophobic hydrocarbon chain is introduced in aqueous solution, it cannot form
hydrogen bond. This is an entropically unfavourable phenomenon in which water molecule plays
a decisive role. It forms a cage like structure around the non-polar tail part of the lipid molecule,
which is more constrained. To avoid this strained condition, owing to hydrophobic forces,
hydrophobic tails of amphiphilic molecules aggregate together, thus reduce entropy cost of the
system [4]. Hydrophobic force not only plays a decisive role in self- assembly of amphiphiles but
also shows a crucial role in protein folding or drug delivery in biomembrane. Although the
individual forces involved in the aggregation of amphiphiles are mostly weak, the overall effect is
strong enough to hold different amphiphiles together and provide the stability of the aggregation
in the aqueous solution. The main requirement for a favourable aggregation of amphiphiles is the
minimum energy condition at equilibrium. From thermodynamic point of view, self -assembly is
driven by the competition between interfacial energy of the amphiphile head with solvent and the
conformational distortion energy of hydrocarbon tails attached with the head. In this respect,
critical micellar concentration is important for (CMC) self-assembling process. The
thermodynamic equilibrium satisfies the criteria that the chemical potential (i) of all identical

amphiphiles is same in all aggregates, i.e., 4y = U = Uz = ....... = uy. It can be written as,



KT, X KT, X
u= ,Ll? + KBTlOgX1 = ,ng + ?10g7Z = ﬂg + ?logf = e (1)

o , kT XN
or Uy = Uy + Vlog (7) = Constant 2)

Where, N=1, 2, 3..... represent monomers, dimers etc., 4y is the mean chemical potential
of a molecule in an aggregate of aggregation number N, uY is the standard chemical potential
corresponds to the interaction free energy per molecule in N, K is the Boltzmann’s constant which
relates the average kinetic energy for each degree of freedom of the amphiphile in equilibrium to
its temperature T. X is the total concentration of molecules in aggregate N. The second term in
the equation (2) arises from entropy of mixing [5] . If the total concentration (X) of the system is

considered to be small, then,
X = Yy=1Xy K1 (3)
For uy = pq, we get

Xy = N [Xyexp{(u — up)/KTH" = N(X,e )N “4)

0_,0
Where, a = % The necessary condition for the formation of aggregates of size Nis uy < u?.

When X; « 1,X;e% <1, then we must have Xy < X; for sufficiently low monomer
concentrations. Most of the molecules will be in favourable monomer state. As X; is increased,
X,e% approaches unity. SinceXy < 1, X; should not exceed a value of e~*. Therefore, the
aggregation starts after monomer concentration crosses the value of the order of e~%. This

concentration is called the critical micellar concentration (CMC). It is given by
CMC = (¢~ (Xp)e ~ e Wimub)/KT )

At very low concentration, amphiphilic lipid molecules form a monolayer at air water interface.
Above the critical micellar concentration (CMC), they aggregate into a variety of structures. The
typical value of CMC of a lipid, such as DOPC, is ~ 50 uM at room temperature. Usually, the
CMC decreases with increasing the hydrocarbon chain length due to greater hydrophobicity [6].

The shape and size of the aggregates depend on the geometry of the amphiphile and the

solution conditions such as concentration of amphiphiles, temperature, pH and ionic strength. The



packing parameter (p) is also an important parameter that determines the different shape of the
self-assemble lipid depending on the geometry of amphiphile. The dimensionless parameter (p) is
defined as the ratio of the hydrocarbon volume (v ) to the product of the area of the polar head

group (a,) and the critical acyl chain length (l,).

v

P= aolc

Thus, larger head group lipids, such as, DOPC, DOPG generally form vesicles at a sufficient

concentration above CMC in aqueous solution.

Table 1: List of lipids used in the present work

Lipids Structure Charge

0

1, 2-dioleoyl-sn-glycero- P | ?P,’ Zwitterionic
o U e PN
3-phosphocholine W 0 \/\'l“\

(DOPC) °
" 0 o B
1,2-dioleoyl-sn-glycero-3- o= oA ; o*F‘*o ﬂ/OH Negative
phospho-(1'-rac-glycerol) /\WWO n Qe
(sodium salt)(DOPG) °
1,2-dioleoyl-sn-glycero- 0 o Zwitterionic
/\A/\/\/\/\/\/!LO < o-P-o .
3-phosphoethanolamine W o TN
Q
(DOPE)
Cholesterol Negative




1.1.2. Model Lipid Membranes:

Lipid vesicles [7], solid supported lipid bilayers (SLB) [8] and Langmuir-Blodgett lipid film (LB
film) [9] are good model systems of all biological membranes. Lipid vesicles are spherical lipid
bilayers with an aqueous chamber inside it. As model systems, unilamellar vesicles are widely
used for studying structure and function of membrane at physiological condition. Vesicles are
widely utilized as carriers of bioactive agents, including drugs, vaccines and cosmetics also [10].
Apart from the model systems of biological membrane, these vesicles can be used as micro reactors
for enzymatic RNA synthesis [11] and also to form nanoparticle of control size distributions [12].
They are found in different sizes, i) small unilamellar vesicles (SUV of 10-100 nm), ii) large
unilamellar vesicles (LUV;100-500 nm), and iii) giant unilamellar vesicles (GUV;10-100 um).
(fig 1.4)

7% S
£ & B
e ) 3
% %5 S
; ,;M é/?‘»m@m‘
SIZE:1-10 um SIZE:100-250 nm SIZE:10-100 nm

Figure 1.4: Schematic diagram of unilamellar vesicles according to their average size

Among them, GUVs are closest to actual cell size. The GUVs are useful in investigating the phase
behaviour as well as to track many cellular processes like cell to cell recognition, cellular fusion,
cell trafficking etc. [13] [14] [15]. GUVs are also easy to detect in optical microscopic techniques
such as confocal or fluorescence microscopy [16]. However, the disadvantage of using vesicles is
their metastable structure and poor longevity. In addition, it is not a suitable system to study the

molecular label interaction using high resolution techniques.



1.1.3. Solid Lipid Bilayer (SLB) and its importance:

Mc Connell and co-workers did a ground breaking job in the year 1981.They discovered a process
where a vesicular membrane could assemble on a planar surface. SLB is more stable model

membrane system than vesicles [17].

Generally, two methods are used for the preparation of solid supported lipid bilayers, 1)
Langmuir trough deposition 2) vesicle fusion method. These methods are used separately or in
conjunction to produce symmetric or asymmetric lipid bilayer in controlled condition. Recently

another method is used by spin coating the solvent on the substrate.

The Langmuir trough deposition (Langmuir - Blodgett/Langmuir- Schaefer

methods):

Langmuir reported the formation of organized monolayers of amphiphilic molecules at the air-
water interface which is referred as Langmuir film [18]. This film can be transferred to a substrate.
Katharine Blodgett observed a systematic study on transferring this monolayer on the substrate in
controlled condition. She adopted a method of transferring by lowering the substrate vertically into
the trough, this method is mentioned as Langmuir — Blodgett film. Later, Langmuir and Schaefer
invented a new process of transfer by lowering the substrate horizontally on the Langmuir-
Blodgett trough. This process is named as Langmuir- Schaefer method. Multiple layers can be
formed on the substrate by pushing the substrate back down through air-water interface required

number of times.



Figure 2.6. Schematic diagram of the formation of solid lipid bilayer (a) Langmuir-Blodgett method (b)

Langmuir-Schaefer method (c) vesicle fusion method

Good quality of LB film depends on many factors such as the quality of substrate surface, the
transfer speed, waiting time of the substrate in air between the deposition cycles in case of more
than one layer deposition. This Langmuir Blodgett lipid film deposition on solid substrate gives
very accurate thickness of lipid bilayer although huge amount of lipid is necessary for the proper

deposition of lipid bilayer on the substrate.

Vesicle fusion method:

Vesicle fusion method for the preparation of solid lipid bilayer is much easier and more cost
effective. Small or large unilamellar vesicles prepared from different lipids are needed to deposit
on a hydrophilic clean substrate to create solid lipid bilayer patches. For this reason, we have used
vesicle fusion method to prepare solid lipid bilayer. Vesicle fusion method produces discrete
bilayer patches which are advantageous for us to utilize the edges of adjacent isolated bilayer

fragments. The detail process of preparation is mentioned in chapter 2.



This solid supported bilayer system (SLB) is used to study the surface chemistry, morphology and
various structural changes with the incorporation of different relevant biomolecules by X ray
scattering [19], Scanning Electron Microscopy [8], Transmission Electron Microscopy [20],
Neutron Reflection method [21] Atomic Force Microscopy [22] with high resolution. Two
conventional and mostly used methods are i) Quartz Cristal Microbalance with Dissipation [23]
and ii) Atomic Force Microscopy. The advantage of using AFM is that it can image label-free
surface topography of the sample directly. Peak-Force Quantitative Nanomechanical microscopy
(PF-QNM) is another specialized version of AFM which uses the tapping operating mode with a
minimum tip force to acquire the data for nanomechanical properties like elasticity, viscosity,
deformation, dissipation of the sample [24]. For accurate measurement, sample preparation is an
important criterion. The process of preparing vesicles and solid supported bilayers has become
well-structured after the discovery of various experimental as well as simulation studies. One
disadvantage of single SLB is that many transmembrane proteins which have extra cellular
domains and have a larger dimension cannot be accommodated in a single bilayer of thickness ~5
nm. Fundamental requirement of a transmembrane protein is to be surrounded by water on both
sides of the membrane in order to function properly. So, there is a need for multilayer formation
on solid surfaces or adding spacer groups between solid support and supported bilayer. Spin-
coating is a useful method for producing stack of homogeneous lipid bilayers on solid surface.
With the advancement in the fields of lipid multilayer fabrication, a tethered biomembrane were
produced by Lech’s lab in 1998, a stable stratified polymer-lipid composite films were introduced
by Tanaka and Sackmann in the year 2000. Soft polymers are useful to ease the stress-free
mobilization of molecules through bilayer surfaces. Self-organization and physisorption of
amphiphilic molecules also lead to lipid multilayer formation [25]. In addition to this, nanoparticle
supported lipid bilayer are very potent agents for biomedical imaging, drug delivery, targeting
therapy and bio-sensing. They are created by adsorbing lipid vesicles in silica or gold or other

nanoparticles embedded surface for tracking.

1.1.4. Role of substrate in SLB:

Under appropriate experimental conditions, a variety of substrates, such as fused silica,
borosilicate glass, mica and oxidized silicon are used for the formation of stable supporting

phospholipid bilayers. However, for a defect free high quality membrane, the surface needs to be

10



smooth, clean and hydrophilic [26]. We have chosen mica as a substrate for its various advantages.
It does not need any complicated method of preparation before using it as a substrate. Freshly

cleaved mica surface is extremely hydrophilic and clean.

1.2. Phase behaviour of lipid water system:

The response of individual lipid molecules in the lipid bilayer in terms of relative mobility is
known as the phase [27]. In a single component system, lipids exist in solid or liquid phase at a
given temperature. The solid phase is also called the gel phase. All lipids have a characteristic
temperature above which they transit from solid (gel) to liquid phase. This temperature is called
transition temperature (Tm). Tm depends on hydrocarbon chain length, number of unsaturated bonds
in hydrocarbon chain and also on the nature of head group. Above this temperature, the
hydrocarbon chains of lipid changes into fluid phase, it is known as [, phase. Below Tp, fluid
phase transforms into a gel phase where hydrocarbon chains show higher molecular ordering and
low lateral mobility. There are two types of gel phases found in lipids, known as Lg phase and Lg-
phase. In the Lg phase, the hydrocarbon chains are aligned parallel to the bilayer normal. Some
lipids with larger head group exhibit the L;- phase where chains are tilted with respect to bilayer
normal. Fully saturated DPPC forms Lz phase whereas DOPC with double unsaturated
hydrocarbon chains shows L; phase at room temperature. However, in a multicomponent system,
two or more phases may co-exist in the bilayer at the same temperature. This phase separation
plays a vital role in various biochemical phenomena like intracellular compartmentalization of
different proteins, stress adaptations, genomic regulation etc. line tension also acts at the interface
of different lipids due to their different hydrocarbon chain lengths. This causes unfavourable
interaction between tails and leads to phase separation to reduce the high energy interface between
them. The presence of cholesterol in the lipid bilayer influences the phase behaviour of the system.
Liquid ordered ( [y) phase is exhibited by the bilayer which coexists with the gel phase ((Lg-/Lg)
at a particular concentration of cholesterol below Tm [28). Above T, Liquid ordered ( ;) phase
changes into liquid disordered phase (l;) which begins to coexist with the gel phase [29]. The gel
phase completely disappears and Liquid ordered ( l;) is predominant with the increasing amount

of cholesterol [30]. Ripple Py~ phase is formed in between L, and Lg- with the presence of higher
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amount of water in the bilayer [31]. A schematic diagram is presented in the figure showing all
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Figure 1.6: Schematic representation of different bilayer phases. (a) L, phase, (b) Lz phase, (c) Lg- phase,
(d) I, phase, (e) [, phase, (f) PB/ phase.

1.2.1 Effect of cholesterol on the phase behavior and mechanical properties of

the membranes:

The cholesterol is an amphiphilic molecule with a different structure in comparison to
phospholipids.it has a small hydrophilic -OH head group which helps the molecule to orient itself
to lipid bilayer-water interface. But the rest of the part being apolar due to the presence of four
fused hydrocarbon rings and hydrophobic 8 carbon aliphatic tail, it is deeply immersed in the lipid
bilayer. The ring structure considerably reduces the disordering of the phopholipid tails and makes
it ordered. This ordering is accompanied by the diminution of lateral phospholipid cross section
area in presence of cholesterol. It is called the condensing effect of cholesterol. Many
multicomponent phospholipid-cholesterol model membrane systems are studied in order to have a

view on the influence of cholesterol in the real cellular membrane. One of the mostly used lipid
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mixture is a saturated lipid of high Ty, an unsaturated lipid of low T and cholesterol. Wide angle
X-ray scattering and NMR measurements reveal an increase in orientation order parameter on
addition of cholesterol [32, 33]. On the basis of Differential Scanning Calorimetric studies, it is
proposed than a gel phase is stabilized for the lipids of carbon chain length <17, and fluid phase is
stabilized for >18 carbon chain length of the lipid[34]. This behaviour is observed due to the
mismatch of the size of cholesterol (~17A) with the hydrocarbon chain of the phospholipid. The
phase state is affected by the insertion of cholesterol. The cholesterol has a unique nature to
produce cholesterol rich liquid ordered phase (L,) by increasing the conformational order of the
lipid molecules in L, phase above Tm. A generic phase diagram is shown in the figure 1.7 based
on recent studies of cholesterol and phospholipid mixture. Above transition temperature a two
phase area consisting of liquid ordered phase(lo) and liquid disorered phase (ld) is observed at

excess water content.

40
Liquid
g Disordered (1d) Liquid
: 20+ 1d+lo Ordered(lo)
|
o
<
| \
220 | | |
0.0 0.1 0.2 0.3

CHOL(mol%)——

Figure 1.7: Generic phase diagram for phospholipid, cholesterol and water system [35].

Pan et al. [36] demonstrated that perturbation of cholesterol on the lipid bilayer is non- specific in
nature. Cholesterol also induces non-lamellar phases in PEs and unsaturated PCs. In this thesis we
presented the influence of cholesterol in a simple binary system of unsaturated phospholipid and
cholesterol in presence of water. We observed cholesterol rich domain in the solid supported
DOPC lipid bilayer with varying amount of cholesterol intercalation. We also measured the

variation of nanomechanical properties of DOPC lipid bilayer with the incorporation of cholesterol
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by PF-QNM. We believe that the present study will provide some insight into the structural and

functional characterization of unsaturated phospholipids.

1.3. The interaction of lipid bilayer with Nanoparticle:

The use of nanoparticles in various fields of research as well as in daily life is expanding nowadays.
With the advancement of technology, engineered nanoparticles are greatly used in targeted drug
and gene delivery, bio sensing, diagnosis therapeutics imaging. Gold nanoparticles and
superparamagnetic iron oxide are used in cancer therapy. Imaging for medical diagnosis has been
greatly improved with the use of semiconducting nanocrystals. Introduction of nanoparticles in the
field of biology arises some specific questions like their interaction and compatibility with the cell.
It is reported that many engineered nano particles bear a pronounced effect on damaging the cell
in various ways. A better understanding regarding cytotoxic activity of nanoparticle with bio
membrane is necessary before its application in numerous biomedical fields. It is a challenge for
the researchers to investigate the interactions of nanoparticles with the cell. Nanoparticles are
observed to bind to cell membrane and cause a local change in the membrane curvature [37] [38]
[39][40]. This change in membrane curvature may induce lipid redistribution and increase
permeability of cell membrane. It is also revealed that cytotoxicity as well as microbial activity
mostly depends on the physicochemical properties of nanoparticle i.e. particle size, shape,
chemical composition, surface chemistry and porosity [41-43]. Roiter et al. [44] showed that silica
nanoparticle of size 1.2 nm to 22 nm are capable to form pores in DMPC bilayers. Chan and
coworkers [45] detected that 50 nm nanoparticles show highest cellular uptake by HeLa cells
among a set of GNPs that ranged from 10 nm to 100 nm. Again, it is observed that HeLa cells
accumulate more spherical nanoparticles in comparison to rod shape nanoparticles. Thus the size,
shape and other chemical parameters are crucial for consideration of cytotoxicity of nanoparticles.
[45-47]. Guarnieri et al. demonstrated that the accumulation of metal nanoparticles in the lysosome
of the cell is responsible for their cytotoxic behaviour [48]. Silver nanoparticle (AgNP) is an
important engineered metal nanoparticle which is widely used in bio medicinal applications. It
shows enormous microbial activity owing to the size as well as its large surface-to-volume ratio
even at low concentration [49]. A number of investigations show that AgNP is cytotoxic in nature
[50-52]. Silver nanoparticles are able to release silver ions, which are considered to kill microbes

[53]. Silver ions can adhere to the cell wall and cytoplasmic membrane through electrostatic
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attraction. The adhered ions increase the permeability of the cytoplasmic membrane and eventually
lead to disruption of the bacterial envelope [53]. With the rapid development of synthesis
techniques, silver NPs can be functionalized differently with various coating materials. Chemical
properties and the relative arrangements of the coating material on the nanoparticle surface play a
vital role in the functionalization and the cellular uptake of nanoparticles [54-56]. The coating
stabilizes silver nanoparticles through electro steric forces and reduces their agglomeration [57].
AgNP s are coated with organic (polymers, proteins, polysaccharides etc.) and inorganic materials
(sulfides, chlorides etc.). The coating thickness and chemical composition play an important role
in defining the cytotoxic behaviour of nanoparticle. Poly vinyl pyrrolidone (PVP) coated AgNP
produces antigenic factor [58]. Chitosan-coated triangular silver nanoparticles can act as photo
thermal agents. Chitosan-coated triangular silver nanoparticles can act as photo thermal agents
against human non-small lung cancer cells [59]. AgNPs modified with oligonucleotides can heal

wounds without any side effects [60].
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Figure 1.8: A TEM image of citrate coated Silver nano particle [61].

Here, I have used citrate coated silver nano particles (figure 1.8) for experimentation and studied
the effect of nanoparticle on phospholipid bilayer. I observe that the insertion of citrate coated
nanoparticle in solid supported pure and cholesterol mediated lipid bilayer shows variation in

nanomechanical properties.
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1.4. Main objectives of the thesis:

The general objectives of this thesis are to study the growth of solid supported bilayers by vesicle
rupture and to investigate the interaction of biomolecules & inorganic nanoparticle with the lipid

bilayer. The specific objectives are,

1) Single and multiple bilayer formation by DOPC small unilamellar vesicles (SUV) rupture and

to study the growth mechanism.

2) To study the nanomechanical properties of cholesterol rich domains in mica supported

unsaturated lipid bilayer.

3) To study the interaction of citrate coated anionic silver nanoparticle (AgNP) with pure and

cholesterol mediated DOPC lipid bilayer.

4) Preparation of Giant Unilamellar Vesicles (GUV) from Large unilamellar vesicles (LUV) and
to study the implantation of an antimicrobial peptide NK-2 on GUV by Phase Contrast

Microscopy.

Although, the topics are quite vast, a general introduction has been conversed only in the

framework of this thesis.
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Chapter 2

Experimental Techniques

2.1 Introduction:

In this chapter, I have described briefly the experimental techniques which are used to study the
formation of bilayer and multilayer of phospholipid membrane as well as to study the interaction
of solid supported phospholipid bilayer with cholesterol, nanoparticle and other biomolecules,

such as peptide.

Extrusion technique [1] was used to prepare unilamellar vesicles described in section 2.2.
The size distribution of the lipid vesicles and zeta potential were determined by dynamic light
scattering measurement which will be discussed in section 2.3. In section 2.4 I have discussed the
technique used to prepare solid supported phospholipid bilayer by vesicle fusion method [2]. In
section 2.5 I described the methodology used in Atomic Force Microscopy in contact and tapping
mode. I have employed Nanoscope V controller and Peak Force Quantitative Nanomechanical
(PF-QNM) contact and tapping mode for the detection of various interaction with solid supported

phospholipid bilayer.
2.2. Preparation of small and large unilamellar vesicles:

Several techniques are reported in the literature for the preparation of large unilamellar vesicles
[3]. However, extrusion method is widely used and popular method to prepare large unilamellar
vesicles. During the preparation of vesicles, it is important to keep the temperature above the chain
melting transition temperature (Tm) of lipid 1.e., vesicles form only in the fluid lamellar phase of
the hydrated lipid film. In the gel phase, the membranes are rigid and stiff. It costs more energy to
bend the bilayer and hence it prevents the formation of vesicles. Large unilamellar vesicles were

prepared using an extrusion technique as described by Hope et al. [1]. An appropriate amount of
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lipid in chloroform (concentration of stock solution is 25 mg/ml) was transferred to a 5 ml glass
bottle. Organic solvent was gently removed by passing dry nitrogen gas. The sample was put in a

desiccator connected to a vacuum overnight to remove the trace amount of solvent.

50nm-100nm pore size

0D
O %8 Polycarbonate Membrane
Push _l Pull
CICH 0y e v
MLV O — LUV |

Figure .2.1. Schematic diagram of extruder showing the formation of SUV and LUV from MLV.

After that, dried lipid film was hydrated with required volume of millipore water so that the final
desired concentration (1 mg/ml) was obtained. Hydrated lipid film was vortexed for about 30
minutes to produce multilamellar vesicles (MLV). LUVs and SUVs were prepared by extruding
the MLV with LiposoFast from AVESTIN (Canada). MLV suspensions were extruded through
polycarbonate membranes of different pore diameters (100 nm and 50 nm) to produce LUV and
SUVs. This resulted in a formation of well-defined size of LUV (average diameter ~ 100 nm) and
SUVs (average diameter ~ 60 nm) depending on the membranes of different pore size used. Size
distribution of vesicles was confirmed by dynamic light scattering (DLS). Before DLS
measurement, vesicle solution was degassed each time in order to avoid the artifact caused by air

bubbles.

2.3 Dynamic Light Scattering (DLS)

2.3.1 Working principle of dynamic light scattering:

Unilamellar vesicles (LUVs and SUVs) are categorized by average size measured through DLS
[4] [5]. When a monochromatic light of wavelength A is incident on a vesicle solution, light is
scattered. When light scatters from molecules executing Brownian motion, the motion imparts

randomness to the phase of the scattered light. A change in the destructive or constructive
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interference occurs when the scattered light from more than one particle are added together. This
leads to time dependent fluctuation in the intensity of the scattered light. The fluctuation in the
scattered intensity is measured by the detector fixed at scattering angle 0. This fluctuation is
directly related to the rate of diffusion of the molecule through the solvent. This, in turn, is directly
related with the hydrodynamic radius of the particle. In a typical experimental setup, scattered light
can be detected at both 90° as well as 173° scattering angle as shown in Fig. 2.3(a). Usually,
unwanted particles scatter light in forward direction [6]. Thus, backscattered light intensity (173°)
is better than 90° scattered in case of size measurement of vesicles. The rotational diffusion
coefficient can be ignored during backscattered intensity measurement. The back scattered light is
sent to digital signal processing correlator. The scattering wave vector (q ) is defined as | ¢ | =

inf
g g 41n sin 7 g . . . .
| kg —k; | = T/Z , where k; and k; are the incident and scattering wave vector respectively

as shown in Fig. 2.2(b) and n is the refractive index of the solvent.

Hydrodynamic
radius

Sample cell

Monochromatic
Laser light

Laser&
Back scattered

light
Processed
signal Phonon
detector Detector computer
correlator (a) (b)

Figure.2.2. (a) Key components of Dynamic Light Scattering which uses back scattering mode at an angle

1739 (b) represents basic light scattering geometry.

Intensity autocorrelation function obtained from digital correlator when fitted to
exponential decay function gives the diffusion constant D. Knowing D, the hydrodynamic radius

(Rn) of the vesicles can be obtained by using the Stokes-Einstein relation.
Ry, = kT /6mnD
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Here, k is Boltzmann constant, kT is the thermal energy, 1 be the viscosity of the medium.
Hydrodynamic radius (Ry) refers to the radius of the sphere that diffuses with the same velocity as

that of the particle. In DLS measurement, the vesicle shape is assumed to spherical in all respect

[7].

Polydispersity index (PDI) indicates the extent of polydispersity of the size distribution
determined from the width of the Gaussian curve of particle size distribution. The value of PDI >
0.7 usually treated the distribution as polydisperse. However, PDI < 0.7, system is referred to mono

dispersive in nature. PDI < 0.05 is purely monodisperse.

