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ABSTRACT
A feasible approach for the production of large yields of liposomes (model cell
membranes) is demonstrated. The technique involves rapid evaporation of chloroform
from a mixture of lipid, chloroform and methanol, which consistently produces giant
unilamellar vesicles (liposomes) having a size distribution of 15-75 micrometers. The
procedure is feasible at laboratory scale and produces quick results. Different methods
for attaching fluorescein labelled liposomes to glass capillaries are presented. The
immobilization of hposomes to glass surfaces can be applied as a useful tool for the
observation of structural changes taking place on their surface when they are subjected
to a uniform flow. This would permit some insight into the configurational variations
taking place on a cell membrane surface in the blood stream. As a preliminary model
for the computation of forces acting on the liposomes under flow, a mathematical
model was developed using the direct radial basis function method. The technique
is applied to three dimensional flow in a square channel which replicates the velocity
profile inside the rectangular glass capillary tube.

LIST OF FIGURES

1.1

Structure of a liposome

2

1.2

Structure of lipid bilayer in cell membrane

2

1.3

Membrane lipid structures

3

1.4

Phospholipid molecule within lipid bilayer

4

1.5

Structure of head group in six common phosphatidyl derivatives . . .

7

1.6

Structures of three major fatty acids used in liposome preparation.. .

7

1.7

Structure of a sphingolipid

8

1.8

Structures of common sphingolipid derivatives

8

2.1 Immobilization of biotinylated molecules to avidinised support . . . .

21

2.2 Structure of biotin

23

3.1 Biotinylation of alkyl-amine glass with NHS-LC-biotin

29

3.2 Immobilization of biotinylated liposomes on glass surface

29

4.1 Distribution of radial basis centers in the square channel

37

4.2 Distribution of radial basis centers on a single plane

41

4.3 Velocity profile across the channel width in x direction

42

5.1 Liposome size distribution of batch 1

48

5.2

48

Liposome size distribution of batch 2

5.3 Liposome size distribution of batch 3

VI

-.

49

CHAPTER I
INTRODUCTION
Liposomes may be simply defined as closed vesicles made up of a membrane composed of lipid molecules (usually phospholipids), arranged in concentric spheres or
sheets of bilayers, which enclose an aqueous volume (Fig. 1.1). They were brought
to the knowledge of the scientific world in 1965, by A. Bangham, and since then
they have become very versatile tools in biology, biochemistry and medicine. The
bilayer structure in liposomes is in principle identical to the lipid portion of natural cell membranes (Fig. 1.2); therefore, they can be utilized as models of biological
membranes. The aqueous compartments and the membrane itself can be loaded with
a great variety of molecules, like small drug molecules, nucleotides, proteins and even
plasmids. The literature provided by Szoka and Papahadjopoulos (1980); Pagano
and Weinstein (1978); Rjonan and Tyrrell (1980); and Gregoriadis and Allison (1980)
shows that they can be used as micro-capsules for introducing water soluble drugs
and other biologically active materials in cells. The similarity between liposome and
natural cell membranes can be increased by chemical modification of the liposome
membrane.
1.1

Structure and constituents of lipid bilayer in cell membrane

The lipids present in cell membranes fall into four major categories: phospholipids,
sphingolipids, glycolipids and sterols. Cholesterol is the most important member of
sterols. Examples of these groups are shown in (Fig. 1.3). In 1972, Singer and Nicholson proposed the "fluid mosaic model," for the membrane hpid bilayer. According
to this model, in a lipid bilayer (Fig. 1.2.b), the hydrophilic head groups are exposed
towards the aqueous environment and the hydrophobic tails are oriented towards each
other yielding the hydrophobic membrane core (Hpophihc region). There are intrinsic
proteins spanning the entire membrane and extrinsic proteins partly embedded in the
membrane which may diff'use in the membrane or they maybe partly fixed to a certain

location in the cell. These proteins form the pathways for molecular transport across
the cell wall and transduce signal from the external world into appropriate cellular
responses.
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Figure 1.1: Structure of a liposome
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Figure 1.2: Structure of lipid bilayer in cell membrane

1.2

Chemical constituents of liposomes

Liposomes are primarily formed with hpids which are necessarily amphipathic in
nature. Both phospholipids and sphingolipids are amphipathic since they contam two
hydrophobic tails on a 3-carbon backbone and a hydrophilic head group (Fig. 1.3),
therefore, they can be used for liposome formation. The phospholipids are derivatives
of glycerol and the sphingolipids are derivatives of sphingosine. The acyl chains Ri

and R2 (Fig. 1.3) in these lipids are either saturated or unsaturated and generally
have chain lengths from Cio to C28. Phospholipids are the most commonly used
class of lipids for liposomal construction, as they are cheap and easily available in
bulk quantities and highly defined synthetic preparations, compared to sphingolipid
derivatives.
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Figure 1.3: Membrane hpid structures

The glycerol bridge in phospholipids links two fatty acid molecules (tails) with
the polar head group (Fig. 1.4). The fatty acids are acyl bonded in ester linkages to
the C-1 and C-2 carbon hydroxyls of the glycerol bridge. The C-3 carbon hydroxyl
of the glycerol group is phosphorylated and possess a negative charge. This basic
phosphodiglyceride construct of two fatty acids and one glycerylphosphate group is
called phosphatidic acid. This fundamental phosphatidyl group is further derivatized
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Phosphate
Group
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Figure 1.4: Phospholipid molecule within hpid bilayer. The fatty acid chains are
embedded in the hydrophobic region of the membrane, oriented at an angle to the
plane of the membrane surface. The hydrophilic head group and the phosphate group
point out toward the hydrophilic aqueous environment.

at the phosphate to contain an additional polar constituent R. Structures of some of
the common derivatives of phosphodiglycerides, including phosphatidyl choline (PC;
commonly called lecithin), phosphatidylethanolamine (PE), phosphatidyl serine (PS),
phosphatidyl glycerol (PC), and phosphatidyl inositol (PI) are shown in (Fig. 1.5).
When phosphohpids are dispersed in aqueous media, liposomes ranging in size from
tens of nanometers to tens of microns in diameter are spontaneously formed. The
amphipathic nature of phospholipids, is the primary driving force for the spontaneous
formation of bilayers in aqueous solution. In a bilayer (Fig. 1.2.a), a sheet of phospholipid molecules with their polar head groups facing in one direction are fused with
another phospholipid sheet having their heads and tails facing in the opposite direction. The polar head groups face the outer aqueous environment and the hydrophobic

tails from both sheets are present inside the bilayer. Despite the large variety of potential fatty acid components in naturally-occurring phosphodiglycerides, only three
major fatty acid derivatives of synthetic phospholipids are commonly used in liposome preparation: (1) myristic acid (n-tetradecanoic acid; containing 14 carbons),
(2) palmitic acid (n-hexadecanoic acid; containing 16 carbons), and (3) stearic acid
(n-octadecanoic acid; containing 18 carbons) (Fig. 1.6).
Sphingolipids are constructed from a derivative of 4-sphingenine, containing an
N-acyl-linked fatty acid group and possibly other constituents attached to the C1 carbon hydroxyl group (Fig. 1.7). The simplest form of sphingohpid, ceramide,
contains a fatty acid group, but no additional components on the C-1 carbon hydroxyl. Major derivatives of ceramide at the 1-hydroxyl position include a positively
charged phosphocholine compound called sphingomyelin, a glucose derivative, called
glucosylcerebroside (Fig. 1.8). Sphingolipids lend structural advantages, prolonged
life, better stability and retention capacities to the liposomal membranes. Cholesterol (Fig. 1.2) is another significant component which makes 50% of the total hpid
recipe in many liposomal preparations. Cholesterol orients its polar hydroxyl group
towards the aqueous environment, located at the level of the glycerol backbone of the
bilayer's phosphodiglyceride components. It increases the permeability and fiuidity
of the associated membrane at temperatures below the phase transition temperature
and decreases these parameters above the phase transition temperature.
1.3 Research overview
The objective of this research addresses the development of a feasible method for
preparing liposomes in lab scale quantities and immobilizing them to the glass surface
so that their structural changes under shear flow can be observed using an optical microscope. This would enable us to understand the configurational variations that take
place in cell membranes when they are subject to flow field. This in turn would allow
us to calculate the permeabihty of the membrane to various molecules in blood and
analyze the transitional diffusion rates in cells. This research demonstrates (1) the