In our experiments, the size distribution was measured with Zetasizer Nano ZS (Malvern
Instruments, UK) at room temperature (~ 25°C). Zetasizer Nano uses 4 mW He-Ne Laser of
wavelength 632.8 nm. In each measurement, we have performed 10-100 consecutive runs. A
transparent quartz cuvette was used for the measurement of vesicle size. The disposable zeta
cuvette is also used to measure both size distribution and zeta potential. Typical size distribution

of LUV has been shown in Fig. 2.3.

Size Distribution by Intensity
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Figure .2.3. Size distribution of LUV made from DOPC.

2.3.2 Theory of Zeta potential:

Electrophoresis:

The technique of zeta potential is widely used to investigate the stability of colloidal dispersion,

estimate the surface charge and surface potential of the vesicles of a system. When charged LUV's
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are embedded in aqueous solution, the oppositely charged ions form electrostatic double layer
around the LUV. This electrostatic double layer exists around each vesicle. Inner layer is called

Stern layer.

Diffuse layer«—— ®

Slipping plane

Particle with negative
surface charge

Surface potential
> Stern potentigl

Zeta potential

Distance from the particle surface

Figure 2.4: Formation of electric double layer on the charged vesicles and measurement of zeta potential

at the slipping plane.

Ions are strongly bound with the vesicles. The outer region is called diffuse layer where the ions
are loosely bound. The boundary of the diffuse layer is called shear or slipping plane. When the
vesicle moves, ions within the boundary of slipping plane move with it. The electrostatic potential
that exists in the shear or slipping plane is known as zeta potential. Therefore, zeta potential can
be a good approximation of the surface potential at low and moderate electrolyte concentrations
up to 0.1 M. Zeta potential is measured from the electrophoretic mobility pu using a model

described by the Smoluchowski and Hiickel equation [8] [9].

3un

2ef (ka)
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Where, 1 is the coefficient of viscosity of the aqueous solution or the medium of dispersion, € is
the dielectric constant, f(xa) is the Henry function where k inverse Debye length and a is the

effective radius of the vesicle including Stern layer measured from DLS.

2.4. Preparation of solid supported lipid bilayer:

2.4.1 Substrate preparation:

Naturally available high grade muscovite mica from Jharkhand, India was used for experiment.
For consistency, a single 200 mm-150 mm mica was cut into pieces of 12 mm-12 mm. For PF-
QNM, 12 mm mica circular disks from Agar Scientific were used. Mica substrates were glued to
12 mm magnetic AFM stubs by epoxy. They were freshly cleaved by scotch tape and used directly

for sample preparation without further processing.
2.4.2. Supported bilayer formation:

In comparison to lipid vesicles, solid supported lipid bilayer is more stable and its fixed and well-
defined structure enables it to be an excellent model membrane to study by using various surface
sensitive techniques like Atomic Force Microscopy. This model membrane is easy to form under
definite experimental condition by vesicle fusion method. 30-50 ul vesicle solution (SUV or LUV)
was taken in a micropipette and deposited on freshly cleaved mica. The sample was incubated for
15 to 45 minutes to grow the bilayer structures. After incubation the sample was thoroughly rinsed
and used for imaging. A schematic diagram of supported lipid bilayer formation is depicted in the
figure 2.5. Deposited vesicles are first adsorbed by the mica surface. Adsorbed vesicles are
distorted due to the adhesion force between the vesicle and surface. Finally, distorted vesicles are

ruptured and form bilayer patches on the surface as shown in the figure 2.5.
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Figure 2.5: schematic diagram of the formation of solid supported bilayer by vesicle fusion method

2.5. Atomic Force Microscopy:

Atomic Force Microscopy (AFM) belongs to Scanning Probe Microscopy where a probe with a
tip raster scans across a surface and monitors the probe—surface interactions. A 3-D topographic
map is obtained with angstrom level resolution in Z direction. It is a good technique in probing
surfaces of biological sample in air as well as in aqueous medium. At first Scanning Tunneling
Microscope was developed by Binnig and Rohrer[10]. However, STM was limited to a conducting
sample. Further , Binnig demonstrated the use of AFM for imaging insulator samples for the first
time [11].With continuous development, nowadays AFM is routinely used to obtain images in

real time with several frames per second. A basic set up of AFM is shown in the figure 2.6.
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Figure 2.6: Schematic diagram of AFM operated in fluid.

Some key features of AFM are discussed below.

2.5.1. AFM probes

The term in AFM, experiment probe, tip, cantilever, are often pronounced synonymously though
they have specific aspects. Generally, a probe is a silicon/silicon nitride wafer chip with a base to
hold into AFM tip holder, a cantilever and a tip (figure 2.7). Cantilever is a mechanical lever that

protrudes from the probe base and deflects when the tip scans different features of the sample.
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(b)

Figure 2.7: a) Schematic diagram of AFM probe showing cantilever protruding from the probe, (b) diagram
showing the tip protruding from the cantilever, (c) electron microscopic image of AFM tip protruding from

the cantilever.

Cantilevers come in a variety of shapes although the standard shape is triangular as shown in the
figure. Usual cantilever dimensions are 20-150 pm in length and 5- 25 pm in width. Cantilever
spring constant (k) values can vary from 0.1 N/m for the study of soft samples to 100-200 N/m
for the study of hard samples. A pyramidal shaped tip protrudes down from the cantilever which

has typical radius of 5-50 nm. The sharper tips provide higher resolution.

2.5.2 Piezo Scanner:

Piezoelectric materials are vital for AFM as they enable voltage to be transformed into mechanical
motion. When a voltage is applied to piezo, it changes its geometry. The expansion of piezo is
around 1nm/voltage applied [12]. This property enables the controlled movement of tip or sample
in a small scale which results in high resolution mapping and imaging. Two different types of
piezo are used in AFM, one is responsible for moving the tip/sample in X-Y direction and another

guides the movement of the tip/sample in Z direction.
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2.5.3 Feedback control

Feedback control enables the force to be kept constant between the tip and surface. The force on
the cantilever is fed into PID (proportional-integral derivative) controller which senses the change
of force from the desired set point along with proportional gain and integral gain provided by the

user and controls the piezo to move back to initial set point.

2.5.4 Imaging:

The probe, the piezo and the feedback, all together, control the scanning and imaging procedure
of the sample all together. AFM probe acts as optical lever force sensor. A laser is aligned on the
reflective top coating of the probe and is fed into photo detector. A set point or a set voltage relative
to photo detector is defined by the user. The tip begins to scan the surface with the given set
voltage. The tip deflects more when it is closer to the surface and deflects less when it is away
from the surface. The deflection change of the cantilever is sensed by the photo detector through
the reflected laser spot. This causes a change in voltage in the photo detector. The change is fed
through the feedback loop. The feedback voltage along with proportional and integral gain feeds
the cantilever with the initial set voltage by moving the Z-piezo in upward or downward direction.
The movement of the Z piezo is thus recorded during the scan in X-Y direction and a three-

dimensional image of the surface is obtained.
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Figure 2.8: Lennard - Jones potential showing tip-sample forces in AFM.
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2.5.5. Tip-sample forces:

The forces involved in the tip-sample interaction can be expressed using Lennard-Jones Potential,

uey=42((8)" - (7))

U(r) is the potential energy between the tip and the sample; r is the tip-sample distance, € is the
minimum potential, ¢ is the tip-sample separation at zero potential. When the tip approaches the
sample, there is an attraction due to long range Van der Waals force, causing cantilever deflection
towards the surface. However, with the reduction in tip sample separation within Angstrom range,
there is repulsion due to short range Pauli’s exclusion principle. When the repulsion overcomes

the attractive force, the cantilever is deflected away from the sample. The tip sample interaction

as a function of separation is used for operation of AFM in different modes [13].

2.5.6. Imaging modes:

Contact Mode-

AFM can be operated in various modes depending on the monitoring and manipulating tip —sample
interactions. Contact mode is the basic imaging mode of AFM. Here, the cantilever tip is brought
into contact with the sample to a set deflection point. As the tip raster scans the surface, the
cantilever deflects according to the change in height on the surface. The feedback control maintains
a constant deflection level by moving Z-piezo. This Z piezo motion produces an image of surface
topography. The tip applies high lateral forces as it remains in constant contact with the surface.
This high force is undesirable for soft biological samples as it can alter the surface topography.
Another disadvantage of contact mode is the deflection of the cantilever will drift over time, even
without contact of the sample. To maintain the set point, the applied imaging force is to be changed.
Typical applied forces remain within a range of 100-500 pN, at scan rates of around a frame per

minute, using cantilevers with spring constants of < 0.1 Nm [14].

30



Tapping mode:

In tapping mode, the tip makes intermittent contact instead of constant contact with the surface.
This can be achieved by moving the cantilever at its resonant frequency at amplitude around 20
nm. During full cycle of oscillation, the tip gets in and out of attractive and repulsive regimes
respectively. In tapping mode, the feedback control is tuned in fixed amplitude set point. When
the tip interacts with high surface feature, the oscillation is damped, as a result z- piezo retracts the
tip so that it gains initial amplitude set point. If the tip meets low surface the amplitude increases,
this in turn pushes the tip to surface so that the damping feeds the tip with initial amplitude set
point. As the tip makes intermittent contact with the surface, the lateral force is reduced
significantly. Thus, the mode is safe for soft biological samples. In tapping mode, a phase image
is obtained along with topographic image. The phase difference between the oscillation of driving
piezo and the oscillation of the cantilever is reflected in the captured phase image. According to
simple harmonic theory, this lag is 90° at the resonant frequency. Phase image gives an idea about

the physical properties of the surface.

2.5.7. Peak Force Quantitative Nanomechanical Mapping (PF-QNM):

Peak Force Quantitative Nano mechanical Mapping in a recent development in AFM by Bruker

where peak force tapping (PFT) mode is used to obtain force curves for each pixel of an AFM
image and fits the curves in real time to get the image maps of modulus, adhesion, deformation
and dissipation. To study the nanomechanical properties, some important calibration steps are to

be followed.
Calibration steps for PF-QNM:

Cantilever calibration:

At first, we focus on cantilever calibration for optimizing deflection sensitivity. The deflection in
photo detector measured in volts needs to be converted in terms of deflection of cantilever in nm.
This can be calibrated by ramping the cantilever on a hard surface whose modulus is significantly

higher than the tip. The deflection sensitivity of the cantilever is measured by the change in voltage
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in the photo detector per unit distance of cantilever deflection (% ).The advantage of calibration

is that deflection sensitivity is independent of the type of the surface.

Spring constant:

The cantilever deflection measured in nm is converted into force if the spring constant of the
cantilever is known using Hooke’s law.

F=-k.x
Where F is the applied force, x is the deflection of the cantilever and k is the spring constant. We

have taken the value of tip radius and spring constant from the manufacturer’s data.

Sync distance:

Sync distance is one of the important parameters in PF-QNM. It is a time constant between the
start and the peak of the force curve which in turn gives the value of maximum piezo extension.
This is the point where the approach part of the force curve changes to retract part. When the sync
distance is calibrated properly, the peak force registered in the PF-QNM gives the exact value of
maximum force imparted by the tip on the surface. For calibration, a force curve is generated by
the scanning the tip on a hard surface. It is essential prior the measuring of the viscoelastic
properties of a soft sample like bilayers. There can be a time dependent deformation while scanning
a soft sample. If sync distance is properly calibrated, the time dependent response will also be

measured perfectly to give exact values of physical parameters.

S DMT fit for modulus
S
e
& Deformation
<—— Engage

.E /I —> Disengage
w
2 -+—> Dissipation
= /
< \,

A4 >

Tip-sample separation

Figure 2.9: Force curve showing peak force and the position of different physical parameters where the

data are extracted.

32



In our experiments, all images were captured in liquid cell by Bruker made multimode and catalyst
scanning probe microscopes with Nanoscope V controller. Both tapping mode and contact modes
were used to acquire the images of the surface topography of lipid bilayer. A liquid resistant 10
um scanner, a standard fluid cell with cantilever holder with liquid flow arrangement were used
for AFM imaging in the multimode system. Peak Force Tapping mode was operated in the catalyst
system using ScanAsyst-liquid probes and liquid cell for the measurement of nano-mechanical
properties of supported lipid bilayer. Details of AFM measurement are described in the respective

chapters.

2.6. Preparation of giant unilamellar vesicle (GUV)

Giant Unilamellar Vesicles (GUV) were prepared by electroformation method, first described by
Angelova et al. [15]. Electroformation yields unilamellar vesicles of 10- 100 um diameter and
formation rate (95%) is high in comparison to other method discussed in the literature [6]. Owing
to their large size these vesicles can be observed under phase contrast or fluorescence microscopy.

Therefore, any morphological change can be visualized directly using optical microscopy.

Teflon spacer§— ITO glass

AV

AC source

Figure 2.10. Schematic diagram of electroformation chamber where GUYV s are produced

In electroformation method, two ITO coated glass plate separated by a very thin Teflon spacer (1
mm thick) were taken and ITO coated side was kept face to face to form electrode. Electric
connections were made by either conducting tape or silver paste. 2-3 ul stock solution of the lipid
or lipid mixtures (~ 0.5 mg/ml was taken out using Hamilton syringe and layered onto both ITO

coated side of the electrode. The coated glasses were allowed to dry to evaporate solvent and a
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thin lipid film was formed. The optimum thickness was allowed in the range 10-100 bilayers. Both
the ITO glasses were kept overnight in vacuum desiccator to remove the traces of the solvent.
Electroformation chamber was then prepared using Teflon spacer and the chamber was filled with
millipore water or buffer with fixed pH. 1-3 volts 10-15 Hz frequency alternating voltage was
applied across the ITO electrodes for a couple of hours. AC field was minimized gradually to zero
so that GUV could detach from the surface. Aqueous solution of GUV was collected and stored in

5 ml glass bottle for further experiments.
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Chapter 3

Formation of supported planar single and multiple bilayer by
DOPC vesicle rupture on mica substrate:

3.1 Introduction:

A planar lipid bilayer on a solid support serves as model system that explains fundamental aspects
of membrane biology and enables us to characterize wide range surface sensitive techniques
including molecular engineering. Present chapter aims at understanding the process of single and
multiple bilayer formation after the exposure of small unilamellar vesicles (SUV) of dioleoyl
phosphatidylcholine (DOPC) to mica substrate. Isolated single bilayer formation and co-existence
of double and triple lipid bilayers in the aqueous medium has been quantitatively measured by
Atomic Force Microscopy and discussed the physicochemical mechanism. To the best of our
knowledge, this is the first report of co-existence of single, double and triple bilayers in an aqueous
medium by simple sequential addition of diluted DOPC vesicle solution on the highly hydrophilic
mica surface. A large number of studies on the formation mechanism of solid supported lipid
bilayer and multilayer have been employed due to their important role in studying the interaction
of cell membrane with various biomolecules. These earlier studies are summarized in section 3.2.
All experimental results have been elucidated in section 3.3. The results and the mechanism is

discussed in section 3.4. We conclude this chapter in section 3.5.

3.2. Earlier studies:

As stated earlier, it is often useful to study model membrane in order to gain insight into the
structure and functions of membranes which may be difficult to study in vivo. Unilamellar vesicles
are excellent model systems to study. Besides unilamellar vesicles, solid supported bilayers (SLB)
are useful for studying many biological processes, especially cell adhesion, fusion, signaling,

adsorption of molecules, to name a few [1]. A variety of techniques, viz., Langmuir—Blodgett
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deposition [2], vesicle fusion [3], lipid-detergent method [4] and many more have been applied to
prepare SLB. Among them, the vesicle fusion method is quite reliable and easy. However,

mechanism of SLB formation by simple vesicle fusion is not yet adequately understood.

Various differing reports are present in hitherto published literature regarding the
mechanism of SLB formation. Reviakine and Brisson[5] used the vesicle fusion method on mica
to study the early stage of SLB formation and compared their results with available theoretical
works. They observed that the SLB formation depends highly on vesicle size, lipid concentration
and the presence of Ca*? ions in the medium though Attwood et al. [6] noted that the SLB could
be formed even in the absence of Ca*? ion. Weirich et al. [7] revealed that the vesicles need
rearrangement before rupture. Besides, Jass et al. [8] demonstrated that when liposomes are
attached to a hydrophilic surface, they get flattened until two membrane bilayers stack on top of
each other. Moreover, the authors reported that the upper layer of the stacked layers slides over
the lower layer and forms a bilayer patch. In order to gain insights into the fundamental as well as
the applied aspects of membrane, various experimental techniques, such as, atomic force
microscopy (AFM), [3, 9, 10], dissipation-enhanced quartz crystal microbalance (QCM-D) [10,
11], ellipsometry [12], neutron reflection [10, 13, 14], interferometric scattering microscopy [15],

fluorescence microscopy [10, 16] have been used.

In addition to the single bilayer, formation of multilayer model membrane is of great
importance for studying its interaction with drugs, nanoparticles or membrane-embedded protein.
For example, embedded proteins of larger dimension cannot be accommodated in a single solid
lipid model bilayer due to their structural deformation [17]. The lipid multilayer model system can
be an effective solution in the aforementioned scenario of structural deformation. Multilayer lipid
membranes are also found in the natural environment, e.g., in mitochondrial cristae, in neuron,
thylakoid, etc. Different procedures have been followed to form artificial lipid multilayers [18,
19] [20] [21] [22] [23]. Vogel et al. [22] reported the formation of lipid multilayer by depositing
lipid solution dissolved in an organic solvent on silica and glass substrate by “spin coating”
method. A “rock and roll” method for the construction of multilayer was followed where lipid
solvent solution was deposited on different substrates [24]. Heath et al. [20] reported the formation
of multiple bilayers by adding Poly-L-Lysine (PLL), an electrostatic linker, repeatedly in a

controlled condition to the junction of two lipid bilayers. Single and double bilayers were also
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observed by injecting dioleoylphosphatidylethanolamine (DOPE) liposome suspension diluted
with MgCl> aqueous solution on mica surface [25]. Okamoto et al. [26] prepared a single and
double bilayers by depositing DOPC in buffer solution on Graphene Oxide surface by vesicle
fusion method. Sironi et al. [21] used a different procedure where aqueous liposome solution was
drop cast on mica substrate and dried to form a large number of stacked anhydrated bilayers. In all
these works, lipids were dissolved in an organic solvent and/or additional linker was added
between the bilayers or the aqueous medium was dried to form the artificial multi bilayer structure.
The native characteristics as well as fluid nature of such stacked bilayers may be lost due to
incorporation of ligands and linkers. Therefore, spontaneously growing multiple bilayers in the
aqueous medium without using additional interlayer or ligands is more desirable for the realistic

model system.

Our objective in this chapter is to investigate the mechanism of DOPC vesicle rupture and
consequent spontaneous single and multiple SLB formation on the freshly cleaved mica surface.
For quantitative measurement of SLB fragments in liquid medium, along lateral and vertical

directions, Atomic Force Microscope has been used.

3.3 Experimental:

Small unilamellar vesicles (SUV) were prepared by following the extrusion method described by
Hope et al. [27] and the process is discussed elaborately in chapter 2. the final concentration of
SUV solution is maintained at 0.05 mg /ml. The size distribution of extruded vesicles was
measured by the dynamic light scattering (DLS) technique. The mechanism of DLS measurement
is also discussed in chapter 2. Solid supported bilayers were prepared by vesicle fusion method on
the highly hydrophilic mica substrate which is already discussed in chapter 2. In the first set of
experiment 10, 20 and 30 ul of 0.05 mg/ml SUV solution was deposited on three freshly cleaved
mica surfaces and incubated for 15 minutes. In the second set of experiment (case of sequential
deposition), the 10 ul of the same DOPC solution was added successively on mica substrate every
15 minutes and incubated for a total time of 45 to 75 minutes (as indicated) in a closed container
to avoid evaporation. In both the cases, after the incubation period, samples were rinsed gently
with millipore water and immediately covered with pure water as well as placed on the AFM

scanner for measurements in liquid mode. In third set of experiment, 10 microliter of 0.05 mg/ml
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DOPC solution was deposited on freshly cleaved mica and incubated for 15 minutes like the first
experiment of the first set but here the time lapse AFM images were recorded without rinsing the
deposited solution. Mica surface covered with DOPC solution was imaged continuously for 15
minutes. Then additional 10 microliter 0.05 mg/ml DOPC solution was injected in situ in the
liquid cell by a syringe without stopping the scan. Time lapse AFM images were recorded for

another 70 min. Every full scan took around 9 minutes.

Here, I operated the AFM in tapping as well as scan asyst modes. [ used super sharp silicon
nitride (Bruker SNL10) probe with tip radius 2 nm and spring constant 0.12 N/m for tapping mode.
A resonance frequency of the probe in pure water was manually selected at ~ 5.8 kHz and manually
adjusted the amplitude set point for best imaging. For peak force scan asyst mode, high resolution
probes (Bruker, SCAN ASYST- FLUID) with spring constant 0.35-1.4N/m were used, where scan
parameters were controlled in auto mode. In all cases the images were acquired at scanning rate 1-
2 Hz. I flattened the AFM images by “Flatten plus” of WSxM software to eliminate slopes, bows
and/or bands in the images [31]. Using the same software, I presented the line profiles and
statistical distribution of heights and lateral sizes. In figure 7, 9 and 10, contour plots of the AFM
images were presented by the same software. By selecting the range of heights corresponding to
the first, second and third bilayers, the height images were sliced to show single, double and triple

bilayers separately.

3.3.1 Structural orientation of mica substrate:

The chemical property of the mica was investigated by X-ray Photoelectron Spectroscopy [28].
Contact angle measurement of freshly cleaved mica shows super hydrophilic nature with contact
angle less than 5° [29]. Muscovite mica is a naturally available layered structured material where
negatively charged aluminosilicate layers are interconnected by positively charged K* ions. Due
to weak ionic bonding via K* ions, aluminosilicate layers are easily separable. During cleaving by
scotch tape, K* ions are shared by the two newly generated surfaces [30]. As a result, the cleaved
surface becomes negatively charged due to depletion of K* ions. With time the negative surface
charge is compensated by the bulk positive charges. Immediate deposition of vesicle solution just

after cleaving results in strong adhesion between mica and vesicle through attractive interaction
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between negatively charged mica surface and zwitterionic DOPC vesicles. We have used

muscovite mica substrate from MTI Corporation also.
3.4. Results and Discussion:

3.4.1 Formation of single SLB fragments on mica from DOPC SUV:

Size distribution of SUV obtained from extrusion method is shown in figure 3.1.

Intensity (arb. Units)

0 v v v v
0 20 40 60 80 100 120 140
Size (nm)

Figure 3.1. Size distribution of DOPC vesicles as measured by Dynamic Light Scattering (DLS)

The polydispersity index (0.07) clearly indicates that the vesicles are fairly monodispersed. Figure
3.2(a) shows the AFM image of bilayer fragments formed by rupture of uniform DOPC vesicles
for 15 minutes incubation and subsequent rinse by millipore water. It is clearly evident from the
one dimensional line profile (Figure 3.2 b) that the average height of the bilayer patches is ~3.0
nm. Height distribution of the entire surface is shown in figure 3.2 (c). It shows two peaks. The
first one is from 0.5 to 2 nm, peaked at 1.2 nm for the bare mica surface with adsorbed ultrathin
water layer and the other one is for single bilayer fragments with a broad peak maximum at 4.2
nm. Mornet et al. also reported an ultrathin water layer of thickness 0.5-1.5 nm between the
substrate and lipid bilayer by Cryo-Transmission Electron Microscopy [32]. Typical bilayer
thickness is around 4 - 5 nm [33] [34] but we observe lower average height of bilayer because
some times higher tapping force could result in lowering the height of the bilayer [35]. The

measured average height of the bilayer fragments is in agreement with the earlier reports [11][36].
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The distribution of the diameter of the bilayer patches is also shown in figure 3.2. (d), which shows
the peak at around 50-60 nm. It is also evident that the patches of maximum size are found to be
at 180 nm. Interestingly, the bilayer patch size distribution is consistent with the vesicle size
distribution measured by DLS (figure 3.1). It shows the size distribution maxima at around 30 nm
and sizes up to 90 nm (figure3.1). Therefore, it is conceivable that the individual vesicle of radius

R, forms the isolated bilayer fragment of radius nearly equal to 2R,,.
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Figure 3.2. (a) AFM image of DOPC bilayer fragments on mica surface after 15 minute incubation
with 10 micro liter solution and subsequent rinse with water, (b) line profile along the marked line,

(c) height distribution of the surface, (d) lateral size distribution of the bilayer fragments.

When the SUV in the solution reaches randomly on the mica surface, it may rupture depending on
the probability of the pore formation on the vesicle membrane and the interaction between the
vesicle and mica surface [37][38]. At finite temperature, pores of a vesicle membrane appear
stochastically and reseal transiently. The pore opening is driven by the membrane tension whereas

its closure is guided by the pore’s line tension [39]. We assumed that the vesicles in the solution
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are spherical in shape. Mui et al. [40] showed that if contamination free Millipore water is used,
the vesicles will swell to spherical shape after extrusion. When the vesicles are in contact with the
flat hydrophilic surface, their shapes are deformed to maximize its contact area with the adhering

surface [38].

2R

Figure 3.3. Schematic diagram of pore formation and adsorption of vesicle on a solid substrate

If we consider a cap-shaped deformed adsorbed vesicle on a mica surface (figure 3.3) as described
by Takats et al. [38], the surface tension of the membrane can be described by the force balance
equation of Young Dupre [41] in thermal equilibrium condition:

o= W A”—nR2~ Ag—TR?
" 1+cosg 2T R? 2mR?

where w is the adhesion energy per unit area between the membrane and the surface, ¢ is the
contact angle between surface and the vesicle, R is the radius of the contact area of the vesicle with

the surface, A is the projected area of the vesicle when thermally induced undulations of the

membrane are averaged, A is the total area of the vesicle. A critical value of w for rupture of the
vesicle of radius R, can be estimated by balancing the energy gain due to adhesion and the energy

cost of the free edge of the final bilayer patch of radius 2Ry,
ie., ATTRAW i = 4R, A,

or Werit = A/RO’
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where A is the line tension of the bilayer edge. The w,,;; obtained from this thermodynamic
criterion does not guarantee the rupture of vesicle. It occurs only for significant larger value of w
than w,.;; [38]. This can be understood from the pore opening kinetics and the consequent change

of surface tension.

Pore opening in the membrane is a stochastic process and can occur anywhere along the membrane.
Pore formation leads to a decrease of energy (—mr20) due to the relaxation of stress and increase
of energy (2mrA) due to pore boundary formation [42] where 7 is the radius of pore and A is the
line tension. The energy of the pore can be written as

AE = 2nrd —nréo.

. 22 A . .
Now the maximum energy of the pore, AE 4y = nT atr = - which can be considered as the

activation energy of pore formation. Thus, pore opening rate can be written as:

A nA?/o
Kd = Kozexp [_F]’

where A, = A, — mr?is the non-adhering surface area of the vesicle, a? is the surface area of the
lipid molecule of linear size a = 0.8 nm, K|, is the local attempt rate of pore nucleation. kgT is

the thermal energy. Thus, to open a pore on the membrane the value of surface tension has to

A?

KoAc\*
KBTln(Kdaz)

exceed Ocrit =

At the initial stage of vesicle adsorption, the non-adhering area A, is very small, and therefore,
surface tension is larger than this threshold value. As a result the pore opens easily, but if pore
reseals and adhering area increases, the surface tension drops below this threshold value. The
situation is worst when vesicle is almost flat, i.e., ¢ = 0 and ¢ = w/2 (Fig. 3.3). Pore opening for
adsorbed vesicle of any arbitrary shape is therefore ensured only when adhesion is larger than

whoe = 2004 [38].

Thus, vesicle rupture is not guaranteed when w > w,,;; but it is assured when w = chr‘;;e >
20.ri¢- It indicates very high adhesion energy which confirms spontaneous vesicle rupture. High

adhesion energy between DOPC vesicle and mica surface in the present experiment leads to the
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instantaneous rupture of vesicles and formation of isolated bilayer patches of area equivalent to

individual vesicles.

Earlier, quartz crystal microbalance resonant frequency and dissipation (QCM-D)
combined with surface plasmon resonance spectroscopy (SPR) revealed that the vesicle rupture
occurs only after a critical vesicle coverage [43]. We find that DOPC vesicles of all size rupture
on mica and form bilayer patches as soon as they adhere to the surface. Reviakine et al. [S] studied
SLB formation on mica also. They found both supported vesicular layers, as well as isolated
bilayer patches by varying vesicle size, lipid concentration and presence of Ca?* ions. Recently,
Andrecka et al. [15] observed spontaneous rupture of DOPC vesicle similar to the present
experiment, as well as wave like bilayer spreading on silica, mica and plasma modified mica
surface. They wet the surface by buffer solution (10mM Hepes, pH6.8, 200mM NaCl, 2mM CaCl,
) first and then added the vesicle solution. They concluded that the individual vesicle rupture or
wave like cascade rupture depends on the vesicle size and functionalization of the surface. Role of
different ion containing buffer solution on SLB formation is complex, thus, the mechanism is not
well understood. We, therefore, use ultrapure water for making DOPC vesicle solution. We have
observed isolated bilayer patch repeatedly, but no supported vesicular layer has been found by
AFM measurement. Leonenko et al. [1] found similar isolated bilayer patch formation as well as
double bilayer formation on unmodified and modified mica surface by deposition of DOPC
solution with ultrapure water. It turns out that, if the interaction between the adsorbed vesicle and
substrate surface is strong enough, the vesicles rupture spontaneously at adsorption as observed in
the present case, otherwise rupture of a seed vesicle is required to start a cascade or the nearby
vesicles coalesce to grow larger to attain a critical size. The vesicle rupture may also take place if
the adhesion property of the substrate surface is altered by deposition of polymer, chemical
treatment or nanoparticles incorporation [44] [45] [46]. The distribution of fragment size (figure
3.2 d) also illustrates that the possibility of vesicle fusion within the solution or on the substrate is
rare. Anderson et al. [47] also reported that a strong electrostatic attraction between the charged
substrate and the uncharged vesicle helps to adhere, deform, rupture and spread as bilayer but the
vesicles do not adhere or fuse each other in solution. DLS measurement of the stock solution on
different days also shows no considerable change in vesicle size distribution. However, few larger
bilayer fragments with the size equivalent to multiple vesicles are also observed as shown in AFM

image wherever the adsorbed vesicle density is more than average.
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To explain the isolated patch formation instead of continuous or semi continuous bilayer
formation due to dilute DOPC solution deposition, we have estimated the approximate number of
DOPC vesicles in 10 pl of stock solution (0.05mg/ml), deposited on 12 mm x 12 mm mica surface.
10 ul 0.05 mg/ml solution contains 0.5ug DOPC which correspond to 0.636 nanomol. The number
of DOPC molecule in 0.636 nanomol is 38.3x10"3. If we consider each DOPC molecule to cover
0.7 nm?[48], then all the molecules will cover 134 mm? area in the form of bilayer out of 144 mm?
mica surface if all the molecules are assumed to be adsorbed and ruptured. Leonenko el al. [1]
stated that it is unlikely that every vesicle-surface interaction results in adhesion. They showed
that out of 424 vesicles/um? only 150 vesicles / um? (approx. 35%) are adsorbed during 2 min
deposition and a brief rinse. Therefore, formation of isolated bilayer patches is expected for 10 ul,

0.05 mg/ml DOPC solution deposition on 12 mm x 12 mm mica surface.

‘s

Figure 3.4: 10 microliter 0.05 mg/ml DOPC solution deposited on freshly cleaved mica and
incubated for 15 minutes. Time lapsed AFM images taken in liquid mode immersed with the same

solution, (a) at time 15-24 min, (b) at time 24-33

To verify the dynamic growth and stability of the bilayer patches during incubation with
10 pl stock solution (0.05mg/ml), we have recorded the AFM images of mica surface with the
deposited DOPC solution. At the initial stage of incubation, bilayer fragments are formed as is
observed in figure 3.2 (AFM after rinse with water). Appearance of additional patch or any

considerable change of the existing bilayer fragments was not observed even after 30 minutes
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(Figure 3.4). However, a slight lateral shift of the features is observed with time due to the thermal
drift of AFM scanner [49]. This dynamic imaging during incubation indicates that no further
growth or lateral movement of bilayer fragments take place with the increase of incubation time.
It also confirms the strong adhesion of the first bilayer with the mica surface and immobility of
the bilayer patches. Leonenko et al. also found immobility of the bilayer patches even after a long

time.

In order to verify the merging of individual fragments we performed the same experiment with
double quantity (20 micro liters) of DOPC vesicle solution on the same area mica substrate (12
mm Xx12 mm) (figure 3.5). It is observed that the average bilayer fragment sizes increase, and most
of the fragments are larger than the individual vesicle size. It indicates that when the number of
the adsorbed vesicles is twice on the same substrate area, the possibility of merging of the ruptured
vesicles increases. Anderson et al. [47] also predicts rare probability of merging in such diluted
solution. Andrecka et al [15] never observed signature of vesicle fusion during monitoring bilayer
formation from different size DOPC vesicles on different substrate by interferometric scattering
microscopy. In some part of the mica surface where the adsorbed number of vesicles are sufficient
to cover more area, a semi-continuous bilayer is formed due to the merging of individual bilayer
fragments (figure 3.5 a). A similar type of semi-continuous bilayer is also reported for incubation
with 0.5 mg /ml concentrated vesicle solution[6]. Richter et al. [9] described the formation of such
extended bilayer patches as a result of cascade rupture of adsorbed neighboring vesicles on the
surface. In the present case, DOPC on mica (figure 3.2, 3.4 and 3.5), the isolated or extended
bilayer patches are not formed by the sequential cascade rupture. Instead, spontaneous rupture of
individual vesicles on the mica surface and successive bilayer edge guided merging take place.
When the coverage of adsorbed vesicles is low, each vesicle forms isolated patches (figure 2.4),
but when the coverage is more, semi-continuous bilayer patches are formed due to the merging of
isolated patches. When bilayer fragments are in close proximity, the edges become energetically
unfavorable and are expected to promote the interaction with the adjacent lipid material. Such
bilayer edges also play an important role to initiate the rupture of surface-bound or near surface
vesicles as in the case of wave-induced vesicle rupture [15]. As the surface-bound vesicles are
not available due to the instant rupture of the vesicle, the adjacent bilayer patches merge and

minimize the energy. For example, if two equal patches of average radius R; merge, the resultant
average radius would be v2R;, therefore, edge energy will be reduced from 4mR; A to 2v2mwR, A
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due to merging. Thus, the fragments coalesce and grow larger when the numbers of fragments are
increased due to the increase in vesicle number. The increase of average bilayer size due to the
increase of vesicle number is presented in figure 3.5d. We find only the merging of fragments but

not any lateral mobility of bilayer fragments.
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Figure 3.5. (a) AFM image of DOPC bilayer fragments on mica surface after 15 minute incubation
with 20 microliter solution and subsequent rinse with water, (b) 1D profile along the marked line,
(c ) height distribution of surface, (d) lateral size distribution of bilayer fragments (red circles for

Fig3.2(a) and black squares for Fig3.5(a)).

3.4.2 Mechanism of bilayer edge guided vesicle rupture and co-existence of

double and single bilayer

In order to establish the instant rupture effect without cascading or wave induced bilayer formation

[15, 43] [5], we increase the number of DOPC vesicle on the same surface area by increasing the
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solution quantity (30 pl and incubation time 15 minutes). We do not find any continuous single
bilayer. Instead, we have observed the co-existence of single and double bilayers (figure 3.6). If
cascading or wave induced bilayer formation applies to the present case, double bilayer formation
should be forbidden until the continuous single bilayer is completely formed. The presence of

immobile isolated first bilayer patches leads to the second bilayer formation on it.
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Figure 3.6. Bilayer and double bilayer formation with the increase of incubation time (15 minutes)
and solution (3 times). (a) AFM image, (b) height profile along the marked line, (c) Height
distribution, (d) contour plot between 4.5 to 8 nm height of AFM image shows the second bilayer

of thickness ~ 3.5nm.

The adsorbed vesicle on the first bilayer may not rupture spontaneously because bilayer-bilayer
adhesion is weaker than bilayer mica adhesion. However, it is stronger than the two free-standing
bilayers because of the entropy loss of the surface-bound bilayer [8] [50]. Nevertheless,
spontaneous rupture of adsorbed vesicle on the first bilayer and the formation of the second bilayer

are rare if the first bilayer is continuous. But, if the first bilayer patches are small and isolated,

48



bilayer edges play the main role in rupturing the adsorbed vesicle on it. Bilayer edge guided rupture
and stacking of double bilayer due to immobility of DOPC bilayer on mica surface can be

described as follows:

In figure 3.3 we have shown that the energy of a pore AE = 2mrAd — nr?c. Now we
consider that a vesicle adsorbed on an already formed bilayer patch and a portion of the vesicle
touches the edge of the patch. Assume a vesicle pore of radius r near the bilayer edge and a section
of the pore boundary merge with the existing bilayer edge. Now the energy of the pore will be
AE = 2nrd —nr?o — y X 2nrA = 2nrA(1 — y) — nr?o , where y,the fraction of the pore

2 —
boundary merges with the bilayer edge. Maximum energy AE,,, = % (1—x)?atr= g

Therefore, activation energy AE,, 4, required for pore formation is reduced with the share of pore
boundary with the bilayer edge. In case of single bilayer fragment formation, we have seen instant

. . . ore
and spontaneous rupture of vesicle on mica surface due to strong adhesion w = me

> 20crit
and thereby decrease of activation energy. In case of bilayer edge guided vesicle rupture the
activation energy is decreased due to the overlap of pore boundary with the bilayer edge. Although
the adhesion energy of bilayer patch is not strong enough as mica substrate, the reduction of

activation energy and thereby the reduction of required

_ 012
—”[A(l(;ﬂ ) favors the vesicle rupture Egawa et al. [25] found the single and
KgTin <

Kdaz

Ocrit =

double bilayer for successive injection of stock solution. The presence of double bilayer was also
reported on silica surface, however, with time, it formed continuous single bilayer because of the
mobility of the first bilayer [8]. Double bilayer may also form by hat shaped adsorption of the
vesicle as modeled by Taktas et al. [50]. The existence of the double bilayer indicates again the

immobility of the first bilayer and edge-induced rupture of the vesicle adsorbed on it.

3.4.3 Sequential deposition and multi bilayer formation

Stimulated by this double bilayer formation, we deposited 10 microliter stock DOPC solution
successively three times with 15 minutes interval on a same area mica substrate. Figure 3.7 shows
the co-existence of single, double and triple bilayer by three consecutive dropping of 10 microliter

DOPC solution at 15 minutes interval and subsequent gentle rinse with water.
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Figure 3.7: Bilayer, double bilayer and triple bilayer formation by sequential deposition of total
30 microliter DOPC solution (10 micro liter in every 15 minutes for three times and rinse after
total 45 minutes incubation time) on mica surface. (a) AFM image, (b) height distribution, (c)

height profile along the marked line (d ) phase imaging of the same area.

Figure 3.7a shows the AFM height image, figure 3.7b shows the height distribution of the entire
image and figure 3.7c presents the line profile along the marked line on figure 3.7a. Mainly, there
are four groups of distributed heights, corresponding to 1) mica substrate with water layer, 2) first
bilayer, 3) second bilayer and 4) third bilayer which are clearly detected. An AFM phase image of
the same is also presented in figure 3.7d where the phase is inversely proportional to the height of

lipid layers.
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Figure 3.8: (a) 3 D topography image of figure 6a, (b) contour plot of the topography, and (c)

contour plot of sliced layers shows single, double and triple bilayer zones separately.

The sequential dropping and sufficient incubation time allow the vesicles to form single, double
as well as triple bilayers. Landing of vesicles on the already formed first or second bilayer
fragments lead to double/triple layer formation by the edge guided rupture as discussed above.
AFM topographic 3 D image and contour plot of co-existing multilayers are presented again in
figure 3.8. Figure 3.8a shows 3D AFM image and 3.8b presents the contour plot of the AFM image.
To show the different layers, figure 3.8b is sliced correspondence to substrate (0 - 1.5 nm), first
bilayer (1.5 - 5 nm), second bilayer (5 - 8.5 nm) and third bilayer (8.5 - 12 nm), respectively, and

is presented in figure 3.8c.
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Figure 3.9. AFM image in aqueous medium shows the multi- bilayer formation due to longer
incubation time (75 min) and sequential addition of total 50 micro liter DOPC solution (10 micro

liter in every 15 minutes) on mica surface, (b) height profile on marked line.

Further, continual increase in vesicle number by the sequential dropping of stock solution and
longer incubation time, we confirm the formation of the third bilayer as well as the coexistence of
double and single bilayer. Figure 3.9 demonstrates such co-existence of single, double and triples
bilayer for 75 minutes incubation with 50 microliter solution on the same area of mica surface. 10
microliter DOPC solution was added for five times at a regular interval of 15 minutes and finally
rinsed gently with millipore water. The stacking of multi bilayer is confirmed by the measurement
of height profile of AFM images. Figure 3.9b shows the height profile along the marked line on
the AFM image where three groups of height range (1.5-5.0 nm), (5.0 — 8.5 nm) and (8.5-12.0 nm)
are observed corresponding to the single, double and triple bilayer respectively. Usually, multiple
bilayer formation by vesicle rupture process is rare. Sironi et al. [21] set up a large number of
bilayer stacking by drop casting and drying of aqueous liposome solution. Heath et al. [20]
developed a layer after layer methodology to form multiple bilayers by vesicle rupture using Poly-
L-Lysine (PLL) as an electrostatic polymer linker. Jensen et al. [51] also fabricated multilamellar
membrane by spin coating. In general, most of the reported multiple bilayers are either formed by
drying the aqueous solution or by using linker between the bilayers [20] [21] [51]. In the present

case, the third bilayer formation by sequential addition of vesicle solution is possible when the
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first bilayer is strongly bound with the substrate and the cohesive force exists between the

successive bilayers formed by the edge induced rupture mechanism.

Figure 3.10. Top row: Contour plot (black) of AFM image 9a shows (a;) bare substrate zones
(height between 0 to 1.5 nm), (b1) single bilayer patches (height between 1.5 to 5.0 nm), (c1) double
bilayer patches (height between 5.0 to 8.5 nm), and (d,) triple bilayer patches (height between 8.5
to 12.0 nm).

Bottom row: The same is represented by different colors (a2) bare substrate zones (black), (bz)
single bilayer patches (red), (c2) double bilayer patches (green) and (d2) triple bilayer patches
(blue).

Figure 3.10 shows the contour plot of AFM image recorded after sequential dropping of 50
microliter solution and total 75 minutes of incubation. It clearly shows the co-existence of single,
double and triple bilayers. It distinguishes the bare substrate zones of height O to 1.5 nm (3.10a),
single bilayer patches of height between 1.5 and 5.0 nm (3.10b), double bilayer patches of height
between 5.0 and 8.5 nm (3.10c), and triple bilayer patches of height between 8.5 and 12.0 nm
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(3.10d). Strong adhesion between mica surface and vesicle leads to the first bilayer formation
whereas multi-bilayer arrangement is observed due to bilayer edge guided rupture and
physisorption of bilayer on bilayer. Third bilayer formation is possible only for soft landing of
vesicle on second bilayer and rupture by the edge of the second bilayer. The stability of the third
bilayer is very low. We observed that the third bilayer is stable on gentle rinse, but it is washed out
even by moderate rinsing by water. We do not observe fourth or more bilayer by sequential
addition technique because bilayer-bilayer adhesion is supposed to decrease with the increase of

stacked bilayer numbers.
3.4.4 In situ vesicle deposition and time lapsed AFM

Instead of imaging the surface after incubation and rinse, we have monitored the isolated single
bilayer formation as well as the second and third bilayer formation due to in situ injection of DOPC
solution and time lapse AFM measurements. Figure 3.11 shows time lapse AFM images of mica
surface incubated with 10 microliter 0.05 mg/ml DOPC solution as well as successive injection of
additional vesicle of same concentration during imaging. Figure 3.11 (a) shows the AFM image
in DOPC solution after 15 minute incubation. Additional 10 microliter vesicle solution was
injected into the liquid cell at t = 42 min and time lapse AFM images were recorded. Figure 3.11
(b) shows the image taken at 42-61 min, after in situ injection of additional vesicle solution. Figure
3.11(c) and (d) show the images at t= 61-70 and 70-79 min, respectively. The time lapse AFM
measurements are consistent with the earlier final state (after incubation and rinse) data where

isolated bilayer patches as well as second and third bilayer patches are observed.
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Figure 3.11: In situ sequential deposition and time lapse AFM scan. 10 microliter of 0.05 mg/ml,
DOPC solution deposited on mica at t=0 and incubated for 15 minutes, (a)AFM image with DOPC
solution without rinse (t=33-42 min). At t= 42 min, additional 10 microliter solution injected into
the liquid cell without stopping the scan, (b) AFM image at t=52-61 min. (c) AFM image t= 61-
70 min . (d) AFM image t= 70-79 min.

Figure 3.12 shows the contour plot of sliced first, second and third bilayers for in situ DOPC
solution deposition and time lapse AFM measurements (figure 3.11). Figure 3.12 a;,bi,c1,d1, shows
the dynamics of the first bilayer only. Similarly, figure 3.12 a2,b2,c2,d2 and figure 3.12 a3,bs,c3,d3
shows development and dynamics of the second and third bilayer, respectively. It is observed that
the coverage by isolated bilayer increases with time after in situ injection of DOPC solution as
well as the second and third bilayers appear and increase in number. However, the numbers of
second and third bilayer patches are few compared to the first bilayer. We rarely observe adsorbed
vesicle on the mica surface; either by deposition and rinse with water or time lapse measurement
with successive deposition of DOPC solution. Brison et al. [5] reported SLB formation on mica,

but in some cases, they reported the patches as adsorbed vesicle. In the present case adsorbed
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vesicles (~ 60 nm diameter) can be easily distinguished from the ruptured bilayer(s). Leonenko et
al. [1] also mentioned that the observation of adsorbed vesicles [5] may be due to the difference
in sample preparation [1]. In case of non-rinse time lapse AFM images (figure 3.11, 3.12) the
heights of severely flattened intact vesicle on mica and on first bilayer are equivalent to second
and third bilayer, respectively. We believe that severely flatten adsorbed vesicles will be unstable
and will result in the formation of second or third bilayer by rupture at the edge. Leonenko et al.

[1] also concluded that the two bilayer height patches as the double bilayer.
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Figure 3.12: In situ sequential deposition and time lapse AFM scan. Top row: shows the, b, ¢ d of
fig. 3.11. Corresponds to (a,b,c,d ), (a1,bi,c1,d1) are the contour plot of sliced first bilayer (height
between 1.5 to 5.0 nm) patches only; (a2,b2,c2,d2) are the second bilayer (height between 5.0 to
8.5 nm) patches only; and (a3,bs,c3,d3) third bilayer (height between 8.5 to 12.0 nm) patches
only.

56



Formation of single, double and triple bilayer on mica due to DOPC vesicle adsorption is
schematically summarized in figure 3.13. It shows selection of strong adhesive mica substrate and
diluted DOPC stock solution (0.05mg/ml) where total number of vesicles in 10 pl is insufficient
to cover the entire substrate area (12 mm X 12mm) forms random isolated patches (13a). Figure
3.13 b shows addition of DOPC solution of same concentration increases the bilayer coverage area
as well as forms a second bilayer due to adsorption and rupture of vesicle at the edges of previously
formed bilayer patches. Due to immobility of the first bilayers the ruptured vesicle piles partially

or fully on first bilayer and forms
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Figure 3.13. Schematic representation of vesicle adsorption, rupture and (a) single (b) double (c) triple

bilayer formation

the second bilayer. The third bilayers (figure 3.13 c) are observed by sequential addition of
droplets from the stock solution during incubation. The added vesicles are gently adsorbed on the
already formed single or double bilayer patches and are ruptured when they find the bilayer edge.
Although the adhesion between second and third bilayer is assumed to be weak, immobility of first

and second bilayer allow part of the ruptured vesicle to stay on the second bilayer. Thus vesicles
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in the first deposited diluted solution are depleted and form isolated bilayer patches. Successive
addition of stock solution increases again the number of vesicles on the same surface. Thus, in
addition to increasing first bilayer coverage area, the presence of bilayer edges of previously
formed bilayer patches aid to form second and third bilayers due to sequential deposition of diluted
DOPC solution on mica surface. No requirement of special substrate treatment or linker addition,
second or third bilayers formation by sequential dilute solution dropping is consistent and simple

as well as more close to the natural multilayer system.

The instant rupture of adsorbed vesicle, observed isolated bilayer patch formation, as well
as coexistence of second and third bilayer is due to strong adhesion between mica surface and
DOPC lipid molecules. The adhesion between mica and vesicle can be understood through the
interaction force between mica surface and lipid vesicles in aqueous media. The total interaction
force acting between the support and lipid bilayer in water media can be divided into two major
parts. The first one is the attractive force between zwitterionic DOPC molecule and negatively
charged freshly cleaved mica surface, where the other is the repulsive hydration force, originated
due to the tendency of bulk water to fill the space between bilayer and support [52] [47]. The
charge density on the substrate surface strongly influences the vesicle adhesion and rupture process
[47]. 1t is shown that presence of external ions modify the interaction by screening the charge as
well as directly interact with the support and lipid molecules [53] [54]. The influence of divalent
ions like Ca** shows surprising effect on vesicle adsorption and rupture [9]. Mica has layered
structure, where negatively charged aluminosilicate layers are interconnected by positively
charged K" ions as described before. The freshly cleaved mica surface shows super hydrophilic
behavior. At the time of cleavage, top K* layer is disrupted and expose the basal negatively charged
aluminosilicate layer. If the cleaved mica surface is kept in air the surface charge is compensated
by the bulk lattice charge [55]. In the present case, the strong adhesion of mica surface is not fully
understood; however, strong negative surface charge of freshly cleaved mica is the major source
of strong adhesion. Cha et al. [56] also reported that adhesion increases with increase of surface
charge density. They showed charge neutral (zwitterionic) vesicles readily rupture and form
supported phospholipid bilayers when the density of surface charge is high. We have seen that the
water contact angle of freshly cleaved mica is lowest; it increases with time as the surface charge
is slowly compensated by the bulk charge. We observe isolated bilayer patches as well as

coexistence of second and third bilayer for dilute DOPC solution deposition without addition of
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ionic solution, however, uniform patch distribution is observed in local (Jharkhand, India) mica
whereas both large and small bilayer patches are observed on MTI mica. This indicates mobility
of bilayer patches on MTI mica is little more which increases merging probability and creates
larger bilayer patches. Second and third bilayer patches are also found to form on MTI mica,
however, are less in number due to less available bilayer edges (data not shown). This observation
indicates the adhesion property of Jharkhand mica is slightly more than the MTI mica. Markedly

difference in bilayer formation was also reported for different silica surface [9].