development of a suitable preparation technique for producing fluorescein labelled
liposomes, "Giant Unilamellar Vesicles," (2) attaching them to glass surface using
two methods; poly-1-lysine binding and avidin-biotin binding. Reviews on liposome
classification, properties, general preparation techniques and the various attachment
methods used for immobilizing liposomes and macromolecules to glass surfaces, are
provided in Chapter II. The experimental protocols followed for preparing giant unilamellar vesicles (liposomes) using the rapid evaporation technique and immobilizing
them to the glass surface through poly-1-lysine binding and avidin-biotin attachment
methods have been discussed in detail in Chapter III. In Chapter IV, the mathematical model implementing the direct radial basis function (DRBFN) method is
demonstrated for the three-dimensional fiow in a square channel. This model incorporates the creeping flow equations and appropriate boundary conditions into the
radial basis functions and predicts the velocity distribution in a square channel under a laminar flow. In Chapter V, the results and discussion are presented. Lastly,
Chapter VI presents the conclusions and proposes future research in this area.
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Figure 1.5: Structure of head group in six common phosphatidyl derivatives
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Figure 1.6: Structures of three major fatty acids used in liposome preparation.
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CHAPTER II
LITERATURE REVIEW
Since hposomes have been widely recognized as models for biological membranes,
a large body of information regarding their classification, nature, preparation techniques and applications can be found in the published literature (Bangham et al.,
1965; Johnson and Bangham, 1969; Batzri and Korn, 1973; Kim and Martin, 1981;
Olson et al, 1979; Perrett et al, 1991; Sullivan et al., 1986; Szoka and Papahadjopoulos, 1978; Dobereiner, 2000; Szoka and Papahadjopoulos, 1980; Jones and Chapman,
1995; Deamer and Uster, 1983; Roger, 1995). In this chapter, the categories, properties and general preparation methods of liposomes have been reviewed and the various
approaches used for attaching liposomes and macromolecules to a glass surface have
been discussed.
2.1 Types of liposomes
Liposomes can be classified into a number of different categories based on certain distinguishing characteristics such as size, morphology, chemical composition or
behavior in biological systems. The different types of liposomes are discussed below
under these headings.
2.1.1 Size
Based on size the liposomes are classified as:
1. Small unilamellar vesicles (SUVs): These are the smallest size of single shelled
vesicles, about 25 to 50 nm in diameter, and the trap volume can range between
0.2 to 1.5 liters per mole of lipid. They are formed by high-intensity ultrasonication of lipid dispersions, hence they are also known as sonicated unilamellar
vesicles.
2. Large unilamellar vesicles (LUVs): These unilamellar vesicles have diameters
of the order of 50 to 10,000 nm and have a trap volume ranging from 9 to 15

liters per mole of lipid (Szoka and Papahadjopoulos, 1984).
3. Intermediate-sized unilamellar vesicle (lUVs): These vesicles have size distribution within the 100 to 200-nm region between SUVs (25 nm) and LUVs (500
nm). Liposomes of this size are easily prepared by high-pressure extrusion or
by detergent dialysis and are important in pharmaceutical applications.
4. Giant unilamellar vesicles (GUVs): These liposomes can have a diameter up to
1 to 100 yum. They can be easily viewed by light microscopy, because of their
large size. They are capable of entraping large volumes of materials. These
liposomes are closer to cell size.
2.1.2

Morphology

Depending upon the compartmentalization of aqueous regions between bilayer
shells, hposomes are categorized as unilamellar vesicles (ULV) and multilamellar
vesicles (MLV). Vesicles in which aqueous regions are segregated by only one bilayer each, are called unilamellar vesicles (ULV), and those having more than one
bilayer surrounding each aqueous compartment are termed multilamellar vesicles
(MLV) (Fig. 1.9). The lamellarity of MLVs depends on lipid composition, but it
typically varies between 5 and 20 bilayers, and the entrapped aqueous space between
each of the lamella can range between 1 and 4 liters per mole of lipid (Szoka and
Papahadjopoulos, 1980). These vesicles have a wide range of sizes up to 10,000 nm.
Liposomes with lower numbers of lameUa are sometimes referred to as ohgo-lamellar
or pauci-lamellar liposomes.
2.1.3

Composition

These liposomes are immunoliposomes or proteoliposomes since they contain immunoglobuhns or proteins, which are attached to their surface by covalent linkage
through membrane lipids possessing functional groups.
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2.1.4

Function

1. Stealth liposomes: These liposomes are coated with hydroxylated polymers
which avoids uptake by the reticuloendothelial system (RES) and hence has
a long circulation in the bloodstream. They are produced by incorporating
sphingomyelin on to the membrane surface or by conjugation of polyethylene
glycol chains to the surface.
2. Transfersomes: These liposomes can transfer aqueous contents across the skin.
A certain amount of bile salt is distributed among the phospholipids, which increases the flexibility of the membrane. These liposomes are flaccid and readily
deformable, so they can be easily driven across the skin under the influence of
an osmotic potential difference.
2.2 Properties of Liposomes
The properties of liposomes (Roger, 1995) are as foUows:
1. Selective permeabihty - The membranes allow water and certain small molecules
to pass through unhindered but display limited permeability to most hydrophilic
molecules.
2. Lipid phases - The phospholipids in the membrane can organize in such a way
that they can form one or two different phases; a low temperature gel phase or
a high temperature fluid or liquid-crystal phase.
3. Transition temperature - The phase transition temperature Tc between the two
phases is higher for phospholipids with long chain, saturated fatty acids. Below
the phase transition temperature Tc, the bilayer is in a gel state and transitional
diffusion is highly restricted, above the Tc the bilayer is fluid and transitional
diffusion is unrestricted.
4. Fluidity - Fluidity and permeability increase with increasing temperature. Any
cholesterol incorporated in the membrane decreases fluidity above Tc, and increases it below the Tc, and reduces the enthalpy of the phase transition itself.
11

5. Phase separation - At the phase transition temperature Tc irregularities in
the phospholipid packing in the bilayer membrane increase due to the existence of two different phases within the same membrane. This causes increased
membrane permeability and susceptibility to inter membrane fusion and vesicle
aggregation at the Tc.
6. Charge - An increase in charge on the phospholipid vesicles increases intermembrane repulsion thus increasing the volume of internal compartments of MLVs
and reducing the propensity of vesicles to aggregate.
7. pH - If ionizable head groups which can form hexagonal phases are included in
the hpids, then the membranes can become unstable at certain pH values and
cause leakage of contents, fusion or rupture of liposomes.
8. Calcium - Liposomes containing ionizable negatively-charged lipids undergo
aggregation and/or fusion in the presence of divalent cations hke calcium.
2.3 Methods of preparation
In this section, some of the major methods used for preparing SUVs, LUVs, MLVs
and GUVs have been discussed in detail.
2.3.1 Small unilamellar vesicles (SUVs)
Since these liposomes are very small in size, they can be produced only by ultrasonication or certain high pressure extrusion techniques.
2.3.1.1