3.5. Conclusion

We examined the growth of single as well as multiple bilayers of DOPC vesicle on highly
hydrophilic mica surface by simple vesicle fusion method without any complex preparation of the
substrate or incorporation of external reagent. AFM measurements of water rinsed bilayer surface
shows no movement, cascading or wave-like vesicle rupture, rather the vesicles are ruptured
spontaneously at the contact of strong adhesive mica surface. The interaction between the edges
of adjacent isolated bilayer fragments plays the role of merging. Multi bilayers are formed by
further adsorption of vesicle on the already formed bilayer and rupture by the edge of the supported

bilayer patches.

The direct observation of co-existence of single, double and triple lipid bilayer by
quantitative AFM measurement shows excellent prospect not only for easy preparation of single
and multiple lipid bilayer but also for the study of the interaction of proteins or drugs with single

and multiple DOPC bilayers in a single system.

Further study of such system by X-ray, cryo-TEM and other complimentary techniques as
well as selection of other substrate-lipid combinations with strong adhesion property may reveal
more information and way out to increase the layer beyond the third bilayer. Formation of
coexisted bilayer and stacked multiple bilayers in natural aqueous solution will opens up
possibilities for new biophysical studies on interaction between membranes as well as membrane

associated proteins with co-existed single and multiple bilayers.
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Chapter 4

Investigation of nanomechanical properties of cholesterol

rich domains in mica supported lipid-cholesterol membrane:

4.1. Introduction:

In chapter 3 we have examined the growth of single as well as multiple bilayers of DOPC vesicle
on highly hydrophilic mica surface by simple vesicle fusion method without any complex
preparation of the substrate or incorporation of external reagent and discussed the possible
mechanism. Next, we are interested in studying various bio-molecular interactions with the solid
supported lipid bilayer. In this chapter we have investigated how cholesterol initiates the formation
of cholesterol rich nano-domains in pure DOPC solid lipid bilayer at room temperature. The cell
membrane undergoes various changes to modify its composition and mechanical properties to
control the functioning of cellular mechanisms in which cholesterol is highly involved. The height
modulation and the mechanical properties of lipid bilayer have been explored for insertion of 1 to
40 mole percent of cholesterol by Peak Force Quantitative Nano Mechanical Atomic Force
Microscopy (PF-QNM AFM). Cholesterol rich and cholesterol poor domains are distinctly
observed at 5% cholesterol insertion in the pure DOPC SLB. The cholesterol rich nano domain
with increased height is observed upto 25% cholesterol insertion within the membrane. Further
increase of cholesterol leads to shrinkage of bilayer height and increase of DMT modulus. It
suggests the occurrence of interdigitation of the ordered acyl chains of the two leaflets within the

membrane at high cholesterol concentration.

Before we discuss our experimental results, we summarize earlier studies in section 4.2.
The experimental part is described in section 4.3. Detailed results and discussion are given in

section 4.4. Finally, we summarized this chapter in section 4.5.
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4.2. Earlier studies:

Diversity in the chemical composition and phase behavior of the cell membrane enables it to play
a significant role in controlling various cell related activities like cell signaling [1], budding [2],
signal transduction [3], and enzymatic activities [4][5]. Among all chemical composition,
cholesterol is a ubiquitous component of all eukaryotic cells. It regulates variety of cellular event
including endocytosis and exocytosis. Cholesterol makes the membrane less permeable to ions[6]
proteins[7] and other biomolecules keeping the basic fluid nature of the membrane, as well as
provides mechanical stability by imparting higher ordering of the lipid molecules in the membrane.
Various experimental techniques are exploited to gain insights into the various cellular functions
using artificial model membrane, such as lipid bilayer. A form of high-resolution secondary ion
mass spectrometry (Nano SIMS) has revealed lipid distribution within a phase-separated
membrane[8]. Fluorescence microscopy and fluorescence correlation spectroscopy is utilized to
visualize distinct lipid phases and lateral heterogeneities within artificial membranes [9]. A
cholesterol induced modulated phase, denoted as Pp, is found in the study of phase behaviour of
dipalmitoyl phosphatidylcholine (DPPC)-cholesterol mixtures by small angle x-ray diffraction
studies of oriented multilayers[10][11]. Infra-red and Raman studies indicate that carbonyl group
of phosphatidylcholine is perturbed by the inclusion of cholesterol[12]. C Levine and Wilkins[13]
found through comprehensive x-ray study that cholesterol helps to orient hydrophobic tails of the
phospholipids to the normal of the bilayer plane[13]. As a result, phosphate to phosphate distance
is increased and the bilayer gets thickened. AFM is also very popular technique as it offers a label-
free measurement to monitor the changes in a coupled system therefore provides multiple
signatures to characterize the SLB formation along with subsequent membrane morphological
responses, as previously established in several work [14] [15] Sullan et al. [16] demonstrated the
influence of different amount of cholesterol on the morphology and nanomehanical properties of
artificial lipid bilayer using correlated AFM based imaging and force mapping. They found
cholesterol mediated liquid ordered domain in the phase segregated lipid bilayer. Various ternary
systems composed of saturated lipids, an unsaturated lipids and cholesterol are known to exhibit
phase separation between cholesterol rich liquid ordered phase(lo) and cholesterol poor liquid
disordered phase(ld) [17] at intermediate cholesterol concentration. This phase separation helps

integral membrane proteins to respond by changing conformation of the membrane [18]. Such a
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phase separation has not been seen in a binary lipid-cholesterol mixture. However, various
literature depicts the evidence of cholesterol containing domain formation in the lipid —cholesterol
binary system[18] [19]. Sarangi et al produced direct experimental evidence of dynamic
heterogeneity at the nanodomain formed in binary phospholipid-cholesterol bilayers using super-
resolution stimulated emission depletion(STED) microscopy coupled with fluorescence
correlation spectroscopy (FCS). Matti Javanainen et al simulated a binary system of DPPC-
cholesterol bilayer and observed the spontaneous formation of cholesterol rich nanodomains in

disordered and cholesterol poor membrane instead of phase separation [19].

The influence of cholesterol on unsaturated phospholipids has received considerable
research attention nowadays [20] [21]. DOPC is an unsaturated lipid whose transition temperature
is low( -18°C), usually remains in liquid disordered phase in solid supported bilayer structure at
room temperature. [22] Unlike saturated lipid, incorporation of greater amount of cholesterol in
an unsaturated lipid like DOPC having two mono-unsaturation at the acyl chains cannot produce
enough rigidity to the membrane. [23] The natural membrane itself utilize cholesterol of various
proportions for proper functioning. In mitochondria, Golgi body and ER contain very low
cholesterol concentration (<10%), whereas in plasma membrane (about 30%), and the nerve cell
(> 40%) possess much higher amount of cholesterol. Strikingly unsaturated PC lipid level also
high in mitochondria (~40%) and DOPC lipid resides in these organelles also[24].But most of the
studies regarding the interaction of cholesterol and unsaturated lipid are computation based[25]
and there are few direct experimental observations in solid supported lipid bilayer found in
literature where cholesterol concentration is systematically varied to DOPC like unsaturated
phospholipid bilayer system [26] [27]. So inquisitively in order to view the effect of cholesterol
on unsaturated lipid bilayer we choose pure DOPC and different amount of cholesterol in our study
and investigated mechanical properties of the lipid cholesterol binary system. [28, 29] We
systematically proved by AFM measurement that cholesterol containing nano-domain also exists
in purely unsaturated lipid like DOPC bilayer which resemble with the formation of lipid ordered

domains.
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4.3. Experimental:

Lipid mixtures were prepared in chloroform solvent by combining the appropriate molar ratios of
DOPC and cholesterol(0%,1%,5%,10%,15%,20%,25%,35%,40%) and small unilamellar vesicles
(SUVs) were prepared by following the extrusion method described by Hope et al. (1985) [30] as
discussed in the experimental section in chapter 2 . Final concentration of the SUV solution is
maintained at 0.05mg/ml. The size distribution of extruded vesicles was measured by the DLS
technique. The procedure is discussed elaborately in chapter 2. Solid lipid bilayer is prepared by

vesicle fusion method. Utmost care was taken to prevent the sample from de-wetting.

All AFM measurements were performed in a standard liquid cell operated in Peak Force
QNM (Peak Force-Quantitative Nano-Mechanical) mode with ScanAsyst-fluid probe. In this
measurement, the probe (tip) engages the sample until a set value of the applied force is reached
and then disengages. In this mode, each tapping utilizes engage and disengage sequence of a force
curve, which in turn extracts the information regarding the mechanical properties of the sample in
every single location as shown in figure 4.1[14, 31, 32]. In this experiment, the tip radius was 10
nm and the spring constant was 0.35—1.4 N/m. The maximum tip sample separation was 1 um and
the peak force was kept fixed at 1 nN. The scan rate, integral gain and proportional gain were
adjusted by Scan-Asyst Auto Mode where other scan parameters were controlled manually. The
system was calibrated following the standard procedure [31] before the measurements. The AFM
images were line flattened with WSxM software to eliminate slopes, bows, and/or bands in the
images. Using the same software, the statistical distribution of heights and DMT modulus and
deformations were presented. The reduced Young’s Modulus is obtained by using the Derjaguin,

Muller, Toropov (DMT) model [32, 33].
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Figure 4.1. Schematic plot of force vs tip-surface separation represents different regions of nano-

mechanical quantities.

4.4. Results and Discussion:

4.4.1 Topographic inhomogeneity of DOPC lipid bilayer in presence of

cholesterol:

Topographical images and one-dimensional line profiles of freshly cleaved mica, SLB of pure
DOPC and DOPC with 5% cholesterol are shown in figure 4.2. Figure 4.2(a) shows the smooth
AFM topography of freshly cleaved mica taken under millipore water. The line profile along the
marked line shows an average surface height of 0.5 nm. Figure 4.2(b) shows the topography of a
pure DOPC lipid bilayer on the mica surface, where isolated bilayer patches are observed. The line
profile shows the average bilayer height around 3.2 nm which is consistent with the earlier reports
on SLB of DOPC [37]. Figure 4.2(c) presents the image of the DOPC bilayer with the insertion of
5% cholesterol, where we notice a new height group at 4 nm in addition to the pure DOPC SLB
(3.2 nm) and bare mica (0.5 nm). The observed zonal rise in the height of the bilayer at 5 mol% of
cholesterol suggests that the cholesterol is non-uniformly distributed within the DOPC bilayer
[38].
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Figure 4.2: AFM topography and height profile along the marked line for (a) pure mica, (b) pure DOPC
lipid bilayer (c) DOPC lipid bilayer with 5% cholesterol.

To understand the effect of cholesterol on the structure of the DOPC lipid bilayer, we prepared the
bilayers with varying mole fractions of cholesterol from 0% to 40%. The topography and the line
profiles are shown in figure 4.3. Figure 4.3(a) shows the bilayer image for 0% cholesterol which
is similar to figure 4.2(b), however, cholesterol-containing bilayers with higher thickness are

clearly distinguishable for the addition of 5% cholesterol (figure 4.3(b)).

The difference in height variation of the bilayer is more prominent at 10% cholesterol
(figure 4.3(c)). There are two specific height distributions observed in figure 4.3(c) where
cholesterol-rich domains with increased height (around 4 nm) are observed. Kawakami et al. [39]
demonstrated the coexistence of liquid-disordered and liquid-ordered phases for unsaturated and
saturated phospholipids, respectively, at relatively low molar fractions of cholesterol [39]. Here,
we find the coexistence of cholesterol rich and poor bilayers for DOPC like unsaturated
phospholipid. The coverage by the cholesterol rich bilayer is increased further on increasing
cholesterol concentration of 15% and 20% (figure 4.3(d) and 4.3(e)). For 25% cholesterol (figure

4.3(f)), cholesterol-rich zones of thickness 4 - 4.5 nm are dominating.
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Figure 4.3 : The height variation of DOPC bilayer for different mole % of cholesterol (a) 0% cholesterol,
height range 2.5 nm - 3.2 nm; (b) 5% cholesterol, two height ranges: 2.9 nm-3.1nm, 3.5 nm - 4 nm ; (c) 10
% cholesterol, two height ranges: 2.5 nm - 3 nm, 4 nm - 4.7 nm; (d) 15% cholesterol, two height ranges:
2.9 nm - 3.1 nm, 4 nm - 4.5 nm; (e) 20% cholesterol, height range: 3.5 nm - 4.5 nm; (f) 25% cholesterol,
height ranges :2.5 nm - 4.6 nm; (g) 35% cholesterol, height range: 2.5 nm - 3.2 nm; (h) 40% cholesterol,

height range :2.3 nm - 3 nm.

For cholesterol concentration > 25 mol %, the bilayer shows a lowering in height due to the reverse
condensation of DOPC lipid molecules in the lateral direction. The figures 4.3(g) and 4.3(h) show
the DOPC bilayer images for the addition of 35% and 40% cholesterol where the bilayer thickness
shrinks to 3.5 nm. The simulation study by Olsen et al. [40] shows that more cholesterol insertion

within the DOPC lipid bilayer leads to interdigitation of phospholipid tail which reduces the height
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of the lipid bilayer [41]. In our study, we also speculate that interdigitation of phospholipid chains
might lead to the shrinkage of cholesterol rich bilayer for cholesterol concentration > 25%. The
drop of DOPC bilayer height at higher cholesterol (25-35%) following an initial increase, observed

by simulation [40] [41], is in agreement with our experimental results.

We discuss the statistics in order to gain more insights into the cholesterol induced nano-domains.
The figure 4.4 shows the histogram of height distribution of DOPC lipid bilayers for insertion of
0% -40% cholesterol.
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Figure 4.4: Height distribution of DOPC lipid bilayer in presence of different cholesterol concentration.
(a) cholesterol concentration 0% to 15 % (b) 20% -40%. Histogram of height distribution are obtained from
AFM height images shown in figure 4.4.

For the 0 mole% cholesterol, two peaks one at 1.5 nm and the other at 3 nm are found. The first

one is for mica and the other peak is for the bilayer. We found a broader peak for mica (figure 4.4)
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in comparison to pure mica (in figure 4.2).It may be due to the fact that the deposition of vesicles
alters the surface character of pure mica. The histogram shows both the peaks (mica and bilayer)
for 5% cholesterol also, but the second peak splits into two. The intercalation of more cholesterol
(10% -25%) into the bilayer, peaks are observed near 3.5 nm and 4.5 nm. Hung et al. [42]
determined the electron density map to measure the phosphate to phosphate distance(PtP) across
the bilayers using X-ray diffraction method. They found that PtP for DOPC bilayer increases non-
linearly with increasing mole fraction of cholesterol. They suggested that the PtP distance can be
stretched from 3.6 nm to 4.2 nm in presence of cholesterol [42]. Therefore, the increase in DOPC
bilayer thickness in presence of cholesterol can be 0.8 nm. They also found a peak shift in the
electron density profile of the DOPC bilayer with the variation of cholesterol. In our case, the
observed difference in height (0.7 -1.4 nm) between the cholesterol rich and poor bilayers is steady
with the X ray diffraction measurement [42]. In the case of purely saturated lipid like DPPC,
Zeinab Al-Rekabi et al. [22] noticed a distinct cholesterol rich liquid ordered phase in presence of
moderate cholesterol concentrations. In the case of unsaturated lipid, the cholesterol also shows a
strong influence on the DOPC lipid bilayer. When apolar moieties of cholesterol and DOPC
molecule interact by London dispersion forces and by the Lifshitz—van der Waals forces [43], the
polar groups on the DOPC molecule can form hydrogen bonds with the OH of cholesterol and
water molecule. This interaction may lead to the formation of cholesterol rich bilayers in the

DOPC-cholesterol binary system.

The figure 4.5 shows the average height variation of cholesterol enrich domain with the
varying mole% of cholesterol. The error is estimated from the broadening of the Gaussian height

distribution of the AFM image.
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Figure 4.5: Average height variation of cholesterol rich bilayer as a function of cholesterol (mol%).

The height of the cholesterol rich bilayer increases slowly with increasing cholesterol
concentration and is maximum at 20-25% as shown in figure 4.5 [44]. At this mole fraction of
cholesterol, most of the DOPC molecules are expected to be aligned parallel to the bilayer normal,
which in turn increases the segmental order parameter of the chains [45] . Usually, an unsaturated
double bond in the alkyl chain lowers water penetration into the bilayer but the incorporation of
cholesterol decreases hydrophobicity and increases water penetration along the polar head groups
to the location of rigid steroid ring of cholesterol [43]. It may be another reason for the height rise
of the bilayer at lower cholesterol content. A nominal decrease in height is observed for further
addition of cholesterol (35%-40%). The height decrease at higher cholesterol concentration (figure
4.5) may be due to the folding up the acyl chain of phospholipids or interdigitation of acyl chains
[40]. Kawakami et al. [39] tracked by QCM-D frequency shift and established that the molecular
density of SLBs with high cholesterol is greater than SLBs with lower cholesterol fractions
resulting the lowering of height of DOPC SLB. Alwarawrah et al posited through atomistic MD
simulation that at higher cholesterol concentration, the DOPC head group expands towards the
water —bilayer interface to occupy more lateral area. As a result, the DOPC bilayer height decreases

(umbrella effect). According to their observation, the average DOPC bilayer height decreases after

72



25-35 mole % insertion of cholesterol following an initial increase [31]. Therefore, the decrease

in height of cholesterol rich bilayer above 25% cholesterol is consistent with the earlier reports.

In the presence of cholesterol, the segmental order parameter of saturated DPPC bilayer in
the liquid ordered phase becomes approximately twice that in the pure system without cholesterol
[46]. Rekabi et al. [22] found the height of pure DPPC bilayer is 5 nm in purely aqueous
environment through multi-frequency atomic force microscopy (AFM), namely amplitude
modulation—frequency modulation (AM-FM) study. With the increase of cholesterol mole fraction
into the bilayer, the average height of the bilayer changes from 5.1 + 0.90 nm for pure DPPC to
1.1 £ 0.01 nm for DPPC: Chol (60%). In our study, the height difference between pure DOPC
bilayer and cholesterol rich DOPC bilayer is found to be 1 + 0.5 nm for all observed cholesterol

content.

4.4.2 Nanomechanical properties of DOPC-Cholesterol membrane:

So far, we reported the variation of height and the coexistence of cholesterol rich and cholesterol
poor bilayer patches. It is expected that the height variation may lead to various nanomechanical
changes in the SLBs. In addition to the height profile of DOPC SLB, we have recorded the various
nanomechanical properties, such as DMT modulus [36], deformation simultaneously on the same
area by PF-QNM AFM. Quantitative Nanomechanical Mapping (QNM) analyses the force curves
from Peak Force Tapping mode in real-time to give AFM images of various physical quantities.
Figure 4.7 shows the DMT modulus and deformation images of the DOPC phospholipid SLB

premixed with different amounts of cholesterol (0%- 40 mole%).
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Figure 4.6: DMT modulus and deformation images of DOPC SLB in presence of 0-40% cholesterol; DMT
modulus image for (al) 0 mole %, (b1) 5 mole %, (c1)10 mole %, (d1)15 mole %, ((e1) 20 mole %, (f1) 25
mole %, (g1) 35 mole %, (h1) 40 mole % of cholesterol. Deformation images for (a2) 0 mole %, (b2) 5
mole %, (c2)10 mole %, (d2)15 mole %, ((e2) 20 mole %, (f2) 25 mole %, (g2) 35 mole %, (h2) 40 mole

% cholesterol.

It is observed that the DMT of the bilayer is always less while the deformation is always greater
than the mica surface (Figure 4.6 (al)- (hl)). In presence of cholesterol, two distinct values of
DMT, one for cholesterol poor (20-40MPa) and the other for cholesterol rich (40-60MPa) bilayer
are clearly visible (data taken from the fitted peaks of the histogram, figure 4.7). Similarly,

different values of deformation are noticed for the two different characters of bilayers.
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For comparison, histogram plots, obtained from the PF-QNM image, of DMT modulus and

deformation data for increasing concentration are presented in figure 4.7.
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Figure 4.7: Histogram of DMT modulus and deformations of the DOPC bilayer for different mole% of
cholesterol. (a) DMT modulus of cholesterol rich bilayer (green), cholesterol poor bilayer (blue) and mica

(red). (b) Deformations of mica (yellow), cholesterol rich bilayer (green) cholesterol poor bilayer (blue).

Figure 4.7(a) shows a single peak at 70 MPa for DMT modulus of bare mica surface imaged in
millipore water, while two new peaks at lower DMT modulus values appear due to the presence
of cholesterol rich and cholesterol poor bilayers of DOPC on mica with the increase of cholesterol.

Cholesterol rich bilayers show a higher DMT modulus than cholesterol poor bilayers.

Figure 4.7(b) shows the deformation distribution graphs for various cholesterol contents
in the DOPC bilayer structure including bare mica. Graphs show distinct peaks for pure mica,
cholesterol rich and poor bilayers. We found specifically 3 peaks of deformations, one for mica
(0.5-1 nm), the second is for DOPC cholesterol rich bilayers (1.5-2 nm) and the third is for DOPC
cholesterol poor bilayers (2-2.5 nm). Thus, the rigidity of the cholesterol rich bilayers is higher
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than the cholesterol poor regions. In the case of 10% and 15 % cholesterol, additional deformation
peaks are observed. These additional peaks may be due to different protrusions observed at 10-
15% cholesterol. These isolated tubular protrusions are noticed on the flat DOPC bilayer surface
at 10% cholesterol insertion (Figure 4.3(c)). Three-dimensional protrusion is a common
mechanism to regulate stress in confined lipid bilayer systems. Cholesterol regulates the stress
passively through membrane remodeling, and in the case of confined two-dimensional SLBs, such
conditions give rise to membrane protrusions with distinct three-dimensional geometries [39]. The
protrusions show a height range of 5-10 nm with a very low DMT modulus (<10 MPa) (Figure
4.8)

Histogram profile
(b) == cholesterol poor phase
===cholesterol rich phase
L e protrusions

Height(nm)

Figure 4.8: (a) AFM image of DOPC bilayer with 10 mole% cholesterol, (b) Histogram plot of the height,
fitted peakl corresponds to cholesterol poor phase, peak 2 corresponds to cholesterol rich phase and peak

3 corresponds to the protrusion regions. The small peak around 0.5 nm appears due bare mica surface.

Therefore, the presence of cholesterol in the bilayer is also determined by the rise of DMT modulus
value as cholesterol shows the ability to stiffen the unsaturated DOPC lipid membrane [16].

In order to navigate the effect of cholesterol on the nanomechanical properties of the
bilayer, we plot the DMT modulus and deformations against cholesterol concentration (figures 4.9
and 4.10). It is well known that hydrophobic and hydrophilic interactions play an important role

in modulating the nanomechanical property of the bilayer [47]. Further cholesterol is known to
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alter the hydrophilic and as well as hydrophobic interactions between lipid molecules in the bilayer
[48].Thus the nano-mechanical property of the cholesterol rich bilayer is expected to be different

from bilayer without cholesterol.
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Figure 4.9: DMT modulus of cholesterol rich bilayer (except 0Omol% cholesterol which contains pure

bilayer only) as a function of cholesterol (mol%).

In Figure 4.9, we observe an increasing trend of DMT modulus of the bilayer for the addition of
0% to 10% cholesterol, but it remains almost constant for further incorporation of cholesterol
except at 20-25% where a considerable decrease is noticed. The decrease may be due to more
relaxed lipid packing at 20-25% cholesterol concentration and immiscibility with DOPC. Quaroni
et al. [14] investigated the mechanical properties of bilayers of 1, 2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) in the gel phase by using peak force tapping with quantitative
nanomechanical mapping. They found the value of Young’s modulus of supported bilayer stacks
decreases with the increase of the height of the stack. In order to correlate the variation of DMT
modulus of cholesterol rich bilayers, we also have investigated the deformation profiles. Figure
4.10 shows the variation of deformation of the cholesterol rich bilayers with cholesterol

concentration.
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Figure 4.10: Variation in deformation of cholesterol rich bilayer (except 0 mol% cholesterol which

contains pure bilayer only) as a function of cholesterol (mol %).