Ultrasonication

In a typical preparation, phospholipid in chloroform is dried under nitrogen and
rotary-evaporated to remove the trace solvent. The desired aqueous phase is added
to produce a lipid concentration in the milhmolar range, after which the suspension
is sonicated at highJntensity in a bath sonication unit. Huang (1969) showed that
these vesicles had a size distribution between 25 to 50 nm, which can be brought to
homogeneity by gel filtration.
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2.3.1.2

Ethanol injection

Batzri and Korn (1973) developed another method called ethanol injection, in
which an ethanol solution of the lipid is injected into an aqueous phase to produce a
final lipid concentration of 3-30 mM. The resulting vesicles range from 30 to 110 nm
in diameter, depending on the lipid concentration.
2.3.1.3 French press
A third method for producing SUVs is to pass MLVs through a French press at
20,000 psi four times (Barenholz et al., 1979), which produces SUVs in the range
30-50 nm in diameter.
2.3.2

Large unilamellar vesicles (LUVs)

Three commonly used techniques for making LUVs are: (1) infusion procedures,
(2) reverse-phase evaporation, and (3) detergent dilution.
2.3.2.1 Infusion methods
The infusion method was proposed by Deamer and Bangham (1976), in which a
solution of lipid and a non-polar solvent (usually diethyl ether), is infused into an
aqueous phase in such a way that the solvent vaporizes leaving behind a thin film
of lipid bilayers at the interface of the vapor bubble and the aqueous phase. As
the bubble rises through the aqueous phase, the lamella are dispersed to from large
uni- and oligolamellar liposomes. In a typical run, 4ml of lipid solution in pentane
or diethyl ether (1-2 mM lipid) is infused slowly (0.2 ml/min) into 4 ml of aqueous
phase warmed to 60 °C. Size of liposomes is modified by extrusion through porous
membranes, with an upper size limit closely approximating that of the pores in the
membrane. At relatively low pressures (100 psi), multilamellar vesicles with a reduced
size heterogeneity are formed. At high pressures, the higher shear forces reorganize
the phospholipid bilayers to form large unilamellar vesicles. These vesicles are also
called as LUVETs (large unilamellar vesicles by extrusion technology).
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2.3.2.2

Reverse phase evaporation

Szoka and Papahadjopoulos (1978) devised the reverse phase evaporation technique for developing large unilamellar liposomes. These liposomes are also called as
the reverse-phase evaporation vesicles or REV vesicles. In this method, a dispersion
of inverted micelles of lipid is produced in a system containing a mixed organic and
aqueous phase. The lipid tails are inserted into the non-polar phase and the head
groups surround water droplets. As the non-polar solvent is evaporated away under
vacuum the micelles coalesce to form large uni- and oligolamellar vesicles. In a typical preparation, 66 /xmol (50 mg) of lipid is dispersed by bath sonication in a 1 ml:3
ml mixture of aqueous solution-diethyl ether. The ether is then removed by rotary
evaporation under vacuum followed by polycarbonate filter sizing and gel filtration
to remove trace solvent.
2.3.2.3 Detergent dilution
In a typical detergent-LUV method (Enoch and Strittmatter, 1979), egg phosphatidylcholine is mixed with deoxycholate in 1 ml of aqueous solution (20 /xmol of
lipid per 10 /xmol of detergent). After a few minutes of sonication in a bath sonicator,
the originally turbid suspension becomes opalescent due to the presence of mixed micelles. The deoxycholate is then removed by gel filtration. The miceUes reorganize to
form large unilamellar vesicles which are about 100 nm in diameter, a capture volume
of 2-3 liters/mol and would be considered small LUVs.
Other methods for producing large unilamellar vesicles (LUVs) include the calcium
fusion and freeze thaw sonication techniques.
2.3.2.4

Calcium fusion

Papahadjopoulos et al. (1975) mixed SUVs composed of negatively charged phosphohpids with calcium, which caused the vesicles to aggregate and form a dense
precipitate of multilamellar arrays. The calcium was then removed by EDTA, which
caused the structures to swell and form large uni- and oligo-lamellar vesicles.
14

2.3.3 Multilamehar vesicles (MLVs)
Multilamellar vesicles were first prepared by Bangham et al. (1965). In their
preparation, a solution of 10 mg of egg phosphatidylcholine containing 5 mole percent
of egg phosphatidic acid and chloroform was evaporated to produce a thin film of
lipid. The desired aqueous solution was added (5 ml) and the lipid was hydrated
for several hours. The milky suspension was then vortexed to produce multilamellar
vesicles. A second method was proposed by Reeves and Dowben (1969), in which they
hydrated the dried hpid with nitrogen gas that had passed through a water phase,
followed by addition of water and vortexing. Another procedure is the dehydration
re-hydration process. In this method the phospholipid is dispersed in 1 ml of water
by sonication. The material to be encapsulated is added and the water is evaporated
under a dry nitrogen stream which produces liposomes entraping the added material.
The lipid is then re-hydrated with a stream of hydrated nitrogen for a few hours.
Water is then added and the mixture is vortexed to disperse the lipid vesicles. The
resultmg hposomes can be sized by passing them through polycarbonate filters. These
liposomes are also known as the dehydration-rehydration vesicles (DRV).
2.3.4

Giant unilamellar vesicles (GUVs)

Giant unilamellar vesicles are tens of microns in diameter (cell sized). Fluorescently labeled lipid molecules can be used for preparing giant unilamellar vesicles so
that their internal domain structure can be viewed under a light microscope. Angelova and Dimitrov (1986) and Dimitrov and Angelova (1987) reported the liposome
electro-formation method for preparing giant unilamellar vesicles. This method is
based on the assumption that the osmotic and electrostatic forces cause lipid sweUing
and liposome formation in water solutions in d.c. electrical fields. They dissolved
two lipids phosphatidylcholine (PC) and dimyristoylphosphatidylcholine (DMPC) in
a chloroform-methanol 9:1 mixture, and then 2 drops of this solution (1 fjl each)
were deposited on two parallel cylindrical platinum electrodes of diameter 0.5 mm,
separated by 0.5 mm. An electrical field at d.c. voltage, below 3V was apphed and
15

distilled water added. Lipid swelling produced giant unilamellar vesicles around 30
fj,m in diameter. Liposomes formation was greater when negatively charged lipids
were used, and it was greater on the negative electrode than on the positive one.
Alexander et al. (1996) developed another method in which rapid evaporation produces a high yield of giant unilamellar vesicles up to 50 {j,m in diameter. The vesicles
are obtained after only 2 min and can be prepared from different phospholipids in a
phosphate or Hepes buffer having pH range 7.0 to 11.5 with ionic strengths up to 50
mM. In this method the lipids are added to 980 //I of chloroform and 100-200 /zl of
methanol. The aqueous phase is then added to it and the organic solvent is removed
by rapid evaporation using a rotary evaporator, which produces a high concentration
of giant unilamellar vesicles.
2.4 Immobilization of liposomes
In the following sections we have discussed the various approaches used for attaching proteins and macromolecules to a glass surface. These techniques are: (1)
covalent coupling method, (2) avidin-biotin affinity binding, and (3) poly-1-lysine attachment. These methods have been shown to be effective for attaching liposomes to
glass surface. With the covalent coupling technique, macromolecules are attached to
glass surface through covalent bonds. According to this method, the glass surface is
first pretreated with a silane coupling reagent to provide reactive organosilanefunctional groups, which provide coupling states for macromolecules. In avidin-biotin
linkage method, avidin is first immobilized on the glass surface, it then attaches
to the biotinylated macromolecules by the formation of an avidin-biotin complex.
With the poly-1-lysine attachment, the glass surface is precoated with poly-1-lysine
hydrobromide, which adheres the macromolecules to the surface through electrostatic
interactions.