The trend shows an interesting feature of cholesterol rich domains. With the increase of cholesterol
intercalation, the deformation of the bilayer decreases. This indicates the stiffening of the
membrane. However, at intermediate cholesterol concentrations, the deformity of the membrane
shows a reverse effect. The experiment shows that in the range of 15%-25% mole fraction of
cholesterol the membrane becomes more flexible or fluid. Thus, at moderately high cholesterol
concentrations, fluidity of DOPC bilayer increased. Szostak and colleagues [49] noted the
tendency of cholesterol to flip-flop across the bilayer leaflets which leads to stress relaxation and
deformation of cholesterol-rich membranes to a greater extent than pure phospholipid membranes
in response to stress by redistributing cholesterol density between two leaflets of the DOPC
bilayer. The deformation is further reduced for higher cholesterol concentration (>25%). At this
concentration, the phospholipids may interdigitate their acyl chains so that the two leaflets of
DOPC lipid bilayer overlap[40] which in turn increases DMT modulus (figure 4.9) and thus
reduces the overall deformation (figure 4.10) of the DOPC lipid bilayer.
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4.5. Conclusion:

We explored the influence of different cholesterol levels (1-40 mol %) on the morphology and
nanomechanical stability of dioleoylphosphatidylcholine/cholesterol (DOPC/Chol) solid
supported membrane by means of atomic force microscopy (PF-AFM QNM) imaging. To date,
most of the reports deal with the influence of cholesterol in multi-component systems. A few
approaches are reported to discuss the nature of the impingement of cholesterol into the purely
unsaturated lipid bilayer. To the author’s knowledge, this investigation successfully implemented
PF-QNM AFM to decipher condensation behavior of the purely unsaturated DOPC lipid bilayer
in presence of cholesterol. We are also able to quantify the nanomechanical properties of the
phospholipid - cholesterol membrane. Cholesterol-containing bilayers with greater rigidity are
found in comparison to the surrounding region. The tubular protrusion, a generic phenomenon of

the natural cell membrane, is also noticed successfully at low cholesterol concentrations.
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Chapter 5

Effect of anionic silver nanoparticle (AgNP) on the formation
of solid supported phospholipid bilayer

5.1. Introduction:

Nanotechnology has become a growing field of interest in biology. Over the past two decades,
engineered nanoparticles (ENM) have been progressively used for biological applications such as
antimicrobial agents, diagnosis therapeutics imaging, targeted drug and gene delivery. [1-4]. Silver
nanoparticle (AgNP) is one of such nanoparticles which show microbial activity owing to the size
as well as its large surface-to-volume ratio [5]. Silver nanoparticles have the ability to pierce
bacterial cell walls, alter the structure of cell membranes and even cause cell death[6]. AgNP
continuously release silver ions which adhere to the cell wall and cytoplasmic membrane. Cell
membrane becomes porous after the intake of silver ions which eventually disrupt the bacterial
cell wall [6]. Spotting various biological applications of silver nanoparticle, a detailed
comprehension is necessary regarding the interaction of AgNP with the cell membrane. The
natural membrane is composed of various lipids, proteins, carbohydrates and other biomolecules,
so it is difficult to study the specific interaction of nanoparticle with the cell membrane in native
state. Solid supported lipid bilayer which mimics the cell membrane is a good substitute to study
such biological system. A number of studies have been carried out elucidating the complex
interaction of nanoparticle with solid supported bilayer system [7-9]. Among them, Atomic Force
Microscopy (AFM) is a good technique to investigate morphological as well as nanomechanical
changes of the membrane due to its interaction with the nanoparticles. Exploiting AFM as an
experimental tool, Roiter et al. [10] showed that nanoscale pores are formed on the lipid bilayer
by nanoparticles of diameter less than 22nm. Ridolfi et al. [11] observed the gold nanoparticles
reside preferentially along the lipid phase boundaries in cholesterol mediated lipid bilayer. Despite

of intense research in this field, the interaction between AgNP and pure zwitterionic DOPC bilayer
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as well as cholesterol mediated DOPC bilayer by measuring the nanomechanical parameters are
not well studied. On the other hand, the surface chemistry of nanoparticle is one of the important
parameters which affect its overall interaction with the bilayer membrane. Coating of nanoparticle
with specific ions is an excellent technique to enhance its activities. The coating of nanoparticle
with specific ions increase the stability of AgNPs and reduces their cluster formation [12]. The
average orientation of the lipid head group is altered in the presence of coated negatively charged
nanoparticles [13]. The anionic nanoparticles are also found to induce gelation in fluid lipid bilayer

at room temperature [14].

In this article, considering the previous observations, we choose cholesterol mediated
DOPC solid supported bilayer (0% and 5%) and citrate coated anionic silver nanoparticles. We
restricted the particle size ~10 nm to observe the pronounced effect of nanoparticle on DOPC lipid
bilayer as it is generally reported that smaller citrated-coated silver NP causes more cellular

toxicity and disruption to membranes [15, 16].

5.2. Experimental:

Small unilamellar vesicles (SUVs) were prepared by following the extrusion method described by
Hope et al. [17] as discussed in the previous chapters. Citrate coated silver nanoparticle of size 10
nm (AgNP) (.02mg/ml) was also purchased from Avanti Polar Lipids (Alabaster, AL) and used

without further processing.

In this experiment, the mica substrates were prepared in three different ways: (i) to observe
interaction of AgNP nanoparticle with pure mica surface, we added one drop (11ul) of 0.02 mg/ml
citrate coated AgNP on the freshly cleaved mica and dried, the dried surface was immersed in
millipore water and AFM images were recorded. (ii) For preparation of DOPC-AgNP hybrid
system on mica surface, we added one drop of AgNP solution (.02mg/ml) on the mica surface.
The sample was left untouched for 5 minutes. After that, we added 50ul DOPC SUV (0.5mg/ml)
aqueous solution on the altered mica surface. The sample was incubated for 45 minutes. Then the
sample was gently rinsed and imaged by AFM in the fluid (water) mode. (iii) Finally, to study the
effect of simultaneous deposition of 5 mole % cholesterol mediated DOPC vesicles and AgNP

nanoparticle, previously prepared vesicle solution of 50 pl and AgNP of 11 pl were deposited

84



simultaneously. Each sample was incubated for 15-20 minutes. The surface was gently rinsed and

placed for AFM measurements. Utmost care was taken to prevent de-wetting of the samples.

The AFM was operated in Peak Force QNM (Peak Force-Quantitative Nano-Mechanical)
liquid mode with Scan Asyst-fluid probe as described in section 4.3. The information regarding
the mechanical properties of the sample is extracted at every single point as shown in figure 4.1
(chapter 4) [18, 19]. The AFM images were flattened and the statistical distribution of heights,
DMT modulus, adhesion, energy dissipation and deformations are presented. The reduced

Young’s Modulus is obtained by using the Derjaguin, Muller, Toropov (DMT) model [20].

5.3. Results and discussion:

Figure 5.1 shows a DOPC bilayer on a freshly cleaved mica surface. It shows the bilayer height
around 3.3 nm which covers a vast portion of the mica surface. The vesicles are ruptured
spontaneously at the contact of mica surface. The interplay between the edges of isolated bilayer

fragments lead to merging and form larger bilayer patches.[21].
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Figure 5.1: DOPC bilayer on freshly cleaved mica surface 1(a) height image of pure DOPC lipid bilayer
1(b) histogram distribution of height.
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5.3.1. Dispersed anionic silver nanoparticle (AgNP) on freshly cleaved mica

surface:

To observe the surface morphology of the AgNP on atomically flat mica surface, the nanoparticles
were dispersed as described in the experimental section and captured by AFM. Figure 5.2 shows

the surface morphology of the mica surface after the dispersion.
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Figure 5.2: The topography of height, DMT modulus and adhesion along with 1-D profile and histogram
(a)The topography of height along with line profile and histogram of distribution.(b)the topography of DMT
modulus with line profile and histogram of distribution (c) the topography of adhesion with line profile and

histogram of distribution.

Figure 5.2(a) shows the topography of the deposited anionic silver nanoparticle. One dimensional
(1D) height profile along the marked line and the histogram distribution of 2D image is shown
below the AFM image. The AgNP are not crowded on the mica surface. It may be due to the fact
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that citrate coated silver nanoparticle in aqueous solution bears a high negative zeta potential value
[22]. As zeta potential is related with the electric potential of the interface of the diffuse ion layer
surrounding Ag nanoparticle and the bulk solution, so the possibility of crowding of the
nanoparticles is less. The electrostatic interaction between the silver nanoparticle and the mica
stabilizes the nanoparticles on the mica surface. The 1-D profile as well as the histogram shows
the size of the Ag nanoparticles within the range of 1-25 nm with a peak at 10 nm which is
consistent with the value found in TEM (provided by the manufacturer). Figure 5.2(b) shows 2D
image of DMT modulus along with 1-D profile and histogram of the distribution. The DMT
modulus histogram shows two peaks, one at 20 MPa and other at 40 MPa. The presence of silver
nanoparticle contributes to the higher value of DMT modulus. The lower peak in the histogram of
DMT modulus may be the contribution of sodium citrate buffer coupled with the mica surface
Figure 5.2(c) shows the adhesion map of the anionic silver nanoparticles. The map reveals that the
presence of the AgNP reduces the adhesion compared to the rest of the mica surface. The histogram
distribution of adhesion also shows two peaks. The peak at 40 nN corresponds to the adhesion of
anionic AgNP whereas the higher value of 60 nN may be due to the sodium citrate coupled mica

surface.

5.3.2. Preparation of DOPC-AgNP hybrid bilayer:

Figure 5.3 shows AFM data of DOPC-AgNP hybrid bilayer on the mica surface prepared by
addition of AgNP solution followed by the deposition of DOPC vesicle and 45 minutes incubation

(described in the experimental section).
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Figure 5.3: Pore formation in DOPC bilayer in presence of AgNP fabricated mica surface (al) image of
bilayer (a2) histogram of height image (al) (b1) Enlarged image of a porous region in DOPC bilayer (b2)

1-D image along the indicated surface

Figure 5.3(al) shows the semi continuous lipid bilayer with multiple irregular scratches on it. A
small number of AgNP are also exposed at the scratched regions. Figure 5.3(a2) shows the
histogram of the height distribution with a peak at 5 nm. An enlarged image and 1D line profile
near a porous zone is shown in figure 5.3(b1) and figure 5.3(b2). The observed scissions on the
DOPC bilayer are due to the presence of pre-implanted AgNP on mica surface. The nanoparticles
penetrate into the phospholipid bilayer structure and disrupt the regular structure of the membrane
[23]. Few of the AgNPs involved in the bilayer disruption are visible at the scratch regions. Earlier
AFM study revealed similar pore formation on DMPC bilayer due to the presence of substrate-
supported silica nanoparticles with diameters ranging from 1.2 to 22 nm[10]. The pore formation
and bilayer scission are further confirmed by simultaneous DMT modulus, adhesion and energy

dissipation measurements.

88



Figure 5.4 represents the 2-D map of DMT modulus, adhesion and the energy dissipation along

with the height image.
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Figure 5.4: The 2-D image of DOPC lipid- AgNP hybrid bilayer (al) the 2-D image of height (a2) line
profile along the indicated surface (bl) the 2-D image of DMT modulus (b2) the line profile along the
marked surface(cl) the 2-D image of adhesion (c2) line profile along the indicated surface (d1) the 2-D

image of energy dissipation (d2) the line profile of the specified surface
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Figure 5.4(al), (bl), (c1) and (d1) represents the 2-D image of height, DMT modulus, adhesion
and energy dissipation, respectively. The corresponding profiles along the marked lines are also
shown in figure 5.4(a2), (b2), (c2) and (d2), respectively. The falls in height profile (Figure
5.4(a2)) indicates the disruption on the bilayer. The DMT modulus line profile along the same
region (figure 5.4(b2)) shows a fall at the disrupted position. Similarly, adhesion and energy
dissipation at the disrupted surface is high (figure 5.4(c2&d2)) compared to the rest of the surface.
Thus, we conclude from the height and nanomechanical measurements that the AgNP has the

ability to create pore in the DOPC lipid bilayer.

So far, we have successfully examined the morphological and the mechanical change of
the nano structured hybrid DOPC bilayer. Now to study the effect of simultaneous addition of
AgNPs and DOPC vesicles, we added both AgNP and DOPC lipid vesicle solution at the same

time on the atomically flat mica surface.
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Figure 5.5: the topography of the disrupted DOPC bilayer (a) The topography of height along with the

histogram of distribution (b) Topography of DMT modulus of the surface along with the histogram of
distribution (c) Topography of adhesion along with the histogram of distribution.
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Figure 5.5(a), 5.5(b) and 5.5(c) represent the 2-D image of height, DMT modulus and adhesion
of disrupted bilayer along with histogram distribution of 2-D image in presence of anionic Ag NP
respectively. The height distribution displays two height ranges, (i) 2-7 nm which corresponds to
pure lipid bilayer and (ii) 7-13 nm which represents the nanoparticle trapped bilayer region. The
height distribution suggests that the larger nanoparticles cause the membrane to partially wrap
around or engulf the particle [24]. When we added the Citrate coated AgNP and DOPC vesicle
solution simultaneously, owing to electrostatic interaction, the silver nanoparticle was trapped in
the discontinuous bilayer. Here lipid tail protrusion may play an important role for insertion of
silver nanoparticle in the supported bilayer [25]. In our study, DMT modulus image as well as the
histogram distribution shows higher rigidity of nanoparticle trapped bilayer in comparison to other
parts of the of the sample (figure 5.5b) [26]. Velikonza et al. [13] observed that the lipid head
groups which are in close vicinity to the negatively charged nanoparticle extend more to the
direction perpendicular to the membrane surface which leads to localized ordering of the lipid
molecules in the close proximity of the nano particle. In our case, this local ordering may lead to
the stiffening of DOPC bilayer in presence of AgNP. The nanoparticle trapped bilayer also shows
less adhesion in comparison to the other surface of the sample. The energy dissipation of the same

topography is presented in figure 5.6.
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Figure 5.6: (a) The image of energy dissipation of the DOPC lipid bilayer during simultaneous addition
of AgNP and DOPC vesicle on freshly cleaved mica surface (b) histogram of the distribution

Figure 5.6(a) shows the energy dissipation image of figure 5.5(a). Three different coloured regions

is shown in figure 5.6(a) and histogram in figure 5.6(b) denotes three different energy dissipations.
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The darkest regions and the lowest energy dissipation peak contribute to the nanoparticle trapped
bilayer which is similar to high DMT modulus image. It again signifies that the nanoparticle
trapped bilayer region is very rigid. Non trapped silver nanoparticles are visible at the boundary
of the nanoparticle trapped bilayer. The observation is similar to earlier reports that the

nanoparticles like to reside at the interface of the bilayer [9].

5.3.3. Effect of AgNP on cholesterol incorporated DOPC lipid bilayer:

So far, we have investigated the interaction of silver nanoparticle with the purely mica supported
DOPC phospholipid bilayer (0% cholesterol). The disruption of the lipid bilayer is observed due
to the pre-implanted and simultaneous incorporation of AgNPs. Now we study the disruption effect
of DOPC phospholipid bilayer by AgNPs in presence of cholesterol, a stabilizing agent of
phospholipid bilayer. We added AgNP solution (0.02mg/ml) and 5 mole % cholesterol mediated
DOPC solution (0.5mg/ml) together on the freshly cleaved mica surface. The sample was
incubated for 45 minutes, and gently rinsed before the AFM imaging. The topography and the

height distribution are presented in figure 5.7.
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Figure 5.7: nanoparticle incorporated 5 mole% cholesterol mediated DOPC lipid bilayer (al) the image of
height (a2) histogram of height distribution (b) the height layer from Onm to3nm (c) height layer from 3nm

to 5 nm (d) distribution of nanoparticles on the same surface
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Figure 5.7(al) shows 2-D image of the cholesterol incorporated DOPC bilayer with impinged
AgNP. It is observed that the cholesterol mediated bilayer formation is not much hindered by the
incorporation of nanoparticle. However, cholesterol rich and cholesterol poor domains are
observed which is confirmed by the two peaks in the height distribution (figure 5.7(a2). Few
adhered AgNPs are noticed on the surface of the bilayer which do not contribute any significant
role in the height distribution. Three layered height groups are noticed in figure 5.7(b-d) with
height ranges 0-3 nm, 3-5 nm and 5 -12 nm. Figure 5.7(b) and 5.7(c) represents the cholesterol
rich and cholesterol poor bilayer while 5.7(d) represents the positions of the adhered nanoparticle
in the same surface. The DMT modulus and the adhesion profile along a localized region of the

bilayer are presented in figure 5.8.
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Figure 5.8: AgNP on the 5% cholesterol mediated DOPC lipid bilayer surface(al) topography of height of
nanoparticle attached DOPC bilayer (a2) line profile along the bilayer nanoparticle surface.(. (bl)
topography of DMT modulus(b2) the line profile of DMT modulus (cl) topography of adhesion of

nanoparticle on DOPC-cholesterol bilayer(c2) line profile of adhesion along the surface.
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Figure 5.8(al) shows the topography of a single adhered AgNP on the cholesterol rich DOPC
bilayer of height 4nm. The line profile (figure 5.8(a2)) reveals the possible height of the
nanoparticle is ~10 nm. There is a dent in DMT modulus as well as in adhesion topography at the
adhere site of the nanoparticle (Figure 5.8(b1) and Figure 5.8(cl). The line profile of DMT
modulus and Adhesion in the figures 5.8(b2) and 5.8(c2) displays a drop at the attachment site. It
suggests that the cholesterol mediated DOPC lipid bilayer tends to be porous at the attachment site
of the nanoparticle. However, total disruption of the bilayer does not occur for cholesterol
mediated DOPC lipid bilayer as revealed in the AFM study. Thus, it may be inferred from the
observation that the effect of AgNP is less pronounced in cholesterol mediated DOPC lipid bilayer
than pure DOPC lipid bilayer.

5.4. Summary:

The results presented in this paper demonstrate that AgNP has the ability to induce defects in the
pure and cholesterol mediated DOPC lipid bilayer. The nanoparticle trapped bilayer regions show
height elevation and increased rigidity. The unbound nanoparticles are also visible at the boundary
of the trapped region. On the other hand, The AgNP cannot produce many defects on the
cholesterol mediated DOPC lipid bilayer in comparison to pure DOPC lipid bilayer. The
effectiveness of AgNP in nanoscale disruption of supported lipid bilayers correlates the particle’s
ability to induce cell membrane permeability and to internalize into the lipid bilayer. This inducing
effect is reflected in the change of the DMT modulus, adhesion and energy dissipation at the
adhering site of nanoparticle with the lipid bilayer. The bilayer disruption is extremely important
because natural and synthetic nanoparticles utilize nanopores to reach to the inner part of the cell
through these nano opening. By observing the interaction of nanoparticles in in-vitro system using
artificial lipid bilayer, one can predict the possible mechanism related to nanoparticle intake in real
cell membrane. The observed degree of lipid bilayer disruption correlates well with in vitro studies
of enzyme leakage, nanoparticle uptake and cytotoxicity [27] The reported study enhances the
fundamental knowledge on AgNP - DOPC SLB interactions which establish a key aspect to

consider the designing of NPs-related biological applications.
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Chapter 6

Preparation of giant unilamellar vesicles from large
unilamellar vesicles(LUV) and characterization by zeta
potential and dynamic light scattering:

6.1. Introduction:

In the previous chapters we have discussed the formation and growth of Solid supported lipid
bilayer and its interaction with cholesterol and anionic silver nanoparticle which are very important
molecular interaction in the biological perspective. Although planar bilayer can be a model system
to study biological membranes, giant unilamellar vesicles will be more appropriate to study
functions and properties of bio membranes. Size of GUV resembles with the cell. One of the major
drawbacks of SLB as a model system of biological membranes is the extensive hydrodynamic
coupling between the bilayer and the substrate in which bilayer is formed. Such a coupling results
in a much slower diffusion of bilayers than that of free bilayers. Further, undesirable interaction
between substrate and bilayer may lead to problem in reconstituting integral membrane proteins
into the bilayer. One approach to circumvent this problem is to prepare unilamellar vesicles as a
model system of bio-membrane, although this system is not very good stable compared to SLB.
Therefore, besides SLB, we intend to prepare GUV from LUV. In the present chapter, we discuss
the formation of Giant Unilamellar Vesicles from Large Unilamellar vesicles which acts as an
excellent model membrane. We also describe our preliminary results on GUV reconstituted with

an antimicrobial peptide, NK-2.

The present chapter is organized as follows. The section 6.2 describes the earlier studies
followed by the experimental results in section 6.3 and discussion in the section 6.4.A conclusion

1s detailed in section 6.5.
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6.2. Earlier studies:

Biological membranes are complex, regulated by various membrane components. Therefore, it is
often useful to study model membranes in order to understand the physical mechanisms of many
biological phenomena occurring on the cell surface. Unilamellar vesicles are often used as bio-
mimetic systems. Vesicles are basically microscopic sac that encloses a volume with molecularly
thin bilayer membrane. These are formed by self-assembly of amphiphilic molecules, such as
phospholipids, diblock co polymer etc [1] [2]. Phosphatidylcholines (PCs) are the most abundant
phospholipids in all eukaryotic cells, whereas, phosphatidyl glycerols (PGs) and
phosphatidylethanolamines (PEs) were found in bacterial cell [3].The phospholipids, when
suitably mixed with water or similar solvent form bilayers, commonly known as multilamellar
vesicles (MLV). However, MLV do not serve as a good model system of biological membranes,
as cellular membrane is a single bilayer of lipid molecules. Therefore, one needs to prepare model
membrane containing single bilayer, known as unilamellar vesicles. MLV can form unilamellar
vesicles whose size ranging from tens of nanometers (Small unilamellar vesicles, large unilamellar
vesicles) to tens of micrometers (giant unilamellar vesicles) depending on the preparation methods
used. Giant unilamellar vesicles (GUV), owing to their large size, can directly be observed under
an optical microscopy and therefore, they serve as an excellent model system to study many

biological phenomena [4] [5] [6].

Lipid-peptide interaction is one of the most important systems where GUVs are used in
order to get some insight into the structure and functions of membrane proteins [7]. Study of
antimicrobial activity of an antimicrobial peptide on the model membrane has drawn lots of
attention due to their potential for bio-medical applications, such as antibiotics [8]. Giant vesicles
are also used as micro reactors for enzymatic RNA synthesis [9]and used to compartmentalize
nanoparticles of controlled size distributions [10]. Aqueous phase separation, bio mineralization
and many other phenomena which mimic biological compartmentalization can be studied using
GUYV [11] [12]. Vesicles are also extensively used as carriers of bioactive agent, including drug,

vaccines, cosmetics [13] [14].

6.3. Experimental:

Phospholipids, such as, Dioleoyl phosphatidylcholine (DOPC), Dioleoyl phosphatidylgylcerol
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(DOPG) and Dioleoyl phosphatidylethanolamine (DOPE) were purchased from Sigma Aldrich
and were used for vesicle preparation without further purification. LUV was prepared using

extrusion technique as discussed in earlier chapters[15].

Zeta potential and size distribution were obtained at a temperature (~ 30°C) with Zetasizer
Nano ZS (Malvern Instruments, UK).The details are provided in chapter 2. The rate of decay of
intensity-intensity autocorrelation function is measured which is used to calculate size distributions

of LUV using Stoke-Einstein Relation.

Zeta potential was measured from electrophoretic mobility (u) by Laser Doppler

Velocimetry [24, 25]. { is now obtained from the model described by Smolushovski-Huckel

2un

equation, { = m,

where € and € are the relative permittivity of the medium and

permittivity of the free space, respectively. n be the coefficient of viscosity of the aqueous solution.
The Henry function is the function of vesicle radius @ and the inverse Debye length k. The p
provides information about the effective charges, Q. , of the vesicles. The Qs per vesicle have
also been estimated from the measured electrophoretic mobility, according to the equation,

Qerr = 6mNa,srlt , where, a.5r is the effective radius of the vesicle including stern layer.

Average ¢ and the size distribution were obtained from 3-4 successive measurements. Each

measurement includes 100-200 runs.

GUV were formed in 100 mM Sucrose prepared in 1 mM HEPES (pH 7.4) buffer using
electrofomation, as described by Pott et al. [16]. We have modified the method. Instead of dried
lipid film, we have used LUV suspension to deposit onto the ITO glass. In brief, 2 mm LUV
suspension, prepared using an extrusion method, was deposited on both the ITO glasses as small
little droplets. These droplets were allowed to dry overnight in a closed chamber containing
saturated solution of NaCl. This is to avoid complete drying of the droplets. The hydration of these
droplets facilitates electroformation process. Electroformation chamber for vesicle preparation
consists of two ITO coated glasses separated by a teflon spacer of thickness ~ 2 mm. An alternating
voltage of 1-2 Volts (peak to peak amplitude) and 10 Hz frequency was applied to the chamber for
a couple of hours. For best result we have gradually increased the alternating voltage starting from
0.7 volts to 1.5 volts in the interval of 15 minutes. Similarly, at the end of 1--2 hour, voltage was

gradually decreased before we switched off the alternating field. This method helps to detach
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vesicles from the substrate. The average diameter of the GUV obtained was 20-100 um. After the
formation of GUV, vesicles solution was transferred to a glass vial for storage. For better contrast
in phase contrast microscopy, GUV solution was diluted in 100 nm Glucose prepared in 1 mm
HEPES (pH 7.4), for observation. Both glucose and sucrose solution were kept same osmolality
in order to balance the osmotic pressure between the interior and the exterior of the GUV.

Production of GUV in the present protocol is very much reproducible.

6.4. Results and Discussions:

We have chosen phospholipids, such as, DOPC, DOPG and DOPE, due to their low chain melting
transition temperature (Tm = -18°C) so that vesicles can be prepared at room temperature (25 ° C):
At room temperature, vesicles prepared from above phospholipids are in fluid lamellar (L ) phase.
Before preparing GUV, size distribution and zeta potential were measured. Size distributions of
the LUV have been confirmed by dynamic light scattering. Typical size distribution of DOPC
LUYV is shown in Fig. 1(a). Average size in terms of effective hydrodynamic diameter was found

to be ~ 100 nm. The size distribution reveals that LUVs are mainly mono-dispersed.
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Figure 6.1: (a) and (b) show size and zeta potential distributions obtained from LUV made up of DOPC.