16

2.4.1 Covalent coupling
In the covalent coupling technique the macromolecules are attached to an organic
or inorganic support by the formation of covalent bonds. This method is typically
used for attaching enzymes to glass surface. The amine group present in proteins
can form covalent bonds with acylating, alkylating groups, aldehydes and isothiocyanates (Weetall, 1975). The glass surface contains reactive hydroxyl groups which
are insufficient for various types of coupling reactions, and so it is first treated with
silane coupling reagent that places reactive organic groups like amines, sulfhydryl and
cyanopropyl groups on its surface (Vanderbilt and Jaruzelski, 1962; Bascom, 1972),
which may be further modified to provide additional organofunctional groups for coupling with proteins. This approach can be applied for coupling silanized glass surface
with the amine group present in liposomes made up of phosphatidylethanolamine.
A silane coupling reagent is a monomeric silane, with an organofunctional group
at one end and inorganic groups like esters, halides or silanols on the other end
which condense with the hydroxyl groups present on the glass surface (Weetall, 1975).
In aqueous form the ester and halide groups present in the silane coupling reagent
hydrolyze to form hydroxyls which condense with the hydroxyls present on the glass.
A typical reaction of silanization using silane esters looks like:
H2O
(RO)3Si-{CH2)3-X

.

(HO)3Si-{CH2)3-X

Silane reagent

Silanol

\

I-OH

+

(HO)3Si-(CH2)3-X

.

I-0-Si-(CH2)3-X
/

Glass

Silanol

Silane glass

The condensation of hydroxyl groups, between silane molecules is a competitive
reaction, usually complete condensation does not take place due to steric factors which
leaves some unreacted hydroxyls on the glass surface. The thickness of silane layer
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is affected by silane concentration, reaction solvent, pH, reaction temperature and
reaction time (Weetall, 1975). Different silane coupling reagents can be used for the
preparation of reactive intermediates. Here we have described about the preparation
of alkyl-amine glass using the silane coupling reagent, 3-aminopropyltriethoxysilane.
In a typical preparation of alkyl amine glass (Weetall, 1975), Ig of glass is added
to 5 ml of a 10% aqueous 3-aminopropyltriethoxysilane solution whose pH is adjusted
to 5 with acetic acid. The reaction mixture is stirred and heated to 80 °C for 2
hours, followed by washing with deionized water and heating to 120 °C for 2 hours to
enhance thermal curing and removal of any moisture. The resulting alkyl amine glass
product is further derivatized to yield the reactive organofunctional groups required
for coupling proteins. Here we have enlisted some of the common ways of preparing these conjugates and shown the coupling reactions taking place between these
supports and amine groups present on the proteins (Weetall, 1975):
1. Carbonyl derivative: A reactive aldehyde intermediate is prepared by reacting
10 ml of a 2.5% glutaraldehyde solution in water or O.IM phosphate buffer, pH
7.0 with 1 g of alkyl amine glass for 1 hour. The product has an active aldehyde
group which can be coupled immediately or stored for future use.

0

0

o

II
II
I -NH2 - h H - C - C H 2 - C H 2 - C - H
Alkyl-amine glass
Glutaraldehyde

II
.I-N=CI^CH2-CH2-C—H
Carbonyl Support

The aldehyde groups react with primary amines present on enzymes to form
an imine coupling. The reaction takes place in acidic or neutral solutions. In
a typical coupling procedure, the enzyme solution is made in O.IM phosphate
buffer pH 5-7, and it is added to the carbonyl derivative. The reaction is carried
out for 1 hour at room temperature or overnight at a very low temperature,
depending on the enzyme. The immobihzed enzyme is then washed several
times with buffer or water and stored under buffer at a low temperature.
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I-CHO

+ HjN-E

Carbonyl-glass

enzyme

,

I-CH=N-E

Immobilized enzyme

2. Carboxyl derivatives: Reactive carboxyl intermediates can be prepared by reacting succinic anhydride with amine supports. In a typical preparation, 1 g of
alkylamine glass is added to 10 ml of 1% aqueous succinic anhydride solution,
whose pH is adjusted to 6 with sodium hydroxide and the reaction is continued
for 1 hour. The carboxylated product is washed with water, dried at 120 °C for
two hours.
O
^

O

OH

H^C-^ \

I - N H.,, -f
-

I
..i
H2.

O
^

, .^...-.-...2—2I^^H-C-CH;r-CHo-C-H
^

h
Alkyl-amine Glass Succinic Anhydride

Carboxyl Support

These carboxyl groups are activated for coupling by forming acyl halide or ester
intermediates. These active carboxyl glass supports react with primary amines
to form an amide linkage.
O

O

II
I-C-X
Carboxyl-glass

II
-f- H 2 N - E
enzyme

.

I-C-NI^E
Immobihzed enzyme

Acyl chloride intermediate is prepared by adding 1 g of the carboxyl support to
10 ml of a 10 % solution of thionyl chloride in dry chloroform, and the reaction
mixture is refluxed for 4 hours followed by washing with chloroform and drying
in vacuum oven for 30 minutes.
0
I-C^OH
Carboxyl Support

+

SOCI2

Thionyl Chloride

>

II

I-C-Cl
Acyl halide

Enzymes are coupled to the acyl chloride support by adduig a solution containing 10-100 mg of protein, whose pH is adjusted to 8-9 with NaOH. The
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reaction is carried out for 1 hour at room temperature or overnight at a very
low temperature, depending on the enzyme. The product is washed with buffer
and stored.
In a typical ester intermediate preparation 10 ml of dioxane is added to 1 g of the
carboxyl support and stirred for sometime. 0.2 g N-hydroxysuccinimide and 0.4
g N,N'-dicyclohexylcarbodiimide are then added to this mixture and stirred for
4 hours followed by several washings of the product with methanol and dioxane
to remove any dicyclohexylurea formed during the reaction. The product is then
dried at 80 °C in a vacuum oven for 1 hour. The ester intermediates are stable
for longer periods but the acyl chloride intermediates should be immediately
used.

I — COOH

+ HO- N

I ^

.

I - C - O - l /

Carboxyl Support N-hydroxysuccinimide

2

N-Hydroxysuccinimide glass

In a typical enzyme coupling procedure 10 ml of enzyme solution in 0.1 M
phosphate buffer pH 5 to 9, is added to 1 g of the N-hydroxysuccinimide support
and the reaction is carried out in a ice bath.
3. Isothiocyanate derivative: It is prepared from amine supports by reaction with
thiophosgene. In a typical preparation, Ig of amine is added to 50 ml of a
10 % thiophosgene solution in chloroform, and the reaction mixture is refluxed
for 4 hours. The isothiocyanate support is then washed several times with
chloroform, dried for 30 minutes in a vacuum oven and used immediately for
coupling.
S
I-NH2
Alkyl-amine glass

-f-

II

Cl-C-Cl
Thiophosgene

.

I-NCS

Isothiocyanate glass

It is coupled to primary amines by the formation of thiourea bond. In a typical
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coupling procedure, enzyme solution in 0.05M NaHCOs, pH 9-10 is reacted with
the isothiocyanate support for approximately 2 hours. The immobilized enzjnne
product is then washed and stored in buffer.
S
I-NCS

+

Isothiocyanate-glass
2.4.2

H2N

I—NH- C—NI^E

•E

Immobilized enzyme

enzyme

Avidin biotin binding

Avidin-biotin interaction is widely used in many different apphcations in biology,
biochemistry and biotechnology. The unusually high non-covalent affinity, of avidin
(egg-white glycoprotein) or streptavidin (bacterial protein) with the vitamin biotin
results in strong avidin-biotin complex, which has a high affinity constant, Ka = 10^^
M~-^ (Hermanson, 1996). This enables complex macromolecules which have been biotinylated, to be bound with immobihzed avidin systems (Fig. 2.1). The principles
of avidin biotin technology have been extensively described in the literature (Wilchek
and Bayer, 1988, 1984; Bayer and Wilchek, 1980). Here, we have mainly described
about avidin and biotin structures, the varieties available and demonstrated the applications of avidin-biotin binding technique in immobilization of macromolecules and
liposomes to glass supports.

Solid :
Support:

^'bSS''^^ molecule
'wet

Figure 2.1: Immobilization of biotinylated molecules to avidinised support
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2.4.2.1

Structure and types of avidin

Avidin is a glycoprotein found in egg-white, it constitutes four identical subunits
of 16,400 daltons each, yielding a molecular weight of 66,000 daltons (Green, 1975).
It is a tetrameric protein, its each subunit is made up of 128 amino acids and contains
one oligosaccharide and a binding site for biotin. The interaction between biotin and
avidin remains very strong even with changes in pH, buffers, presence of detergents or
denaturants and high temperatures. But the only limitation is, it has very high charge
pi 10 which causes undesirable ionic interactions with negatively charged molecules
and also it contains oligosacchride units which can involve in non-speciflc binding with
any sugar binding molecules present in the biological system. Streptavidin (bacterial
protein) is another biotin binding protein, it is also tetrameric and has a mass of about
60,000 daltons (Hermanson, 1996). Its primary structure is different than avidin but
it too shows very high binding affinity with biotin. It has less charge than avidin (pi
5-6) and it is nonglycosylated so it is more widely used than avidin (Wilchek and
Bayer, 1993). Some of the modified avidins available for use, include "Lite Avidin"
(a sugarless derivative of avidin) and "NeutraLite Avidin" (nonglycosylated avidin
with net positive charge neutralized).
2.4.2.2

Structure and types of biotin

Biotin is vitamin H, it contains a bicyclic biotin ring at one end which binds with
avidin and the reactive functional group at the other end, (Fig. 2.2) that can be
used for coupling with other molecules. Biotinylation reagents also possess various
cross-bridges or spacer groups built off the valeric acid side chain of the molecule.
The biotin binding sites in avidin are 9 A beneath the surface of protein, so biotinylation reagents with long spacer arms have better accessibihty and binding rates
with avidin. The various types of biotin reagents available, are generally classified as
follows (Hermanson, 1996):
1. Amine reactive biotinylation reagents: They contain functional groups off biotin's valeric acid side chain that are capable of forming covalent bonds with
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spacer Ar.

Reactive
qrouD

^i^^l'

\,
Valeric Acid
side chain

Figure 2.2: Structure of biotin

primary amines in proteins and other molecules. There are two main types,
NHS esters and carboxylates. NHS esters spontaneously react with amines to
form amide linkages and carboxylate containing biotin compounds can be coupled to amines via a carbodiimide-mediated reaction. They can be used for
binding with the alkyl amine glass surface.
2. Sulfhydryl reactive biotinylation reagents: They utilize maleimide, pyxidyl disulfide, and iodoacetyl reactive groups for binding with cysteine-SH groups or at
sites of specific thiolation within proteins or other molecules.
3. Carbonyl or Carboxyl-reactive biotinylation reagents: They contain hydrazide
or amine groups which can react with carbonyl or carboxyl groups on other
molecules. The hydrazides spontaneously react with aldehydes or ketones to
give hydrazone linkages and the amine containing biotinylation reagents are
coupled to carboxylate groups through a carbodiimide reaction.
4. Photobiotin: It contains a photoreactive group which can react with hydrogen sites or nucleophilic groups present in other molecules. They can be used
for incorporating avidin-biotin linkage in molecules that do not possess easily
modifiable functional groups.
2.4.2.3 Applications of avidin-biotin complex
The avidin biotin complex has become an extremely useful tool for immobilization
of macromolecules to solid supports. Perret et al. (2002) used the streptavidin biotin
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complex for immobilization of biotinylated proteins on glass surface. They developed
a sandwich-like construct based on the streptavidin biotin complex. Glass substrates
were first silanized using mercaptosilane, followed by reaction with maleimide (Mai)
end groups of long flexible biotinylated derivatives. Streptavidin was then coupled to
these biotinylated glass substrates which provided the immobihzed streptavidin system for coupling with biotinylated proteins. Phillips and Frantz (1988) and Babashak
and Phillips (1989, 1988) used avidin-coated glass beads to immobilize biotinylated
antibodies, for applications in analytical high performance immunoaffinity separations. The streptavidin biotin complexes are used for attaching liposomes to antibodies. Biotin is covalently coupled to the surface of a liposome and to a ligand and
two biotins are joined together by streptavidin (Philippot and Schuber, 1995). This
approach can be applied for attaching hposomes to glass surface as well. The glass
surface can be silanized with 3-aminopropyltriethoxysilane to contain reactive amine
groups on its surface which can be coupled to N-hydroxysuccinimide esters of biotin.
These biotinylated glass substrates can be attached through a streptavidin bridge to
liposomes produced from biotinylated phosphatidyl ethanolamine.
2.4.3 Poly-1-lysine method
Poly-1-lysine hydrobromide is used in immobilizing DNA molecules and lipid membranes to glass surface. It imparts positive charge on the glass slides which involve in
strong electrostatic interactions with the negatively charged phosphate groups present
on DNA molecules and hpid membranes. The high molecular weight of polylysine
promotes membrane adhesion (Huang, 1983). A very small concentration of about 5
/ig/ml, aqueous poly-1-lysine solution is required for attaching DNA's and lipid membranes (Bernard et al., 2000; Lyon et al, 1998; Taylor et al., 2000). Approximately 5
fA of this solution is deposited on glass coverslips and incubated for 1 hour to aUow
spontaneous adsorption of polylysine. About 5 //I of DNA solution is then spread on
these polylysine coated coverslips which stretches and fixes the DNA molecules on the
glass surface. This technique can be applied for attaching hposomes to glass surface.
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CHAPTER III
EXPERIMENTAL PROTOCOLS
In this chapter, we have experimentally demonstrated the protocols for the preparation of giant unilamellar vesicles and immobilizing them to the inside walls of a
glass capillary, using poly-1-lysine and avidin-biotin binding methods. We have used
the rapid evaporation technique, developed by Alexander et al. (1996), for producing
giant unilamellar vesicles. This method produces a high yield of giant unilamellar vesicles (GUVs) about 60 /xm in diameter in approximately 8 minutes. These
hposomes are approximately cell-sized and they can be easily viewed using light microscopy. Fluorescein-labelled giant unilamellar vesicles were prepared by the rapid
evaporation technique and attached to the inner surface of glass capillaries in order
to observe the structural deformation changes that take place when a uniform flow of
phosphate buffer is maintained in the capiUary. We employed glass substrates because
they are inexpensive and well suited to fluorescence detection. The procedures for
the liposome preparation and attachment techniques have been described in detail in
the following sections.
3.1 Rapid evaporation method
We have used the rapid evaporation method previously attributed to Alexander
et al. (1996), for producing giant unilamellar vesicles on a lab scale. The liposomes
were labelled with fluorescein and viewed under an inverted fluorescence microscope.
The materials used and procedure followed are explained as follows:
3.1.1 Materials used
l,2-Dioleoyl-sn-glycero-3-phosphocholine (Mol wt 786.15), 25 mg/ml dissolved in
chloroform was bought from Avanti Polar Lipids (Alabaster, Alabama). Fluorescein was bought from Sigma Chemicals (St Louis., Missouri), chloroform, methanol,
sodium phosphate di-basic (Na2HP04) and sodium phosphate monobasic (NaH2P04
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-I- H2O) were purchased from Fisher Scientiflc (Fair Lawn, New Jersey), and deionized
water was obtained from Nanopure water purification system.
3.1.2