These are captured images from the software provided by Malvern Instrument.
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Table 1: Summary of size distribution and zeta potential results:

PDI: the polydispersity index. pu: electrophoretic mobility, Q¢ effective elementary charges per
vesicles in the unit of electronic charge . Errors are calculated from 3 consecutive measurements.
As « is a function of ionic composition, zeta potential was estimated from the Smoluchowski

approximation with f(xa) = 1.5.

phospholipids Size PDI u Zeta. Qesr ()
(d nm) (cm¥/Vs) 10* P‘(’:E‘\’;;al
DOPC 98 +2 0.06 -0.5 +0.1 -6+2 65
DOPC-DOPE (4:1) 99 +3 0.07 -1.3 £0.1 -16£3 66
DOPC-DOPG (4:1) 98 +3 0.06 -4.0 £0.2 5243 205
DOPE-DOPG (4:1) 100 £ 4 0.10 44 +£0.2 56 +£4 225
DOPG 99 +3 0.08 4.8 +0.3 -61 +£3 245

Zeta potential can be used to study the physico-chemical properties of the membranes and it can
provide a good approximation of surface potential at low and moderate electrolyte concentrations
(< 100 mM). Although zeta potential usually appears with respect to charged surface, a negative
zeta potential of DOPC obtained from the experiments is intriguing. The orientation of hydration
layers of the membranes, head group, water polarization as well as presence of impurity may be
the possible origin of non-zero zeta potential in DOPC. Zeta potential for DOPG is found to be ~
- 61 mV as expected. Zeta potential of LUV obtained from mixture of PC-PG and PE-PG was
found to decrease, as shown in table -1. This is expected as the amount of charge decreased with
the mixture. Larger zeta potential obtained from PC-PE mixture as compared to pure DOPC could
be a consequence of increasing the rigidity in the presence of DOPE. As the zeta potential is
sensitive to pH of the aqueous solution, we have kept the pH fixed at 7.4 for all measurements.
DOPE alone cannot form vesicles. This is due to fact that the DOPE head group forms hydrogen

bonds with the water molecules making the bilayer very stiff. We have used a mixture of DOPC-
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DOPE (4:1) to form LUV. Size and zeta potential distributions were found to be very similar to

that of DOPC.

Although LUV can serve as model systems of biological membranes to study the
interaction with ions or different bio-molecules, there are few major disadvantages. LUV often
display broad size distribution. Therefore, properties such as permeability, spectra, etc. may not
be identical for different LUV. Curvature of the membrane also plays important role in governing
lipid packing, phase separation and many other phenomena occurring in the membrane surface.
Small size LUV possesses a high curvature, compared to the much flatter cellular membrane. As
LUV cannot be observed under an optical microscope, much information, such as shape
deformation or fluctuation, phase separation etc. cannot be visualized directly. We can overcome
above disadvantages, by preparing GUV. Here, we shall discuss the preparation of GUV from
DOPC only.

After characterizing LUV from DOPC, we have successfully obtained giant unilamellar
vesicles from large unilamellar vesicles as shown in Figure 6.2. Similar results were found for
DOPG and DOPC-DOPE mixture also. The present work is an innovative approach to preparing
GUV from LUV using electroformation. There are several advantages of this protocol over
conventional electroformation [16]. Once we prepare LUV, in organic solvent such as choloform
will no longer be required. Therefore, the process of preparing a lipid solution and solvent
evaporation after coating onto a ITO glass can be avoided. Major advantage of our method is the
use of LUV for experiments prior to the preparation of GUV. For example, we have measured size
distribution and zeta potential of LUV prepared from charged as well as neutral phospholipid
vesicles. In fact, we can study the interaction of various divalent and monovalent ions, drugs,
antimicrobial peptide with LUV prior to the preparation of GUV. Therefore, if we prepare GUV
from LUV, it would be a good protocol to reconstitute various biomolecules in GUV. This is also

useful to envisage the influence of curvature and size on the bilayer properties of the vesicles.
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Figure 6.2: Phase contrast micrograph of GUV made from DOPC during their formation from LUV. Fig
(a) and (b) shows the formation of GUV 10 minutes and one hour later from the application of alternating

field, respectively. Images were taken from two different regions of the sample. Scale bar 5 pm.

Here we report an example, how an antimicrobial peptide, NK-2, can be reconstituted in GUV
(Figure 6.3). Figure 6.3 a shows GUV prepared from LUV without the presence of NK-2. Halo
region of the phase contrast image is due to the presence of sucrose in the interior and glucose in
the exterior of GUV. In the absence of halo region in figure 6.3 b exhibits no contrast between the
interior and exterior fluids of the membranes. Therefore, it is conceivable that there are some pores
induced by NK-2 which are present on the GUV. Interior and exterior fluids can exchange through
the pores. This process leads to decrease in contrast in the halo region of the image of GUV.
Therefore, the image of GUV in the presence of NK-2 is very similar to the image when GUV are

prepared with the aqueous solution and diluted with the same solution.
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Figure 6.3: (a) A phase contrast micrograph of GUV made from LUV composed of DOPC and DOPG
mixture at 4:1ratio. (b) shows GUV made from LUV of same composition as figure (a) in presence of NK-

2. Size of these GUVs are ~ 20 pm.

The present preparation protocol will enable us to measure mechanical properties after
reconstituting different bio-molecules such as proteins, peptides, cholesterol, etcf. Mechanical
properties of the lipid bilayer play vital role in determining various processes, such as fusion,
budding etc. GUVs are excellent model systems to determine binding and stretching modulus of
lipid bilayer using either micropipette aspiration techniques or Fourier analysis of fluctuation
spectra. GUVs are also useful to introduce molecules, such as DNA using microinjection

techniques.

6.5. Conclusion:

Preparation and characterization of lipid membranes are the key step for understanding the
properties and functions of cellular membrane. In the present study, we have discussed the
formation and characterization of phospholipid bilayer, an excellent model system of biological
membranes, in the form of LUV, GUV. We have successfully obtained GUV from LUV using
electroformation. We have also measured size distribution and zeta potential of LUV using
dynamic light scattering. The several advantages of the present approach to prepare GUV over the

conventional electroformation were also discussed. Giant unilamellar vesicles (GUVs) provide the
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possibility to directly visualize certain interactions in a small but optically resolvable volume
encapsulated by the vesicle membrane. We have presented an example, where an antimicrobial
peptide NK-2 was reconstituted in GUV prepared from LUV. The present study provides us an
important insight into the physico-chemical properties of membranes in terms of their size and
geometry. Therefore, GUV serves an excellent and simpler model system whose size, geometry,

and composition can be tailored with great precision.
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Abstract

A planar lipid bilayer on a solid support serves as model system that explains fundamental aspects of membrane biology
and enables us to characterize wide-range surface-sensitive techniques, including molecular engineering. The present study
aims at understanding the process of single and multiple bilayer formation after the exposure of small unilamellar vesicles
(SUVs) of dioleoyl phosphatidylcholine (DOPC) to mica substrate. Isolated single bilayer formation and co-existence of
double and triple lipid bilayers in the aqueous medium have been quantitatively measured by atomic force microscopy and
discussed the physicochemical mechanism. It has been observed that due to the strong adhesion of DOPC SUV to mica
surface, vesicles of diluted solution rupture spontaneously and form isolated bilayer patches when they come in contact with
the mica surface. No further lateral growth or movement of the bilayer patches has been observed upon increase of incuba-
tion time. However, the increase of vesicle number on the same surface area by successive deposition of DOPC solution of
same concentration and increasing incubation time shows merging of the nearby patches as well as development of stacked
second and third bilayers due to edge-guided rupture of adsorbed vesicles on first or second bilayer patches. Mechanisms of
single and multi-bilayer formation and a theoretical interpretation of the process have been elucidated.

Keywords Lipid membrane - Mica surface - AFM - Multilayer - Supported bilayer

Introduction viz Langmuir—Blodgett deposition (Blodgett 1935), vesicle

fusion (Richter et al. 2003), lipid—detergent method (Kata-

Biological membranes are complex and are regulated by
various proteins, cholesterol, and other active biomolecules.
Therefore, it is often useful to study model membrane in
order to gain insight into the structure and functions of mem-
branes which may be difficult to study in vivo. Unilamellar
vesicles are excellent model systems to study. Besides uni-
lamellar vesicles, solid supported lipid bilayers (SLBs) are
useful for studying many biological processes, especially
cell adhesion, fusion, signaling, adsorption of molecules, to
name a few (Leonenko et al. 2000). A variety of techniques,
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oka-Hamai et al. 2010), and many more have been applied
to prepare SLB. Among them, the vesicle fusion method is
quite reliable and easy. However, the mechanism of SLB
formation by simple vesicle fusion is not yet adequately
understood.

Moreover, various differing reports are present in hitherto
published literature regarding the mechanism of SLB forma-
tion. Reviakine and Brisson (2000) used the vesicle fusion
method on mica to study the early stage of SLB formation
and compared their results with available theoretical works.
They observed that the SLB formation depends highly on
vesicle size, lipid concentration, and the presence of Ca2*
ions in the medium though Attwood et al. (2013) noted that
the SLB could be formed even in the absence of Ca** ion.
Weirich et al. (2010) revealed that the vesicles need rear-
rangement before rupture. Besides, Jass et al. (2000) dem-
onstrated that when liposomes are attached to a hydrophilic
surface, they get flattened until two membrane bilayers stack
on top of each other. Moreover, the authors reported that
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the upper layer of the stacked layers slides over the lower
layer and forms a bilayer patch. In order to gain insights
into the fundamental as well as the applied aspects of mem-
brane, various experimental techniques, such as atomic force
microscopy (AFM, Akesson et al. 2012; Richter et al. 2003,
2006), dissipation-enhanced quartz crystal microbalance
(QCM-D, Akesson et al. 2012; Lind et al. 2015), ellipsom-
etry (Richter and Brisson 2005), neutron reflection (;\kes-
son et al. 2012; Wacklin 2011; Wacklin and Thomas 2007),
interferometric scattering microscopy (Andrecka et al.
2013), and fluorescence microscopy (/&kesson et al. 2012;
Bernchou et al. 2009), have been used.

In addition to the single bilayer, formation of multilayer
model membrane is of great importance for studying its
interaction with drugs, nanoparticles or membrane-embed-
ded protein. For example, embedded proteins of larger
dimension cannot be accommodated in a single solid lipid
model bilayer due to their structural deformation (Han et al.
2010). The lipid multilayer model system can be an effec-
tive solution in the aforementioned scenario of structural
deformation. Multilayer lipid membranes are also found in
the natural environment, e.g., in mitochondrial cristae, in
neuron, in thylakoid, etc. Different procedures have been
followed to form artificial lipid multilayers (Heath et al.
2016; Kang et al. 2018; Perino-Gallice et al. 2002; Sironi
et al. 2016; Vogel et al. 2000; Zhu et al. 2015). Vogel et al.
(2000) reported the formation of lipid multilayer by deposit-
ing lipid solution dissolved in an organic solvent on silica
and glass substrate by “spin coating” method. A “rock and
roll” method for the construction of multilayer was followed
where lipid solvent solution was deposited on different sub-
strates (Tristram-Nagle 2007). Heath et al. (2016) reported
the formation of multiple bilayers by adding poly-L-lysine
(PLL), an electrostatic linker, repeatedly in a controlled con-
dition to the junction of two lipid bilayers. Single and dou-
ble bilayers were also observed by injecting dioleoylphos-
phatidylethanolamine (DOPE) liposome suspension diluted
with MgCl, aqueous solution on mica surface (Egawa and
Furusawa 1999). Okamoto et al. (2012) prepared single and
double bilayers by depositing DOPC in buffer solution on
graphene oxide surface by vesicle fusion method. Sironi
et al. (2016) used a different procedure where aqueous lipo-
some solution was drop cast on mica substrate and dried
to form a large number of stacked anhydrated bilayers. In
all these works, lipids were dissolved in an organic solvent
and/or additional linker was added between the bilayers or
the aqueous medium was dried to form the artificial multi-
bilayer structure. The native characteristics as well as fluid
nature of such stacked bilayers may be lost due to incor-
poration of ligands and linkers. Therefore, spontaneously
growing multiple bilayers in the aqueous medium without
using additional interlayer or ligands is more desirable for
the realistic model system.

@ Springer

In this article, the mechanism of DOPC vesicle rupture
and consequent single and multiple SLB formation on
the freshly cleaved mica surface have been investigated.
For quantitative measurement of SLB fragments in liquid
medium, along lateral and vertical directions, atomic force
microscope has been used. The result of such measurement
has showed instant rupture of DOPC vesicles at the contact
of highly hydrophilic mica surface and, also, formation of
immobile SLB patches. When the number of vesicle in the
solution is inadequate to cover the entire substrate, instead
of continuous bilayer film, isolated small bilayer patches
are formed, resulting in a large number of available bilayer
edges. Further addition of DOPC vesicles on the same sub-
strate causes new bilayer patch formation and enlargement
by coalescing nearby patches. It is observed that the sequen-
tially deposited vesicles are also adsorbed on the already
formed bilayer patches forming stacked bilayers. This phe-
nomenon is attributed to the rupture of adsorbed vesicles
by the edges of the supporting bilayer patches. To the best
of our knowledge, this is the first report of co-existence of
single, double, and triple bilayers in an aqueous medium by
simple sequential addition of diluted DOPC vesicle solution
on the highly hydrophilic mica surface.

Experimental
Preparation of Small Unilamellar Vesicles (SUVs)

Dioleoylphosphatidylcholine (DOPC) was purchased
from Sigma-Aldrich and used for vesicle formation with-
out further purification. SUVs were prepared by following
the extrusion method described by Hope et al. (1985). An
appropriate amount of lipid dissolved in chloroform (stock
solution with concentration 1 mg/ml) was taken in a glass
vial. The organic solvent was then removed by gently pass-
ing nitrogen gas. The sample was placed in vacuum desic-
cators overnight to remove the traces of organic solvent. The
required amount of Millipore water was added to make the
final concentration of 0.05 mg/ml. The solution was vortexed
for 30 min at room temperature. This procedure results in
formation of multilamellar vesicles (MLVs). The SUV was
then produced from the MLV suspension by several times
extrusion through a polycarbonate membrane having pore
diameter 50 nm using a Liposofast extruder from AVESTIN
(Canada).

Dynamic Light Scattering (DLS)

The size distribution of extruded vesicles was measured by
the DLS technique. The extruded vesicles were taken in a
cuvette, and the size distribution was obtained at 30 °C with
a Zetasizer Nano ZS (Malvern Instruments, UK). It uses 4
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mW He-Ne laser of wavelength 632.8 nm. The scattered
light detected at a scattering angle of 173° was directed to a
signal processing correlator. The rate of decay of intensity
autocorrelation function was measured, and size distribution
was calculated by Stokes—Einstein relation.

Preparation of Mica Substrate

Naturally available high-grade muscovite mica have
been used from Jharkhand, India. For consistency, a sin-
gle ~200 mm X 150 mm mica sheet was cut into pieces of
12 mm X 12 mm. The chemical property of the mica was
investigated by X-ray photoelectron spectroscopy (Bhowmik
and Karmakar 2019). Contact angle measurement of freshly
cleaved mica shows super hydrophilic nature with contact
angle less than 5° (Bhowmik and Karmakar 2018). The mica
substrates were cleaved with scotch tape and without any
further processing. DOPC vesicle solution was deposited
immediately. Muscovite mica is a naturally available layered
structured material where negatively charged aluminosilicate
layers are interconnected by positively charged K* ions. Due
to weak ionic bonding via K* ions, aluminosilicate layers are
easily separable. During cleaving by scotch tape, K* ions
are shared by the two newly generated surfaces (Miiller and
Chang 1969). As a result, the cleaved surface becomes nega-
tively charged due to depletion of K* ions. With time the
negative surface charge is compensated by the bulk positive
charges. Immediate deposition of vesicle solution just after
cleaving results in strong adhesion between mica and vesicle
through attractive interaction between negatively charged
mica surface and zwitterionic DOPC vesicles. Muscovite
mica substrate have been used also from MTI Corporation.

Atomic Force Microscopy

For AFM measurements, Bruker made Multimode Scanning
Probe Microscope with Nanoscope V controller have been
used. A liquid-resistant 10 pm scanner and a standard fluid
cell with cantilever holder and O-ring (Bruker, MTFML-
V2) with liquid flow arrangement were used. The AFM in
tapping as well as ScanAsyst modes was operated. Super
sharp silicon nitride (Bruker SNL10) probe with tip radius
2 nm and spring constant 0.12 N/m for tapping mode was
used. A resonance frequency of the probe in pure water was
manually selected at~5.8 kHz and manually adjusted the
amplitude set point for the best imaging. For Peak Force
ScanAsyst mode, high-resolution probes (Bruker, SCAN
ASYST-FLUID) with spring constant 0.35-1.4 N/m were
used, where scan parameters were controlled in auto mode.
In all cases, the images were acquired at scanning rate
1-2 Hz. The AFM images were flattened by “Flatten plus” of
WSxM software to eliminate slopes, bows, and/or bands in
the images (Gimeno et al. 2015). Using the same software,

the line profiles and statistical distribution of heights and lat-
eral sizes were presented. In Figs. 7, 9, and 10, contour plots
of the AFM images were presented by the same software.
By selecting the range of heights corresponding to the first,
second, and third bilayers, the height images were sliced to
show single, double, and triple bilayers separately.

Preparation of Solid Supported Bilayer and AFM
Measurements

DOPC vesicle deposition and AFM measurements were
done in the following way:

Mica substrates were attached to the metal disks using
double-sided tape. The attached mica was cleaved two/three
times to get a uniform and fresh surface with an adhesive
tape. The DOPC vesicle solution was deposited immediately
on the freshly cleaved mica surface by a micropipette. In
the first set of experiment, 10, 20, and 30 ul of 0.05 mg/
ml SUV solution were deposited on three freshly cleaved
mica surfaces and incubated for 15 min. In the second set
of experiment (case of sequential deposition), the 10 ul of
the same DOPC solution was added successively on mica
substrate every 15 min and incubated for a total time of 45 to
75 min (as indicated) in a closed container to avoid evapora-
tion. In both the cases, after the incubation period, samples
were rinsed gently with Millipore water and immediately
covered with pure water as well as placed on the AFM scan-
ner for measurements in liquid mode. In third set of experi-
ment, 10 pl of 0.05 mg/ml DOPC solution was deposited
on freshly cleaved mica and incubated for 15 min like the
first experiment of the first set, but here the time-lapse AFM
images were recorded without rinsing the deposited solu-
tion. Mica surface covered with DOPC solution was imaged
continuously for 15 min. Then additional 10 pl 0.05 mg/
ml DOPC solution was injected in situ in the liquid cell
by a syringe without stopping the scan. Time-lapse AFM
images were recorded for another 70 min. Every full scan
took around 9 min.

Results and Discussion

Formation of Single SLB Fragments on Mica
from DOPC SUV

Size distribution of SUV obtained from extrusion method
is shown in Fig. 1. The polydispersity index (0.07) clearly
indicates that the vesicles are fairly monodispersed. These
SUVs of concentration 0.05 mg/ml were used for SLB for-
mation. Figure 2a shows the AFM image of bilayer frag-
ments formed by rupture of uniform DOPC vesicles for
15 min incubation and subsequent rinse by Millipore water.
It is clearly evident from the one-dimensional line profile
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Fig.1 Size distribution of DOPC vesicles as measured by dynamic
light scattering (DLS) (Color figure online)

(Fig. 2b) that the average height of the bilayer patches
is~3.0 nm. Height distribution of the entire surface is shown
in Fig. 2c. It shows two peaks. The first one is from 0.5
to 2 nm, peaked at 1.2 nm for the bare mica surface with
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adsorbed ultrathin water layer, and the other one is for single
bilayer fragments with a broad peak maximum at 4.2 nm.
Mornet et al. also reported an ultrathin water layer of thick-
ness 0.5-1.5 nm between the substrate and lipid bilayer by
cryo-transmission electron microscopy (Mornet et al. 2005).
Typical bilayer thickness is around 4-5 nm (Attwood et al.
2013; Lv et al. 2018), but lower average height of bilayer
is observed because some times higher tapping force could
result in lowering the height of the bilayer (Tero et al. 2017).
The measured average height of the bilayer fragments is in
agreement with the earlier reports (Lind et al. 2015; Schon-
herr et al. 2004). The distribution of the diameter of the
bilayer patches is also shown in Fig. 2d, which shows the
peak at around 50-60 nm. It is also evident that the patches
of maximum size are found to be at 180 nm. Interestingly,
the bilayer patch size distribution is consistent with the vesi-
cle size distribution measured by DLS (Fig. 1). It shows the
size distribution maxima at around 30 nm and sizes up to
90 nm (Fig. 1). Therefore, it is conceivable that the individ-
ual vesicle of radius R, forms the isolated bilayer fragment
of radius nearly equal to 2R,

When the SUV in the solution reaches randomly on the
mica surface, it may rupture depending on the probability of
the pore formation on the vesicle membrane and the
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Fig.2 a AFM image of DOPC bilayer fragments on mica surface after 15 min incubation with 10 pl solution and subsequent rinse with water, b
line profile along the marked line, ¢ height distribution of the surface, and d lateral size distribution of the bilayer fragments (Color figure online)
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interaction between the vesicle and mica surface (Israclach-
vili 2011; Takats-Nyeste and Derényi 2014a, b). At finite
temperature, pores of a vesicle membrane appear stochasti-
cally and reseal transiently. The pore opening is driven by
the membrane tension, whereas its closure is guided by the
pore’s line tension (Karatekin et al. 2003). It was assumed
that the vesicles in the solution are spherical in shape. Mui
et al. (1993) showed that if contamination-free Millipore
water is used, the vesicles will swell to spherical shape after
extrusion. When the vesicles are in contact with the flat
hydrophilic surface, their shapes are deformed to maximize
its contact area with the adhering surface (Takéats-Nyeste and
Derényi 2014a, b). On considering a cap-shaped deformed
adsorbed vesicle on a mica surface (Fig. 3) as described by
Takats-Nyeste and Derényi (2014a, b, the surface tension of
the membrane can be described by the force balance equa-
tion of Young Dupre (Seifert and L1p0wsky 1990) in thermal

equilibrium condition: ¢ = wA”_”R Ay_aR?
q l+cosrp = 2R 2R

where w is the adhesion energy per unit area between the
membrane and the surface, ¢ is the contact angle between
surface and the vesicle, R is the radius of the contact area of
the vesicle with the surface, A is the projected area of the
vesicle when thermally induced undulations of the mem-
brane are averaged, and A, is the total area of the vesicle. A
critical value of w for rupture of the vesicle of radius R, can
be estimated by balancing the energy gain due to adhesion
and the energy cost of the free edge of the final bilayer patch
of radius 2R,, i.e.,47rR(2)wcrit =4xRyA, or w = A/R,, where
A is the line tension of the bilayer edge. The w_,;, obtained
from this thermodynamic criterion does not guarantee the
rupture of vesicle. It occurs only for significant larger value
of w than w; (Takéts-Nyeste and Derényi 2014a, b). This
can be understood from the pore opening kinetics and the
consequent change of surface tension.

Pore opening in the membrane is a stochastic process and
can occur anywhere along the membrane. Pore formation
leads to a decrease of energy (—zr>c) due to the relaxation

Vi

Fig.3 Schematic diagram of pore formation and adsorption of vesicle
on a solid substrate (Color figure online)

of stress and increase of energy (2zrA) due to pore boundary
formation (Helfrich and Servuss 1984), where r is the radius
of pore and 4 is the line tension. The energy of the pore can
be written as AE & 277 A — nrlo. Now the maximum energy
of the pore is given as AE,, Z2 at r = % which can be
considered as the activation energy “of pore formation. Thus,
z2/o
KsT

where A, = A, — 77 is the non-adhering surface area of the
vesicle, a? is the surface area of the lipid molecule of linear
size a =~ 0.8nm, K, is the local attempt rate of pore nuclea-
tion, and k37 is the thermal energy. Thus, to open a pore on
the membrane, the value of surface tension has to exceed

25 ) At the initial stage of vesicle adsorption,

pore opening rate can be written as K; = Koﬁexp [—

Ocrit = KpAc

KnTin( 5225
the non-adhering area A, is very small, and therefore, surface
tension is larger than this threshold value. As a result, the
pore opens easily, but if pore reseals and adhering area
increases, the surface tension drops below this threshold
value. The situation is worst when vesicle is almost flat, i.e.,
@ = 0and o = w/2 (Fig. 3). Pore opening for adsorbed vesi-
cle of any arbitrary shape is therefore ensured only when
adhesion is larger than w'"° = 20, (Takéts-Nyeste and
Derényi 2014a, b). Thus, vesicle rupture is not guaranteed
when w > w., but it is assured when w = w>>© > 20, It
indicates very high adhesion energy which conﬁrms spon-
taneous vesicle rupture. High adhesion energy between
DOPC vesicle and mica surface in the present experiment
leads to the instantaneous rupture of vesicles and formation
of isolated bilayer patches of area equivalent to individual
vesicles.

Earlier, quartz crystal microbalance resonant frequency
and dissipation (QCM-D) combined with surface plasmon
resonance (SPR) spectroscopy revealed that the vesicle
rupture occurs only after a critical vesicle coverage (Kel-
ler et al. 2000). It is found that DOPC vesicles of all size
rupture on mica and form bilayer patches as soon as they
adhere to the surface. Reviakine and Brisson (2000) also
studied SLB formation on mica. They found both supported
vesicular layers, as well as isolated bilayer patches, by vary-
ing vesicle size, lipid concentration, and presence of Ca’*
ions. Recently, Andrecka et al. (2013) observed spontane-
ous rupture of DOPC vesicle similar to the present experi-
ment, as well as wave-like bilayer spreading on silica, mica,
and plasma-modified mica surface. They wet the surface by
buffer solution (10 mM HEPES, pH 6.8, 200 mM NacCl,
2 mM CaCl,) first and then added the vesicle solution. They
concluded that the individual vesicle rupture or wave-like
cascade rupture depends on the vesicle size and functionali-
zation of the surface. Role of different ion containing buffer
solution on SLB formation is complex; thus, the mechanism
is not well understood. In this article, the authors, there-
fore, use ultrapure water for making DOPC vesicle solu-
tion. Isolated bilayer patch have been repeatedly observed,
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but no supported vesicular layer has been found by AFM
measurement. Leonenko et al. (2000) found similar isolated
bilayer patch formation as well as double bilayer formation
on unmodified and modified mica surface by deposition of
DOPC solution with ultrapure water. It turns out that, if the
interaction between the adsorbed vesicle and substrate sur-
face is strong enough, the vesicles rupture spontaneously
at adsorption as observed in the present case; otherwise,
rupture of a seed vesicle is required to start a cascade or the
nearby vesicles coalesce to grow larger to attain a critical
size. The vesicle rupture may also take place if the adhesion
property of the substrate surface is altered by deposition of
polymer, chemical treatment or nanoparticles incorporation
(Melcrova et al. 2016; Tanaka et al. 2009; Verma and Stel-
lacci 2009). The distribution of fragment size (Fig. 2d) also
illustrates that the possibility of vesicle fusion within the
solution or on the substrate is rare. Anderson et al. (2009)
also reported that a strong electrostatic attraction between
the charged substrate and the uncharged vesicle helps adhere,
deform, rupture, and spread as bilayer, but the vesicles do
not adhere or fuse each other in solution. DLS measurement
of the stock solution on different days also shows no con-
siderable change in vesicle size distribution. However, few
larger bilayer fragments with the size equivalent to multiple
vesicles are also observed as shown in AFM image wherever
the adsorbed vesicle density is more than average.