Procedure

1. Preparation of 0.03 M phosphate buffer solution:
(a) 0.1 M stock solution of phosphate buffer was prepared by dissolving 3.74
g of sodium phosphate monobasic (NaH2P04 -I- H2O), and 10.35 g of anhydrous sodium phosphate di-basic (Na2HP04) in 11 of deionized water.
(b) 30 ml of the phosphate buffer stock solution was added to 70 ml of deionized
water to prepare 100 ml of 0.03 M phosphate buffer solution.
2. Preparation of giant unilamellar vesicles:
(a) Lipids were dissolved in chloroform (0.0318 mM), and 63 /A of this solution
was added to a 50 ml round bottom flask containing 980 fA of chloroform
and 100-200 lA of methanol.
(b) Approximately, 27.2 mg of fluorescein was dissolved in 100 ml of 0.03M
phosphate buffer, pH 7.4 to make 1 mM fluorescein solution.
(c) About 7ml of this buffer solution was added to the chloroform-lipid mixture
prepared earher.
(d) The lipid solution was kept in a water bath in order to maintain a constant
phase transition temperature of 40 °C. This was done because above the
phase transition temperature the bilayer would be in fluid state and allow
higher transitional diffusion of fluorescein molecules.
(e) The organic solvent from the lipid solution was rapidly evaporated using
a rotary evaporator under a reduced pressure of 10 mm Hg at 40 °C and
40 rpm.
(f) After 2 min of evaporation approximately 6.5 ml aqueous solution containing a high concentration of GUVs was obtained.
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3.2 Poly-1-lysine binding
Here we have demonstrated the procedure for the attachment of fluorescein labelled giant unilamellar vesicles to glass capillaries using poly-1-lysine binding. The
glass capillaries were first thoroughly cleaned with 70% concentrated H2SO4/30%
H2O2 solution and then coated with polylysine using the procedure followed by Taylor et al. (2000). Approximately, 8 fA of the liposome solution was injected into each
of the polylysine coated glass capillaries.
3.2.1 Materials used
Poly(l-lysine hydrobromide) (MW = 350,000), concentrated sulphuric acid (H2SO4)
and hydrogen peroxide (H2O2) were purchased from Sigma Chemicals (St Louis.,
Missouri), glass capillaries having rectangular crossectional area (2 x 0.2 mm^), were
purchased firom Friedrich and Dimmock, Inc. (Millville, New Jersey), methanol was
purchased from Fisher Scientific (Fair Lawn, New Jersey), deionized water was obtained from Nanopure water purification system and phosphate buffer (0.03M) was
prepared.
3.2.2

Procedure

1. Approximately, 6 glass capillaries were throughly cleaned in a 70% concentrated
H2SO4/30% H2O2 solution for 30 min, rinsed in deionized water and wiped dry
with methanol.
2. About 5.5 mg of poly-1-lysine was weighed out and dissolved in 1ml of 0.03M
phosphate buffer to prepare 5.5 mg/ml concentrated polylysine solution.
3. About Img of sodium azide was added to this solution to avoid any denaturation
of polylysine by the bacteria.
4. It was successively diluted three times to prepare 5.5 /ig/ml concentration
polylysine solution.
5. About 10 /A of this polylysine solution was injected into each glass capillary,
and they were aUowed to incubate for 1 hour, followed by air drymg for 30
minutes.
27

6. Fluorescein labelled liposomes were prepared in 0.03M phosphate buffer using
rapid evaporation technique.
7. Approximately, 8 fA of the liposome solution was injected into each polylysine
coated glass capillary.
3.3 Avidin biotin binding
Here we have demonstrated the procedure for the attachment of fiuorescein labeUed giant unilamellar vesicles to glass capillaries using avidin-biotin binding. The
glass surface was first thoroughly cleaned by immersion in 1:1 concentrated HChMeOH,
using the procedure followed by Chrisey et al. (1996). It was then silanized with 3aminopropyltriethoxysilane using the aqueous phase silanization method (WeetaU,
1975), to yield alkyl amine glass.
H2O
(H5C20)3Si-(CH2)3-^H2

(HO)3Si-(CH2)3-NH2

3-aminopropyltriethoxysilane

Silanol
\

I—OH

+

\
I_0-Si-(CH2)3-^H2
y

(HO)3Si-(CH2)3-NH2

/

Glass

0

Silanol

O

Alkyl-amine glass

The alkyl-amine glass was biotinylated with NHS-LC-Biotin ester (Fig. 3.1), which
is an amine reactive biotinylation reagent. The biotinylated glass surface was attached
to streptavidin through the bicyclic biotin ring to form the immobilized streptavidin
system (Fig. 3.2). Liposomes made of biotinylated phosphatidylchohne were immobihzed on the streptavidin coated glass (Fig. 3.2) (Birkert et al., 2000; Hnatowich et al,
1987).
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Figure 3.1: Biotinylation of alkyl-amine glass with NHS-LC-biotin

3.3.1 Materials used
Cone, sulphuric acid (H2SO4), cone, hydrochloric acid (Hcl), 3- aminopropyltriethoxysilane and N,N-dimethylformamide (DMF) were purchased from Sigma Chemicals (St Louis., Missouri), Cap-NHS-LC-biotin ester and streptavidin were obtained
from Pierce (Rockford, Illinois), sodium phosphate di-basic (Na2HP04), sodium phos-

Silane
Glass

NHS-LC-Bxotm
O
0

Streptavidin

_siAA„,JUWv«H-llAAJ

Biotinylated
Liposome
ill—HN—E^

^

_siAA,H-|/W\,H-'

Figure 3.2: Immobilization of biotinylated liposomes on glass surface
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phate monobasic (NaH2P04 + H2O), sodium chloride (NaCl) and methanol were
purchased from Fisher Scientific (Fair Lawn, New Jersey), and deionized water was
obtained from Nanopure water purification system.
3.3.2