To explain the isolated patch formation instead of con-
tinuous or semi-continuous bilayer formation due to dilute
DOPC solution deposition, the approximate number of
DOPC vesicles in 10 pl of stock solution (0.05 mg/ml),
deposited on 12 mm X 12 mm mica surface, have been esti-
mated. 10 pl 0.05 mg/ml solution contains 0.5 pg DOPC
which corresponds to 0.636 nmol. The number of DOPC
molecule in 0.636 nmol is 38.3 x 10'3. On considering each
DOPC molecule to cover 0.7 nm? (Kucerka et al. 2005),
all the molecules will cover 134 mm? area in the form of
bilayer out of 144 mm? mica surface if all the molecules are

Fig.4 10 ul 0.05 mg/ml DOPC
solution deposited on freshly
cleaved mica and incubated

for 15 min. Time-lapse AFM
images taken in liquid mode
immersed with the same solu-
tion, a at time 15-24 min and
b at time 24-33 (Color figure
online)

@ Springer

assumed to be adsorbed and ruptured. Leonenko et al. (2000)
stated that it is unlikely that every vesicle—surface interaction
results in adhesion. They showed that out of 424 vesicles/
um? only 150 vesicles/um? (approx. 35%) are adsorbed dur-
ing 2 min deposition and a brief rinse. Therefore, formation
of isolated bilayer patches are expected for 10 ul, 0.05 mg/ml
DOPC solution deposition on 12 mm X 12 mm mica surface.

To verify the dynamic growth and stability of the
bilayer patches during incubation with 10 pl stock solu-
tion (0.05 mg/ml), the AFM images of mica surface with
the deposited DOPC solution have been recorded. At the
initial stage of incubation, bilayer fragments are formed as
observed in Fig. 2 (AFM after rinse with water). Appearance
of additional patch or any considerable change of the exist-
ing bilayer fragments was not observed even after 30 min
(Fig. 4). However, a slight lateral shift of the features is
observed with time due to the thermal drift of AFM scanner
(Wang et al. 2014). This dynamic imaging during incuba-
tion indicates that no further growth or lateral movement of
bilayer fragments takes place with the increase of incubation
time. It also confirms the strong adhesion of the first bilayer
with the mica surface and immobility of the bilayer patches.
Leonenko et al. also found immobility of the bilayer patches
even after a long time.

In order to verify the merging of individual fragments, the
same experiment was performed with double quantity (20 ul)
of DOPC vesicle solution on the same area of mica substrate
(12 mm X 12 mm, Fig. 5). It is observed that the average
bilayer fragment sizes increase, and most of the fragments are
larger than the individual vesicle size. It indicates that when
the number of the adsorbed vesicles is twice on the same sub-
strate area, the possibility of merging of the ruptured vesicles
increases. The possibility of vesicle fusion in the solution is
very rare; any change of DLS size distribution of the stock
solution have not been seen even after a few days. Anderson
et al. (2009) also predicted rare probability of merging in
such diluted solution. Andrecka et al. (2013) never observed
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Fig.5 a AFM image of DOPC bilayer fragments on mica surface
after 15 min incubation with 20 pl solution and subsequent rinse with
water, b 1D profile along the marked line, ¢ height distribution of sur-

signature of vesicle fusion during monitoring bilayer formation
from different-size DOPC vesicles on different substrates by
interferometric scattering microscopy. In some part of the mica
surface where the adsorbed number of vesicles are sufficient
to cover more area, a semi-continuous bilayer is formed due to
the merging of individual bilayer fragments (Fig. 5a). A simi-
lar type of semi-continuous bilayer is also reported for incuba-
tion with 0.5 mg/ml concentrated vesicle solution (Attwood
et al. 2013). Richter et al. (2006) described the formation of
such extended bilayer patches as a result of cascade rupture of
adsorbed neighboring vesicles on the surface. In the present
case, DOPC on mica (Figs. 2, 4, 5), the isolated or extended
bilayer patches are not formed by the sequential cascade rup-
ture. Instead spontaneous rupture of individual vesicles on the
mica surface and successive bilayer edge-guided merging take
place. When the coverage of adsorbed vesicles is low, each
vesicle forms isolated patches (Figs. 2, 4), but when the cover-
age is more, semi-continuous bilayer patches are formed due
to the merging of isolated patches. When bilayer fragments are
in close proximity, the edges become energetically unfavorable
and are expected to promote the interaction with the adjacent
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face, and d lateral size distribution of bilayer fragments (red circles
for Fig. 2a and black squares for a) (Color figure online)

lipid material. Such bilayer edges also play an important role
to initiate the rupture of surface-bound or near-surface vesi-
cles as in the case of wave-induced vesicle rupture (Andrecka
et al. 2013). As the surface-bound vesicles are not available
due to the instant rupture of the vesicle, the adjacent bilayer
patches merge and minimize the energy. For example, if two
equal patches of average radius R| merge, the resultant average
radius would be \/ERI; therefore, edge energy will be reduced
from4zR,Ato?2 \/Eerl A due to merging. Thus, the fragments
coalesce and grow larger when the number of fragments are
increased due to the increase in vesicle number. The increase
of average bilayer size due to the increase of vesicle number is
presented in Fig. 5d. Only the merging of fragments is found
but not any lateral mobility of bilayer fragments.

Mechanism of Bilayer Edge-Guided Vesicle Rupture
and Co-existence of Double and Single Bilayers

In order to establish the instant rupture effect without cas-

cading or wave-induced bilayer formation (Andrecka et al.
2013; Keller et al. 2000; Reviakine and Brisson 2000), the
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number of DOPC vesicle is increased on the same surface
area by increasing the solution quantity (30 pl and incu-
bation time 15 min). Any continuous single bilayer is not
found. Instead, the co-existence of single and double bilayers
have been observed (Fig. 6). If cascading or wave-induced
bilayer formation applies to the present case, double bilayer
formation should be forbidden until the continuous single
bilayer is completely formed. The presence of immobile
isolated first bilayer patches leads to the second bilayer for-
mation on it.

The adsorbed vesicle on the first bilayer may not rupture
spontaneously because bilayer--bilayer adhesion is weaker
than bilayer mica adhesion. However, it is stronger than the
two free-standing bilayers because of the entropy loss of
the surface-bound bilayer (Jass et al. 2000; Takats-Nyeste
and Derényi 2014a, b). Nevertheless, spontaneous rupture
of adsorbed vesicle on the first bilayer and the formation of
the second bilayer are rare if the first bilayer is continuous.
But, if the first bilayer patches are small and isolated, bilayer
edges play the main role in rupturing the adsorbed vesicle
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Fig.6 Bilayer and double bilayer formation with the increase of incu-
bation time (15 min) and solution (3 times). a AFM image, b height
profile along the marked line, ¢ height distribution, and d contour
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on it. Bilayer edge-guided rupture and stacking of double
bilayer due to immobility of DOPC bilayer on mica surface
can be described as follows:

In Fig. 3, it have been shown that the energy of a
pore AE = 27r) — nr’c. Now it is considered that a vesicle
is adsorbed on an already formed bilayer patch and a portion
of the vesicle touches the edge of the patch. Further, a pore of
radius r is assumed on the vesicle, and a section of its bound-
ary merges with the bilayer edge. Now the energy of the pore
will be AE=~2zri—nr’c — y x2zrd=2xri(1 — y) — nr’c,
where y is the fraction of the pore boundary, which merges
with the bilayer edge. Maximum energy AE, . = ”—’12(1 - 27
atr = 2122 Therefore, activation energy AE, .. rgquired for
pore formation is reduced with the share of pore boundary
with the bilayer edge. In case of single bilayer fragment for-
mation, instant and spontaneous rupture of vesicle on mica
surface due to strong adhesion w = w?>© > 26, and thereby
decrease of activation energy have been seen. In case of
bilayer edge-guided vesicle rupture, the activation energy is
decreased due to the overlap of pore boundary with the bilayer
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plot between 4.5 and 8 nm heights of AFM image shows the second
bilayer of thickness~3.5 nm (Color figure online)
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edge. Although the adhesion energy of bilayer patch is not
strong enough as mica substrate, the reduction of activation

2
energy and thereby the reduction of required o;, = %
pliinl 2=

K2
favors the vesicle rupture. Egawa and Furusawa (1999) fo:md
the single and double bilayers for successive injection of stock
solution. The presence of double bilayer was also reported on
silica surface; however, with time, it formed continuous single
bilayer because of the mobility of the first bilayer (Jass et al.
2000). Double bilayer may also form by hat-shaped adsorp-
tion of the vesicle as modeled by Takats-Nyeste and Derényi
(2014a, b. The existence of the double bilayer indicates again
the immobility of the first bilayer and edge-induced rupture
of the vesicle adsorbed on it.

Sequential Deposition and Multi-Bilayer Formation

Stimulated by this double bilayer formation, 10 pl stock
DOPC solution was deposited successively three times with
15 min interval on the same area of mica substrate. Figure 7
shows the co-existence of single, double, and triple bilayers
by 3 consecutive dropping of 10 ul DOPC solution at 15 min
interval and subsequent gentle rinse with water.
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Fig.7 Bilayer, double bilayer, and triple bilayer formation by sequen-
tial deposition of total 30 pl DOPC solution (10 pl in every 15 min
for 3 times and rinse after total 45 min incubation time) on mica

Number of events (arb. unit)

Figure 7a shows the AFM height image, Fig. 7b shows
the height distribution of the entire image, and Fig. 7c pre-
sents the line profile along the marked line shown in Fig. 7a.
Mainly, there are four groups of distributed heights corre-
sponding to (1) mica substrate with water layer, (2) first
bilayer, (3) second bilayer, and (4) third bilayer which are
clearly detected. An AFM phase image of the same is also
presented in Fig. 7d where the phase is inversely propor-
tional to the height of lipid layers.

The sequential dropping and sufficient incubation time
allow the vesicles to form single, double, as well as triple
bilayers. Landing of vesicles on the already formed first or
second bilayer fragments lead to double/triple layer forma-
tion by the edge-guided rupture as discussed above. AFM
topographic 3D image and contour plot of co-existing
multilayers are presented again in Fig. 8. Figure 8a shows
3D AFM image and Fig. 8b presents the contour plot of
the AFM image. To show the different layers, Fig. 8b is
sliced correspondence to substrate (0—1.5 nm), first bilayer
(1.5-5 nm), second bilayer (5-8.5 nm), and third bilayer
(8.5—12 nm), respectively, and is presented in Fig. 8c.

Further, for continual increase in vesicle number by the
sequential dropping of stock solution and longer incuba-
tion time, the formation of the third bilayer as well as the
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surface. a AFM image, b height distribution, ¢ height profile along
the marked line and d phase imaging of the same area (Color figure
online)
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Fig.8 a 3D topography image of Fig. 6a, b contour plot of the topog-
raphy, and ¢ contour plot of sliced layers show single, double, and tri-
ple bilayer zones separately (Color figure online)

coexistence of double and single bilayer is confirmed. Fig-
ure 9 demonstrates such co-existence of single, double, and
triple bilayers for 75 min incubation with 50 pl solution on
the same area of mica surface. 10 pl DOPC solution was
added for 5 times at a regular interval of 15 min and finally
rinsed gently with Millipore water. The stacking of multi-
bilayer is confirmed by the measurement of height profile
of AFM images. Figure 9b shows the height profile along
the marked line on the AFM image where three groups of
height ranges 1.5-5.0 nm, 5.0-8.5 nm, and 8.5-12.0 nm are
observed corresponding to the single, double, and triple
bilayers, respectively. Usually, multiple bilayer formation
by vesicle rupture process is rare. Sironi et al. (2016) set up a
large number of bilayer stacking by drop casting and drying
of aqueous liposome solution. Heath et al. (2016) developed
a layer after layer methodology to form multiple bilayers by
vesicle rupture using PLL as an electrostatic polymer linker.
Jensen et al. (2007) also fabricated multilamellar membrane
by spin coating. In general, most of the reported multiple

Fig.9 a AFM image in aqueous
medium shows the multi-
bilayer formation due to longer
incubation time (75 min) and
sequential addition of total

50 pl DOPC solution (10 pl in
every 15 min) on mica surface,
b height profile on marked line
(Color figure online)
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bilayers are either formed by drying the aqueous solution
or by using linker between the bilayers (Heath et al. 2016;
Jensen et al. 2007; Sironi et al. 2016). In the present case,
the third bilayer formation by sequential addition of vesicle
solution is possible when the first bilayer is strongly bound
with the substrate and the cohesive force exists between
the successive bilayers formed by the edge-induced rupture
mechanism.

Figure 10 shows the contour plot of AFM image recorded
after sequential dropping of 50 pl solution and total 75 min
of incubation. It clearly shows the co-existence of single,
double, and triple bilayers. It distinguishes the bare substrate
zones of height 0 to 1.5 nm (Fig. 10a), single bilayer patches
of height between 1.5 and 5.0 nm (Fig. 10b), double bilayer
patches of height between 5.0 and 8.5 nm (Fig. 10c), and
triple bilayer patches of height between 8.5 and 12.0 nm
(Fig. 10d). Strong adhesion between mica surface and vesi-
cle leads to the first bilayer formation, whereas multi-bilayer
arrangement is observed due to bilayer edge-guided rupture
and physisorption of bilayer on bilayer. Third bilayer forma-
tion is possible only for soft landing of vesicle on second
bilayer and rupture by the edge of the second bilayer. The
stability of the third bilayer is very low. It was observed that
the third bilayer is stable on gentle rinse, but it is washed out
even by moderate rinsing by water. Fourth or more bilayer
is not observed by sequential addition technique because
bilayer—bilayer adhesion is supposed to decrease with the
increase of stacked bilayer numbers.

In Situ Vesicle Deposition and Time-Lapse AFM

Instead of imaging the surface after incubation and rinse, the
isolated single bilayer formation as well as the second and
third bilayer formation have been monitored due to in situ
injection of DOPC solution and time-lapse AFM measure-
ments. Figure 11 shows time-lapse AFM images of mica
surface incubated with 10 pl 0.05 mg/ml DOPC solution as
well as successive injection of additional vesicle of same
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Fig. 10 Top row contour plot (black) of AFM image Fig. 9a shows a,
bare substrate zones (height between 0 and 1.5 nm), b, single bilayer
patches (height between 1.5 and 5.0 nm), ¢; double bilayer patches
(height between 5.0 and 8.5 nm), and d, triple bilayer patches (height

concentration during imaging. Figure 11a shows the AFM
image in DOPC solution after 15 min incubation. Additional
10 pl vesicle solution was injected into the liquid cell at
t=42 min, and time-lapse AFM images were recorded. Fig-
ure 11b shows the image taken at 42—61 min, after in situ
injection of additional vesicle solution. Figure 11c and d
shows the images at r=61-70 and 70-79 min, respectively.
The time-lapse AFM measurements are consistent with the
earlier final-state (after incubation and rinse) data where
isolated bilayer patches as well as second and third bilayer
patches are observed.

Figure 12 shows the contour plot of sliced first, second,
and third bilayers for in situ DOPC solution deposition and
time-lapse AFM measurements (Fig. 11). Figure 12a,—d,,
shows the dynamics of the first bilayer only. Similarly,
Fig. 12a,—d, and a;—d; shows the development and dynamics
of the second and third bilayers, respectively. It is observed
that the coverage by isolated bilayer increases with time after
in situ injection of DOPC solution as well as the second
and third bilayers appear and increase in number. However,
the numbers of second and third bilayer patches are few
compared to the first bilayer. Adsorbed vesicle on the mica
surface is rarely observed, either by deposition and rinse
with water or by time-lapse measurement with successive
deposition of DOPC solution. Reviakine and Brisson (2000)

triple bilayer

between 8.5 and 12.0 nm). Bottom row the same is represented by dif-
ferent colors a, bare substrate zones (black), b, single bilayer patches
(red), ¢, double bilayer patches (green), and d, triple bilayer patches
(blue) (Color figure online)

reported SLB formation on mica, but in some cases, they
reported the patches as adsorbed vesicle. In the present case,
adsorbed vesicles (~ 60 nm diameter) can be easily distin-
guished from the ruptured bilayer(s). Leonenko et al. (2000)
also mentioned that the observation of adsorbed vesicles
(Reviakine and Brisson 2000) may be due to the difference
in sample preparation (Leonekko et al. 2000). In case of non-
rinse time-lapse AFM images (Figs. 11, 12), the heights of
severely flattened intact vesicle on mica and on first bilayer
are equivalent to second and third bilayers, respectively. It
is believed that severely flatten adsorbed vesicles will be
unstable and will result in the formation of second or third
bilayer by rupture at the edge. Leonenko et al. (2000) also
concluded that the observed patches having height equiva-
lent to two bilayers were actually the double bilayer.
Formation of single, double, and triple bilayers on mica
due to DOPC vesicle adsorption is schematically summa-
rized in Fig. 13. It shows the selection of strong adhesive
mica substrate and diluted DOPC stock solution (0.05 mg/
ml) where total number of vesicles in 10 pl is insufficient to
cover the entire substrate area (12 mm X 12 mm) and forms
random isolated patches (Fig. 13a). Figure 13b shows the
addition of DOPC solution of same concentration increases
the bilayer coverage area as well as forms a second bilayer
due to adsorption and rupture of vesicle at the edges of
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Fig. 11 In situ sequential
deposition and time lapse
AFM scan. 10 pl of 0.05 mg/
ml, DOPC solution deposited
on mica at =0 and incubated
for 15 min, a AFM image with
DOPC solution without rinse
(t=33-42 min). At t=42 min,
additional 10 pl solution
injected into the liquid cell
without stopping the scan, b
AFM image at =52-61 min.
¢ AFM image t=61-70 min.
d AFM image t=70-79 min
(Color figure online)

Fig. 12 In situ sequential depo-

sition and time-lapse AFM scan.

Top row the b—d of Fig. 11, cor-
responding to (a, b, ¢, d), a;—d,
are the contour plot of sliced
first bilayer (height between

1.5 and 5.0 nm) patches only,
a,—d, are the second bilayer
(height between 5.0 and 8.5 nm)
patches only, and aj—d; are the
third bilayer (height between
8.5 and 12.0 nm) patches only
(Color figure online)
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previously formed bilayer patches. Due to immobility of the
first bilayers, the ruptured vesicle piles partially or fully on
first bilayer and forms the second bilayer. The third bilay-
ers (Fig. 13c) are observed by sequential addition of drop-
lets from the stock solution during incubation. The added
vesicles are gently adsorbed on the already formed single
or double bilayer patches and are ruptured when they find
the bilayer edge. Although the adhesion between second
and third bilayers is assumed to be weak, immobility of first
and second bilayers allows part of the ruptured vesicle to
stay on the second bilayer. Thus, vesicles in the first depos-
ited diluted solution are depleted and form isolated bilayer
patches. Successive addition of stock solution increases
again the number of vesicles on the same surface. Thus, in
addition to increasing first bilayer coverage area, the pres-
ence of bilayer edges of previously formed bilayer patches
aids to form second and third bilayers due to sequential
deposition of diluted DOPC solution on mica surface. No
requirement of special substrate treatment or linker addi-
tion, second or third bilayers formation by sequential dilute
solution dropping, is consistent and simple as well as more
close to the natural multilayer system.

The instant rupture of adsorbed vesicle, observed isolated
bilayer patch formation, as well as coexistence of second and
third bilayers is due to strong adhesion between mica sur-
face and DOPC lipid molecules. The adhesion between mica
and vesicle can be understood through the interaction force
between mica surface and lipid vesicles in aqueous media.
The total interaction force acting between the support and
lipid bilayer in water media can be divided into two major
parts: The first one is the attractive force between zwitteri-
onic DOPC molecule and negatively charged freshly cleaved
mica surface, whereas the other is the repulsive hydration
force, originated due to the tendency of bulk water to fill the

Fig. 13 Schematic represen-

tation of vesicle adsorption,

rupture, and a single, b double, (a)
and c triple bilayer formation

(Color figure online)

space between bilayer and support (Anderson et al. 2009;
Pertsin and Grunze 2014). The charge density on the sub-
strate surface strongly influences the vesicle adhesion and
rupture process (Anderson et al. 2009). It is shown that the
presence of external ions modifies the interaction by screen-
ing the charge as well as directly interact with the support
and lipid molecules (Hennesthal and Steinem 2000; Raedler
et al. 1995). The influence of divalent ions like Ca®* shows
surprising effect on vesicle adsorption and rupture (Rich-
ter et al. 2006). Mica has layered structure, where nega-
tively charged aluminosilicate layers are interconnected by
positively charged K* ions as described before. The freshly
cleaved mica surface shows super hydrophilic behavior. At
the time of cleavage, top K layer is disrupted and expose
the basal negatively charged aluminosilicate layer. If the
cleaved mica surface is kept in air, the surface charge is com-
pensated by the bulk lattice charge (Balmer et al. 2008). In
the present case, the strong adhesion of mica surface is not
fully understood; however, strong negative surface charge of
freshly cleaved mica is the major source of strong adhesion.
Cha et al. (2006) also reported that adhesion increases with
increase of surface charge density. They showed that charge
neutral (zwitterionic) vesicles readily rupture and form sup-
ported phospholipid bilayers when the density of surface
charge is high. It have been seen that the water contact angle
of freshly cleaved mica is lowest, and it increases with time
as the surface charge is slowly compensated by the bulk
charge. Isolated bilayer patches as well as coexistence of sec-
ond and third bilayers for dilute DOPC solution deposition
is observed without the addition of ionic solution; however,
uniform patch distribution is observed in local (Jharkhand,
India) mica, whereas both large and small bilayer patches
are observed on MTI mica. This indicates mobility of bilayer
patches on MTI mica is little more, which increases merging

(b) (c)
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probability and creates larger bilayer patches. Second and
third bilayer patches are also found to form on MTI mica
and, however, are less in number due to less available bilayer
edges (data not shown). This observation indicates the adhe-
sion property of Jharkhand mica is slightly more than the
MTI mica. Markedly difference in bilayer formation was also
reported for different silica surfaces (Richter et al. 2006).

Conclusion

The growth of single as well as multiple bilayers of DOPC
vesicle on highly hydrophilic mica surface was examined by
simple vesicle fusion method without any complex prepara-
tion of the substrate or incorporation of external reagent.
AFM measurements of water-rinsed bilayer surface show no
movement, cascading or wave-like vesicle rupture, rather the
vesicles are ruptured spontaneously at the contact of strong
adhesive mica surface. The interaction between the edges of
adjacent isolated bilayer fragments plays the role of merging.
Multi-bilayers are formed by further adsorption of vesicle
on the already formed bilayer and rupture by the edge of the
supported bilayer patches.

The direct observation of co-existence of single, double,
and triple lipid bilayers by quantitative AFM measurement
shows excellent prospect not only for easy preparation of
single and multiple lipid bilayer but also for the study of
the interaction of proteins or drugs with single and multiple
DOPC bilayers in a single system.

Further study of such system by X-ray, cryo-TEM, and
other complimentary techniques as well as selection of other
substrate—lipid combinations with strong adhesion property
may reveal more information and way out to increase the
layer beyond the third bilayer. Formation of coexisted bilayer
and stacked multiple bilayers in natural aqueous solution
will open up possibilities for new biophysical studies on
interaction between membranes as well as membrane associ-
ated proteins with co-existed single and multiple bilayers.
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Abstract

Giant Unilamellar Vesicles (GUV) and supported planar membranes are excellent model biological systems for studying the
structure and functions of membranes. We have prepared GUV from Large Unilamellar Vesicles (LUV) using electroformation
and Supportedplanar Lipid Bilayer (SLB) by vesicle fusion method. LUV was prepared using an extrusion method and was
characterized using Dynamic Light Scattering (DLS) and zeta potential measurements. The techniques for obtaining GUV
as well as SLB from LUV have been demonstrated. We have directly observed the formation of GUV under phase contrast
microscopy. This study will provide some insights into the physico-chemical properties of both nano and micron size
vesicles. We believe that this method could be extremely useful for reconstituting various bio-molecules in GUV. We have
presented one example where an antimicrobial peptide NK-2 was reconstituted in GUV prepared from LUV. SLB formation
was monitored and characterized using Atomic Force Microscopy (AFM).