Procedure

1. Cleaning glass capillaries:
(a) The glass capillaries were cleaned, by immersion in 1:1 concentrated HChMeOH
for 30 minutes, and rinsed in deionized water.
(b) They were then immersed in concentrated H2SO4 for 30 minutes, followed
by rinsing with deionized water.
(c) The glass capillaries were boiled in deionized water and extensively rinsed
with it.
2. Preparation of alkyl-amine glass capillaries:
(a) 5ml of 10% 3- aminopropyltriethoxysilane solution was prepared by adding
4.5 ml deionized water to 500 fA of 3- aminopropyltriethoxysilane.
(b) The glass capillaries weighing around 1 g were immersed in the 3- aminopropyltriethoxysilane solution and its pH was adjusted to 5 with acetic
acid.
(c) The reaction mixture was stirred and heated to 80 °C for 1 to 2 hours. The
solution was decanted and the glass capillaries were washed with deionized
water.
(d) The silanized glass was then heated for 2 hours at 120 °C to remove any
moisture.
3. Preparation of phosphate buffered saline:
(a) 1.2g of Na2HP04, 0.22g of (NaH2P04 + H2O) and 8.5g of NaCl were
dissolved in 100 ml of deionized water to prepare 0.01 M phosphate buffered
saline solution.
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4. Biotinylation of the glass surface:
(a) Immediately prior to use, around 3.4mg of NHS-LC-Biotin ester was added
to 1 ml of Dimethylformamide (DMF).
(b) It was successively diluted twice with phosphate buffered saline, to yield a
concentration of 34//g/ml of NHS-LC-Biotin solution.
(c) Approximately 1ml of this NHS-LC-Biotin solution was injected into the
glass capillary. The glass capillary was then incubated in ice for approximately 2 hours.
(d) It was then washed with phosphate buffered saline to remove unreacted
biotin.
5. Immobilization of streptavidin:
(a) Approximately 5 fA of 50 //g/ml concentrated aqueous streptavidin solution
was injected into the glass capillaries.
(b) The glass capillaries containing the streptavidin solution were kept in a saturated water atmosphere for about 30 minutes, then rinsed with deionized
water and immediately used.
6. Immobihzation of biotinylated liposomes:
(a) Liposomes were prepared fi:om biotinylated phosphatidylcholine, and labelled with fluorescein.
(b) Approximately 5 fA of the liposome solution was injected into each streptavidin coated glass capillary.
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CHAPTER IV
DIRECT RADIAL BASIS FUNCTION MODEL
In this chapter we have used the direct radial basis function (DRBFN) method
(Mai-Duy and Tran-Cong, 2001), for calculating the velocity profile in three dimensional flow in a square channel. The governing equations are creeping flow and continuity equations, and the boundary conditions are: zero velocity on waUs (no-shp
velocity) and a negative pressure drop of magnitude 1 in the channel. The governing
equations and boundary conditions were solved using the DRBFN technique. Matlab
software was used for generating the velocity profile curves. The 3-D velocity profile
inside the square channel is a model of the flow of buffer solution inside the rectangular glass capillary tube used for liposome attachment. We have further demonstrated
the additional boundary condition for pressure, when a protrusion is incorporated
in the channel, and briefly explained about the computation of forces acting on the
liposome's surface. Calculating the drift forces acting on the liposome's surface would
enable us to determine the force required to detach the liposome from the glass substrate. The DRBFN technique can be used for computing these forces, but here we
have only introduced the concept and recommend it as an aspect of future work.
4.1 Three-dimensional flow in a square channel
In this section we have described the pertinent governing equations and boundary
conditions for the three dimensional flow in a square channel, introduced the DRBFN
technique, and demonstrated its application in solving the problem.
4.1.1 Problem definition
The goal is to find the velocity offlowin the channel v(x,y), using the direct radial
basis function method and find the error compared to the actual solution. The square
channel has sides of unit length, therefore its dimensions are, 0 < a ; < l ,

0<y<

1, 0 < 2; < 1. Governing equations for flow in the square channel are as follows:
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1. The dimensionless form of Stokes' equation (Deen, 1998, p. 246):
VP = VV.

(4.1)

The dynamic pressure V is defined as
VV = VP - pg,

(4.2)

which is obtained by combining the pressure and gravitational terms so that
the problem can be solved without reference to the direction of gravity. The
velocity and pressure are made dimensionless. Dimensionless velocity v (Deen,
1998, p. 244) is:
V= ^,

(4.3)

where U is the characteristic velocity and v' is the actual velocity.
P = ^,

(4.4)

where V is the actual pressure and H = fiU/L is the characteristic stress and
L is the characteristic length.
In rectangular coordinates it becomes:

i:ESe.-tge.=a
J=l

t=l

-J

J=l

(4.5)

The X component is:
df'v. ^ ^ + ^ _ ^ ^ 0
dx"^ d]p- dz^
dx

(4 6)

The y component is:

a%^ax^5%_ap^Q
dx"^

dy^

dz^

dy

^^^^

The z component is:

«!l!i + ^
dx^

+ « ! l i - « E = 0.

dy^

dz^
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dz

(4.8)

2. Dimensionless continuity equation V • v = 0. Taking divergence of both sides
of dimensionless form of Stokes' equation (Eqn. 4.1), we obtain
V • (VP) = V • (V'v) = V2(V • v).

(4.9)

Using the continuity equation it becomes
V^T' = 0.

(4.10)

So, the Laplace's equation governs the pressure in creeping flow. It is therefore
written as:
d'^V

d'^V

d'^V

The boundary conditions are:
1. Velocity on the walls is zero.
v(0,y) = 0

v(l,y) = 0,

(4.12)

v(a;,0) = 0

v(a;,l) = 0.

(4.13)

2. There is a negative pressure drop of magnitude 1 in the square channel.
Vix,y,0)
4.1.2

= 1

V{x,y,l)=0.

(4.14)

Direct radial basis function (DRBFN) method

The direct radial basis function (DRBFN) method was developed by Mai-Duy
and Tran-Cong (2001), for solving linear ODEs and linear elliptic PDEs. It is a
mesh free method and it does not require any discretization of the domain. It uses
radial basis functions (RBFs) over regular or curved domains, for an approximation
of the unknown function and its derivatives. According to this method, the domain
of the differential equation is flrst divided into m number of radial basis centers
and n collocation points. A regularly shaped domain is a rectangular region in 2D
or a paraUelopiped region in 3D with deflned boundaries. The radial basis centers
are arranged on a regular grid and the collocation points can be same as the radial
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basis centers or they may be randomly distributed. The number of radial basis
centers maybe equal to or a subset of the set of collocation points. The design
of the network is based on the information provided by given differential equation
(DE) and its boundary conditions. The data collocation points satisfy the DEs (in
the case of internal points) or the DEs and the boundary conditions (in the case of
boundary points). The unknown function and its derivatives are calculated firom a
set of unstructured function values, u(x^^) = y^'^^^j, for ah the collocation points.
The function u to be approximated is decomposed into radial basis functions as:

(x) = X^t/;«5X^):

(4.15)

i=l

where the set of radial basis functions {p^'^}^i with m < n is chosen in advance and
the set of weights {w^'^^'^i is to be found. The superscripts are index elements of a
set of radial basis centers or collocation points while the subscripts denote scalar components of a p-dimensional vector. Given (Eqn 4.13), the derivatives of the function,
u,j_,.i are calculated by:

J—

J_2

J-

The radial basis function (RBF) is given by
g(i)(r) = \/r2 + a » ' ,

(4.17)

where r is the distance between the radial basis center under consideration and the
collocation point, a^^ is the width of the radial basis center given by a^^^ =

pS^\

where /? is a factor having a value in the range 7-10, and d^') is the distance from the
radial basis center under consideration to the nearest center.
With the function u decomposed into m fixed radial basis functions, the unknown
weights {w^^^^i

are found using the general linear least square principle or the

singular value decomposition (SVD) method. The closed form RBF approximating
function (Eqn 4.13), is then calculated from the weights as:
u{x) = J2^^^9'i^)

= ^ti;('Vr2 + a«'.

i=l

i=l
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(4.18)

The derivatives are subsequently calculated by differentiating the closed form RBF
as follows:
m

u,j{x) = J2^^'^h'{x),
j=i

(4.19)

1=1

(4.20)

2=1

where

h\x)
h'(x)

dg^^ _

Xj - c f

OXj

V r 2 + a(*)2'

dh^^
dxj

d'^g^^
dxjdxj

- { X j - -4
r^ + a^^^
(r-2 + a«')^-^

(4.21)

)
'

^

c is the spatial position of the radial basis center, and x is the spatial position of the
collocation point.
4.1.3 Application of DRBFN method to 3-dimensional flow problem
We apphed this method for solving the 3-dimensional flow problem described
above. The radial basis centers were regularly distributed on a three dimensional
grid whose domain is defined by:

0 < x < l , 0 < y < l , 0<2;<1
The collocation points were same as the random basis centers. Here we have
demonstrated a simple case (Fig. 4.1), when three radial basis centers were taken
on each edge of the square channel. So there are three radial basis centers on each
boundary. The channel is divided into 3 planes, with nine radial basis centers on each
plane yielding a total of 27 radial basis centers in the grid.
The spatial position vector r for the radial basis centers is given by:
r = XrBj: + yrBy + ZrG^.