Keywords: AFM, Dynamic Light Scattering, Model Membranes, Optical Microscopy, Solid Supported Bilayer, Vesicles

1. Introduction

Lipid bilayers are the basic building blocks of all bio-
logical membranes [1]. Phospholipids are their major
constituents. Therefore, phospholipids bilayer serves as
an excellent model system of bio-membranes. The com-
plexity of biomembrane has led to the development of
a wide variety of simpler model systems. As model sys-
tems, unilamellar vesicles and solid SLB are widely used
for studying structure and function of membranes at
physiological condition. SLB is popularly described in
terms of physiological matrix and are useful to study the
surface chemistry of the cell and the membrane-protein
interaction [2]. A variety of experimental techniques were
employed to study the fundamental as well as applied
aspects of membrane structure, dynamics in the pres-
ence of various bimolecular, such as proteins, cholesterol,
receptors etc. [3, 4]. AFM is one of the well-established
techniques for imaging SLBs at nanometer resolution. A
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unique feature of AFM is its ability to monitor dynamic
processes, such as the interaction of membranes with
proteins and other bio-active molecules [5]. Besides
SLB, unilamellar vesicles are also widely used bio-mi-
metic systems. Vesicles are basically microscopic sac that
encloses a volume with molecularly thin biomembrane.
These are formed by self assembly of amphiphilic mol-
ecules, such as phospholipids, diblock co polymer etc. [6,
7]. Phosphatidylcholines (PCs) are the most abundant
phospholipids in all eukaryotic cells, whereas, phos-
phatidylglycerols (PGs) and phosphatidylethanolamines
(PEs) are found in bacterial cell [1] as well as eukaryotic
cell. The phospholipids, when suitably mixed with water
or similar solvent, form bilayers, commonly known as
Multilamellar Vesicles (MLV). However, MLV do not
serve as a good model system of biological membranes,
as cellular membrane is a single bilayer of lipid mole-
cules. Therefore, one needs to prepare model membrane
containing single bilayer, known as unilamellar vesicles.
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MLV can form unilamellar vesicles whose size ranging
from tens of nanometers (small unilamellar vesicles,
large unilamellar vesicles) to tens of micrometers (giant
unilamellar vesicles) depending on the preparation meth-
ods used. GUV, owing to their large size, can directly be
observed under optical microscopy and therefore, they
serve as an excellent model system to study many bio-
logical phenomena [8-10].

Biological membranes are complex, regulated by
various membrane components. Therefore, it is often
useful to study model membranes in order to under-
stand the physical mechanisms of many biological
phenomena occurring on the cell surface. For examples,
lipid-peptide interaction is one of the most important
systems in order to get some insight into the struc-
ture and functions of membrane proteins [11]. Study
of antimicrobial activity of an antimicrobial peptide on
the model membrane has drawn lots of attention due
to their potential for bio-medical applications, such as
antibiotics [12]. Model membranes can also be used to
study the structure and formation of cholesterol-rich
domains know as ‘raft. These rafts has been proposed
to exist on the cell surface [13, 14]. Giant vesicles are
used as microreactors for enzymatic RNA synthesis
[15] and also to form nanoparticles of controlled size
distributions [16]. Aqueous phase separation, biomin-
eralization and many other phenomena which mimic
biological compartmentalization can be studied using
GUYV [17, 18]. Vesicles are also extensively used as car-
riers of bioactive agents, including drug, vaccines and
cosmetics [19, 20].

In the present paper, we have discussed the prepara-
tion of LUV using extrusion method. Zeta potential and
the size distribution of LUV made from different phos-
pholipids and lipid mixtures are also presented. The aim
of the present study is to prepare GUV and SLB from the
well characterized LUV. There are several protocols for
the preparation of GUV available in the literature [21].
However, electroformation is the most popular and widely
used protocol as it gives more yields for GUV [22]. Here,
we have prepared GUV from LUV based on electrofor-
mation. We have also prepared solid supported bilayer
from vesicle fusion method which also serves as a model
system of biological membranes. The usefulness of these
methods and importance of GUV and solid supported
bilayer has also been discussed. We have also shown that
an antimicrobial peptide. NK-2 can be reconstituted in
GUV, if prepared from LUV.

B 84 | vol32(3-4)|2016]

2. Materials and Methods

Phospholipids, dioleoylphosphatidylcholine (DOPC),
dioleoylphosphatidylgylcerol (DOPG) and dioleoylphos-
phatidylethanolamine (DOPE) were purchased from
Sigma Aldrich and were used for vesicle preparation
without further purification.

2.1 Preparation of LUV

LUV was prepared using an extrusion technique as
described by Hope et al. [23]. An appropriate amount
of lipid solution in chloroform (stock solution of con-
centration of 10 mg/ml) was transferred to a 10 ml
glass bottle. Organic solvent was removed by gently
passing nitrogen gas. The sample was then placed for
couple of hours in a desiccator connected to vacuum
pump to remove the traces of the solvent. 2.5 ml of 1
mM HEPES (pH 7.4) was added to the dried lipid film.
The lipid film with the buffer was kept overnight at 4°C
to ensure better hydration of the phospholipid heads.
Vortexing of hydrated lipid film for about 30 minutes
produced Multilamellar Vesicles (MLV). In the present
experiments, we have prepared MLV of concentration ~
1.2 mM. Sometimes long vortexing is required to make
uniform lipid mixtures. LUV was prepared by extrusion
method using LiposoFast from AVESTIN (Canada).
MLV suspension was extruded successively through
polycarbonate membranes having pore diameters of
400, 200 and 100 nm. This resulted in the formation of
well defined size of LUV. This method produced vesicles
of diameter ~ 100 nm measured by dynamic light scat-
tering. LUV composed of DOPC-DOPG mixture was
used for reconstituting antimicrobial peptide NK-2 in
GUV.

2.2 Zeta Potential and Dynamic Light
Scattering

Zeta potential and size distribution were obtained at a
temperature (~ 30°C) with Zetasizer Nano ZS (Malvern
Instruments, UK). Zetasizer Nano uses 4 mWHeNe Laser
of wavelength 632.8 nm. The detector was positioned at
scattering angle 173°. The detected scattered light was
sent to signal processing correlator.

The rate of decay of intensity-intensity autocor-
relation function was measured which was used to
calculate size distributions of LUV using Stoke-Einstein
relation.

]. Surface Sci. Technol.
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Zeta potential was measured from electrophoretic
mobility (1) by Laser Doppler Velocimetry [24, 25]. ( is
now obtained from the mozdel described by Smolushovski-

Huckel equation, ¢ = __“M1__ \heree and e ,are the
3eegflxa)

relative permittivity of the medium and permittivity of
the free space, respectively and n is the coeflicient of vis-
cosity of the aqueous solution. The Henry function is the
function of vesicle radius a and the inverse Debye length
K. The pt provides information about the effective charges,
Qeﬁ, of the vesicles. The Qeﬁ, per vesicle has also been
estimated from the measured electrophoretic mobility,
according to the equation, §.-; = émna.s-p , where,
Q,; is the effective radius of the vesicle including stern
layer.

Average ¢ and the size distribution were obtained from
3-4 successive measurements.

2.3 Preparation of GUV

GUV were formed in 100 mM sucrose prepared in 1
mM HEPES (pH 7.4) buffer using electrofomation, as
described by Pottetal. [26]. We have modified the method.
Instead of dried lipid film, we have used LUV suspension
to deposit onto the Indium Tin Oxide (ITO) glass. In
brief, two to four drops (each ~ 2- 4 ul) of LUV (~ 1 mM)
suspension, prepared using an extrusion method, was
deposited onto both the ITO glasses. These droplets were
allowed to dry overnight in a closed chamber containing
saturated solution of NaCl. This was to avoid complete
drying of the droplets. The hydration of these droplets
facilitates electroformation process. Electroformation
chamber for vesicle preparation consists of two ITO
coated glasses separated by a Teflon spacer of thickness
~ 2 mm. An alternating voltage of 1-2 volts (peak to peak
amplitude) and 10 Hz frequency was applied to the cham-
ber for a couple of hours. For best result we have gradually
increased the alternating voltage starting from 0.7 volts
to 1.5 volts in the interval of 15 minutes. Similarly, at the
end of 1-2 hour, voltage was gradually decreased before
we switched off the alternating field. This procedure help
to detach vesicles from the substrate. It is important to
note that one needs to keep temperature of the electro-
formation chamber above the chain melting transition
temperature (T ) of lipid. For DOPC (T _=-18 °C), the
temperature was kept constant at room temperature (~
27°C) during the electroforamtion process. The diameter
of the GUV was found to be in the range of 20-100 pm.
After the formation of GUYV, vesicle solution was

Vol 32 (3-4) | 2016 |

transferred to a glass vial for storage. For better contrast
in phase contrast microscopy, GUV solution was diluted
in 100 nm glucose prepared in 1 mM HEPES (pH 7.4) for
observation. Both glucose and sucrose solution were kept
same osmolarity in order to balance the osmotic pres-
sure between the interior and the exterior of the GUV.
Production of GUV in the present protocol very much
reproducible as we have prepared GUV several times and
obtained a fairly good amount of GUV always. For the
reconstitution of peptide NK-2, GUV was prepared from
LUV containing NK-2. Aqueous solution of NK-2 (1 mg/
ml) was added to the LUV and kept it for 2 hours. The
final concentration of NK-2 in the solution containing
LUV was kept at 10 uM. The rest of the procedure was the
same as described above.

2.4 Phase Contrast Microscopy

Conventional optical microscopy will not be able to
produce sufficient contrast to observe GUV, as the refrac-
tive indices between interior and exterior of vesicles are
very similar. Therefore, phase contrast microscopy was
employed to visualize GUV. Microscopic observation was
performed with an Axiovert 135 inverted microscope
from Zeiss. Electroformation chamber was directly placed
on the microscopy sample base for observation during
vesicle formation. Figure 2 shows the electroformation
of GUV. Images were captured using CCD Camera. We
have also transferred the 10-100 ul of GUV solution from
the electroformation chamber to an O ring pasted on a
glass side for observation. In this case GUV was diluted
10 times with glucose solution, as mentioned before. This
is to mismatch and enhance the refractive index contrast
of the interior and the exterior of GUV leading to better
contrast of the phase contrast micrographs.

2.5 Preparation of Solid Supported Planar
Lipid Bilayer

Solid supported bilayer was prepared by the well known
vesicle fusion method [27]. The supported bilayer on a
mica surface was prepared from DOPC LUV. Our aim
was to obtain the defect free uniform bilayer. Large
unilamellar vesicles (~ 1 mM) were prepared using an
extrusion technique, as described above. 1-2 drops (each
2 wl) of freshly prepared LUV were deposited onto the
freshly cleaved mica substrate. After 5 minutes, the vesi-
cle deposited mica was thoroughly rinsed with deionised
water (Millipore grade) for several times. Few drops of
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millipore water were then introduced to avoid dewetting
of the sample. The vesicle deposited mica sheet was care-
fully placed onto the atomic force microscope stage for
scanning the sample.

2.5.1 Atomic Force Microscopy

All AFM images were taken using a Bruker made Multi
mode and Catalyst Scanning Probe Microscope equipped
with a Nanoscope V controller. AFM scanning was done
in contact or tapping mode using SNL10 probe with
spring constant k = 0.7 N/m. The contact mode allows us
an excellent control in a liquid environment and is ideally
suitable for imaging soft supported bilayer surfaces.

3. Results and Discussions

We have chosen phospholipids, such as, DOPC, DOPG
and DOPE, due to their low chain melting transition
temperature (T_ = -18°C) so that vesicles can be pre-
pared at room temperature (25 °C). At room temperature,
vesicles prepared from above mentioned phospholipids
are in fluid lamellar (L ) phase. Before preparing GUV,
size distribution and zeta potential have been measured.
Size distributions of the LUV have been confirmed by
dynamic light scattering. Typical size distribution of
DOPC LUV is shown in Figure 1(a). Average size in
terms of effective hydrodynamic diameter was found to
be ~ 100 nm. The size distribution reveals that LUV is
mainly mono-dispersed. The extrusion method pro-
vides fairly mono-disperse vesicles as evidenced from
the Polydispersity Index (PDI) measured from the width
of the distribution. Average size in terms of the effective
hydrodynamic radius of LUV, PDI of the size distribution
and the summary of zeta potential results have been pre-
sented in Table 1. It is known that PDI greater than 0.7
usually indicates that the sample is highly polydisperse

Table 1.

Intensity (Percent)
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100
Size (d.nm}

(a)
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(b)
Figure 1. (a) and (b) show size and zeta potential
distributions obtained from LUV composed of DOPC. These

are captured images from the software provided by Malvern
Instrument.

and probably not suitable for the DLS measurement. LUV
was found to be stable for several days.

Zeta potential can be used to study the physico-chemi-
cal properties of the membranes and it can provide a good
approximation of surface potential at low and moderate
electrolyte concentrations (<100mM). Detailed studies
on zeta potential measurement in the presence of various
electrolyte concentrations have been discussed in our pre-
vious paper [28]. Although zeta potential usually appears
with respect to charged surface, a negative zeta potential

Summary of size distribution and zeta potential results.PDI: the polydispersity index. p: electrophoretic

mobility, Q;: effective elementary charges per vesicle in the unit of electronic charge. Errors are calculated from 3
consecutive measurements. As k is a function of ionic composition, f(ka) alters significantly [25]. However, in the
present experiment, zeta potential was estimated from the Smoluchowski approximation with f(xa) = 1.5

Phospholipids Size (d nm) PDI u (cm?/Vs) 10* Zeta Potential (mV) Q, (e)
DOPC 98 +2 0.06 -0.5+£0.1 -6+2 65
DOPC-DOPE (4:1) 99+3 0.07 -1.3+£0.1 -16+3 66
DOPC-DOPG(4:1) 98+3 0.06 -4.0+£0.2 -52+3 205
DOPE-DOPG (4:1) 100 £ 4 0.10 -44+0.2 -56+4 225
DOPG 9 +3 0.08 -4.8+0.3 -61+3 245

I 86 | vols2(3-4)|2016]

]. Surface Sci. Technol.



Amrita Basu, Pabitra Maity, Prasanta Karmakar and Sanat Karmakar

of neutral DOPC obtained from the experiment is thus
intriguing. The orientation of hydration layers of the mem-
branes, head group, water polarization as well as presence
of impurity may be the possible origin of non-zero zeta
potential in DOPC. The low negative zeta potential of
DOPC is consistent for independent measurements of the
different batches of the sample. As expected zeta poten-
tial for DOPG was found to be ~ - 61 mV. Zeta potential
of LUV obtained from a mixture of DOPC-DOPG and
DOPE-DOPG was found to decrease, as shown in Table
1. This is expected as the amount of charge decreases in
the membrane surface when LUV is prepared from a mix-
ture of charge lipid (DOPG) and neutral lipid (DOPC).
Larger zeta potential obtained from DOPC-DOPE mix-
ture as compared to pure DOPC could be a consequence
of increasing the rigidity in the presence of DOPE. As the
zeta potential is sensitive to pH of the aqueous solution,
we have kept the pH fixed at 7.4 for all measurements.
DOPE alone cannot form vesicles. This is due to fact that
the DOPE head group forms hydrogen bonds with the
water molecules making the bilayer very stiff. We have
used a mixture of DOPC-DOPE (4:1) to form LUV. Size
and zeta potential distributions were found to be very
similar to that of DOPC. We have also estimated effective
charges per vesicle from the zeta potential (Table -1). This
information would be useful in the context of electrostatic
behavior of the membranes.

Although LUV can serve as model systems of biological
membranes to study the interaction with ions or different
bio-molecules, there are few major disadvantages. LUV
often displays broad size distribution. Therefore, proper-
ties such as permeability, spectra, etc may not be identical
for different LUV. Curvature of the membrane also plays
an important role in governing lipid packing, phase
separation and many other phenomena occurring in the
membrane surface. Small sizes LUV possess a high cur-
vature, compared to the much flatter cellular membrane.
As LUV cannot be observed under an optical microscope,
much information, such as shape deformation or fluctua-
tion, phase separation etc. cannot be visualized directly.
We can overcome the above disadvantages, by preparing
GUV. In this article, we discuss the preparation of GUV
as well as SLB from DOPC only.

After characterizing LUV from DOPC, we have suc-
cessfully obtained giant unilamellar vesicles from large
unilamellar vesicles as shown in Figure 2. Similar results
were found for DOPG and DOPC-DOPE mixture also. The
present work is an innovative approach of preparing GUV
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(b)

Figure 2. Phase contrast micrograph of GUV made from
DOPC during their formation from LUV. Fig (a) and (b) show
the formation of GUV 10 minutes and one hour later from the
application of alternating field, respectively. Images were taken
from two different regions of the sample. Scale bar 5 um.

from LUV using electroformation. Although LUV can be
prepared at high salinity and physiologically relevant con-
ditions [28], GUV cannot be obtained in the presence of
high salt (>100 mM NaCl) concentrations using conven-
tional parameters (10 Hz, ~700 V/m) of electroformation
[29]. Therefore, it is necessary to change the experimen-
tal parameters. For example, at 100 mm NaCl, we need
to increase the alternating voltage to 1300 V/m and fre-
quency 500 Hz. In the present study, we have not explored
the GUV preparation in the presence of salt. It is important
to note that the small osmotic stress of the oriented mem-
branes, resulting from LUV deposition, can lead to better
yield of electroformation. This is done by controlling the
dehydration of aqueous LUV to form oriented membranes
on the electrodes, as discussed in the material method
section. Concentration of LUV also plays a crucial role in
GUYV formation process. After evaporation of excess water
in LUV deposition, it is necessary to have ~ 50-100 bilayers
for optimum yield. It is important to mention that the elec-
tric field must be applied as soon as the chamber is filled
with aqueous medium to avoid the spontaneous swelling.
In the present study, we have not looked at the effect of elec-
troformation parameters on the size distribution of GUV.
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However, it is known from the previous literature [26] that
by increasing the strength of the electric field slowly and
reaching to the maximum value of the electric field after
20 to 30 minutes during the electroformation process one
can control the final size of the GUV. This procedure seems
to work for any lipid mixture or lipid-cholesterol mixture
provided the electroformation chamber is maintained at
temperature above the chain melting transition (T ) of
lipid of the highest T _[30].

There are several advantages of this protocol over con-
ventional electroformation [29]. Once we prepare LUV,
in organic solvent such as chloroform will no longer be
required. Therefore, the process of preparing a lipid solu-
tion and solvent evaporation after coating onto an ITO
glass can be avoided. A major advantage of our method is
the use of LUV for experiments prior to the preparation
of GUV. For example, we have measured size distribu-
tion and zeta potential of LUV prepared from charged
as well as neutral phospholipid vesicles. In fact, we could
study the interaction of various divalent and monovalent
ions, drugs, antimicrobial peptide with LUV prior to the
preparation of GUV. Therefore, if we prepare GUV from
LUV, it would be a good protocol to reconstitute various
biomolecules in GUV. This is also useful to envisage the
influence of curvature and size on the bilayer properties
of the vesicles. It is important to mention that an inappro-
priate choice of voltage or electrode material could lead
to both lipid hydrolysis and oxidation reactions. However,
use of ITO glass or platinum electrode did not seem to
have such effect on the electroformation.

For electroformation of GUV from lipid deposit on
a conducting substrate, it is essential to achieve well ori-
ented and partially dehydrated membrane stacks. LUV
deposit seems to provide these conditions much better
than lipid deposition through organic solvent, as reported
from small angle x-ray scattering [26]. Unlike all previous
studies which have used small unilamellar vesicles (SUV)
for GUV formation, we have used LUV which is much
easier to obtain by extrusion method. Although, previ-
ous literatures have discussed similar protocol, they have
not presented any characteristic information on SUV [30,
31].This information may be useful when we reconsti-
tute peptide or proteins in GUV to form proteoliposome.
Characteristic information on SUV will also help us to
decide the lipid compositions to be used in GUV forma-
tion. For example the binding affinity of the proteins or
peptides to the membranes is necessary to prepare pro-
teoliposome. We have already done some preliminary
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experiments to show NK-2 (an antimicrobial peptide) has
stronger binding affinity to negatively charged membranes
(unpublished result). Therefore we have used mixture of
DOPC and DOPG to form LUV and hence GUV. This
result will be discussed later.

We now discuss the formation of supported bilayer
on a mica substrate. Figure 3 describes the AFM images
showing the bilayer formation as a function of time. Figure
3 (a). shows the AFM image of virgin mica. When LUV
was adhered to the substrate, the lipid bilayer was formed
instantly (Figure 3 (b)). We have observed the growth of
bilayer on the mica surface with the increase of incubation
time (Figure 3c-e). The entire process required about 40
to 60 minutes obtaining the uniform bilayer on the mica
substrate. However, bilayer was not formed on the entire
mica substrate. The bare regions of mica substrate (black
patches) were visible in between the bilayers. We have also
shown the height profiles of all AFM images starting from
5 minutes incubation. Height profile of 3.0 + 0.5 nm clearly
indicated the presence of bilayer on the mica substrate
which was in agreement with the previous literature [32].

A variety of substrates, such as fused silica, borosili-
cate glass, mica and oxidized silicon were used for the
formation of robust and stable supporting phospholipid
bilayers. However, for high quality defect free membrane,
the surface must be hydrophilic, smooth, and clean [27].
There are three general methods for the formation of lipid
bilayers. First method involves the transfer of bilayer in
Langmuir Blodgett (LB) and Langmuir Schaefer (LS)
techniques [33]. The second method is the adsorption
and fusion of vesicles from an aqueous suspension to
the substrate surface [34]. A combination of the above

(@ (&) © (d) O]
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Figure 3. Lipid bilayer formation on mica surface from
DOPC LUV. AFM topography of (a) virgin mica (b) after
5 minutes, (¢) 15 minutes, (d) 30 minutes, (e) 45 minutes
incubation with LUV. Height profiles of corresponding AFM
are shown below the AFM images. All images were taken in
contact mode.
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two methods can also be used to prepare supported lipid
bilayers. We have prepared bilayers by fusion of DOPC
vesicles on a mica substrate. The schematic diagram of
different steps of vesicle fusion and bilayer formation is
shown in Figure 4. The bilayer formation process begins
with the adsorption of LUV to the substrate. At the early
stages vesicles may deform or fused. Eventually the ves-
icles rupture and fuse to form supported bilayers. The
vesicle fusion method is very useful for the incorporation
of membrane protein, whereas LB and LS techniques, it
is difficult to transfer protein to the bilayers. Although
computer simulations, such as Monte Carlo method, were
used to understand the mechanism of the formation of
supported bilayers, the exact mechanism of bilayer for-
mation via vesicle fusion is still poorly understood [33].
Here we report an example, how an antimicrobial
peptide, NK-2, can be reconstituted in GUV. Figure 5(a)
shows GUV prepared from LUV without the presence
of NK-2. NK-2 is a highly cationic (+10 at physiological
pH) peptide and known to display antimicrobial activ-
ity against invading pathogens, such as viruses, fungi,
bacteria etc [35]. They target the bacterial membrane,
especially negatively charged surface, and create defects,
such as pores, leading to disruption of the membrane by
targeting the negatively charged bacterial membranes.
Therefore, we have chosen LUV composed of DOPC-
DOPG mixture to form GUV. In the present method we
were able to reconstitute NK-2 in GUV. Interestingly, evi-
dence of pores in GUV can be envisaged from the phase
contrast images without introducing any fluorescence
probe (Figure 5(b)). Hallow region of the phase contrast
image was due to the presence of sucrose in the interior

%% % Adsorption Vesicles
g2 * Deformation and fusion of vesicles

. Rapture of vesicles

Formation of bilayer

e

Figure 4. Schematic diagram of the mechanism for the
formation of supported lipid bilayers. Vesicles in solution

adsorb and spontaneously fuse to the mica surface to form a
solid supported lipid bilayer.
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(b)

Figure 5. A phase contrast micrograph of GUV made
from LUV composed of DOPC and DOPG mixture at 4:1.
Figs (a) and (b) show GUYV in the absence and presence of
antimicrobial peptide NK-2, respectively. The size of these
GUVS is ~ 20pm.

and glucose in the exterior of GUV. In the absence of hal-
low region in Figure 5(b) exhibits no contrast between the
interior and exterior fluids of the membranes. Therefore,
it was conceived that there are some pores on the GUV
surface induced by NK-2 leading to the exchange of inte-
rior and exterior fluids through the pores. This process
led to decrease in contrast in the hallow region of the
image of GUV. Therefore, the image of GUV in the pres-
ence of NK-2 was very similar to the image when GUV
were prepared with the aqueous solution and diluted with
the same solution.

GUVS are excellent model systems to determine bind-
ing and stretching modulus of lipid bilayer using either
micropipette aspiration techniques or Fourier analysis of
fluctuation spectra. GUVS are also useful to introduce mol-
ecules, such as DNA using microinjection techniques.
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4. Conclusion

Preparation and characterization of lipid membranes are the
key steps for understanding the properties and functions
of cellular membrane. In the present study, we have dis-
cussed the formation and characterization of phospholipid
bilayer, an excellent model system of biological membranes,
in the form of LUV, GUV and SLB. We have successfully
obtained GUV from LUV using electroformation. We have
also measured size distribution and zeta potential of LUV
using dynamic light scattering. The several advantages of
the present approach to prepare GUV over the conventional
electroformation were also discussed. GUV provides the
possibility to directly visualize certain interactions in a small
but optically resolvable volume encapsulated by the vesicle
membrane. We have presented an example, where an anti-
microbial peptide NK-2 was reconstituted in GUV prepared
from LUV. Formation of SLB was described using AFM
study. The present study provided us an important insight
into the physico-chemical properties of membranes in terms
of their size and geometry. Therefore, GUV and SLB could
be excellent and simple model systems whose size, geometry,
and composition could be tailored with great precision.
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