(4.23)

The collocation points have the same position vectors as the radial basis centers. The
position vector for the collocation points are:
r = XcCa: -{- ycQy + Zc^z-
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(4-24)

^

—•
m

L

m

_/^
mr
11

•

Figure 4.1: Distribution of radial basis centers in the square channel

The unknown functions of pressure and scalar components of velocity are expressed
in terms of weighting functions and radial basis centers as follows:
Vx = 22 w^^Wr^^^^ + a^^^^, where w^^^ are weighting functions of Vx,

(4.25)

i=l
m

Vy = 22 ^^^^Vf^^^^ + a^^^^,

where e^*^ are weighting functions of Vy,

(4.26)

i=l
m

Vz = 22 Q^^^Vf^^^ + a(^^,

where g^'^ are weighting functions of v^,

(4.27)

2=1

m

V = ^ p ^ ' ^ V^^W^+a(^, p('^ are weighting functions of pressure V,

(4.28)

i=l

r^^ = yj{xc — xiY + (?/c — yi-Y + (zc — 4)2, it is the distance of the coUocation
point from the radial basis center under consideration, a^'^ is the width of the radial
basis center given by a^'^ = 0d^'^\ where f3 has a value of 8, and d^'^ is the distance
from the radial basis center under consideration to the nearest center. In this case
m = 27.
The appropriate weighting functions and radial basis centers are incorporated into
the velocity and pressure terms in the respective boundary conditions and governing
equations and a system of linear algebraic equations is obtained, which is solved using
the singular value decomposition technique.
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1. The equations of velocity at the collocation points are as follows:
(a) If the collocation point lies on the boundaries then velocity is 0,
Vx

(i)^(O

= 0,

(4.29)

(0^(i)

= 0,

(4.30)

= E«,{i)j[(i)

= 0,

(4.31)

••

i=l
m
Vy

i=l
m
Vz

i=l

where, A^^ = VrW" + a « ' ; is the closed form radial basis function (RBF).
(b) Otherwise, if it is an internal coUocation point, then it follows the creeping
flow equations.

av

5V

av _ ^ _n

dx^

dy^

dz^

m

dx
(4.32)

m

^5^t^«£)W-h53/)G«=0,
i=l

i=l

d\
d\
d'^Vy dV
^
H
H
—
= 0
dx"^ dy^
dz^
dy
'
m

ra

i=l

i=l

d'^Vz
dx^

d\z
dy^

d'^vz
dz^

?72

(4.33)

&P
dz

„
'

771

(4.34)

^ ^g»£)W + ^p(i)7W=0,
i=l

i=l

where
...
d^A^'^ d'^A^^ d^A^^
D^' =
1
1
dx^
dy^
dz^
rd)' + a^? - (ore - x'^^f

r « ' + a « ' - {y, - y^^)

+
rW^+aW^-(^^-4')f
^

(rW'-FaW^)'-'
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(4.35)

^'^ = -

XQ

^

=^ - - 7 ^ ^ ^ ^ ^ '

v/r(0== + a«^'
yr
Vc- _J0

^'^ = - ^

^ - ^Vr(i)'
" r "+. a»^'
.>

rii) = _ ^

=^

/ Zc----

(0

(4-36)

(4.37)

(4.38)

2. Equations for pressure at the collocation points are as follows:
(a) All collocation points satisfy the Laplacian of pressure, therefore the pressure equation at the collocation points is given by:
d^V
dx^

d'^V
dy^

d'^V _
dz^
'
(4.39)

^ J^pW^W = 0.
t=i

(b) The pressure at all collocation points on the lower plane is 1; from the
boundary condition V{x, y, 0) = 1, hence it is given as:
m

V = '^p^'^A^'^

= 1.

(4.40)

i=l

(c) The pressure at all collocation points on the upper plane is 0; from the
boundary condition V{x, y, 1) = 0, hence it is given as:
m

V = ^j9«A('^ = 0.
i=l
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(4.41)

Substitution of RBF's and weights in velocity and pressure equations gives:
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The system of linear algebraic equations is: [M]i26xio8 [W^jiosxi = [N]\2Q>C\, where
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[.W] 126x108 is the design matrix of size 108 x 126, whose rows contain radial basis
functions corresponding to the velocity and pressure terms of the appropriate creeping
flow equations and boundary conditions. [PFjiosxi is a column vector of size 126 x 1,
whose elements are the weights of the velocity components and pressure. [A'']i26xi is
a column vector of size 108 x 1, whose elements are the right hand side of respective
governing equations and boundary conditions, therefore its elements are O's and I's.
This system of linear algebraic equations is solved using singular value decomposition
method, which yields the velocity and pressure values at ah collocation points.
Velocity was calculated at each collocation point, using the Direct radial basis
function method and the exact solution. The exact solution for velocity is:
°°
2
1
v(x,y) = "S^—r—^—; f(—1)" — llsinhnTTW sinnTTo; -I- -(x — x^).
•^^ n^^TT-^ sinh nTT
2

(4.42)

n=l

The absolute error between the two was calculated at each coUocation point. Table. 4.1 shows the maximum absolute error in velocity and the location of the respective coUocation point when 5, 7 and 9 boundary collocation points were used. Fig. 4.2
shows the distribution of radial basis centers on x-y plane for each case. The velocity
profile for the case of 9 boundary points is plotted in Fig. 4.3.
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Figure 4.2: Distribution of radial basis centers on a single plane
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Velocity vs channel width in x direction for different y distances
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Figure 4.3: Velocity profile across the channel width in x direction for increasing y
distances, when 9 boundary points are taken

4.2 Three-dimensional fiow with protrusion
A protrusion is formed on the wall of the square channel. The protrusion on the
wall surface is a model for the immobilized liposome on the wall of the glass capiUary.
In this case the pressure on the x-y planes changes due to the incorporation of the
protrusion. So an additional boundary condition for the value of the pressure at the
walls of the channel is required. The same governing equations and boundary conditions are applied but there is an extra boundary condition which uses the Neumann
condition for pressure. Orszag et al. (1986) showed that the Neumann boundary condition can be applied to the Navier-Stokes equation, as it is another manifestation of
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Table 4.1: Location of maximum absolute error in velocity for different sets of coUocation boundary points
Boundary

Total

Maximum

Location of

CoUocation

collocation

collocation

absolute error

collocation

point

points

points

in velocity

point

5

125

0.00465

(0.5,0.5,0)

13

7

343

0.00256

(0.5,0.5,0)

25

9

729

0.00077

(0.5,0.5,1)

689

the incompressibility at the boundaries. The Navier-Stokes equation is
p—

+ V P = -pv • Vv + pV\

+ f,

(4.43)

where \{x, t) is the velocity field at spatial position x at time i; P{x, t) is the pressure;
fjL is the viscosity of the fluid; p is the density of the fluid and f (a:, t) is an external force.
The Neumann boundary condition evolves by applying the Navier-Stokes equation at
the boundaries and then projecting it onto the normal vector n, as:
V P • n = -p{-7r- • n -F V • Vv • n) -I- fiVH • n -F f • n.
dt

(4.44)

This boundary condition would define the values of pressure at the walls of the channel.
In this problem it becomes:
V P • n = /xVV • n -<- f • n,

(4.45)

since the material derivative of velocity;

S+v-Vv
is eliminated in creeping fiow. So, when a protrusion is incorporated in the channel, the governing equations and boundary conditions are as follows:
1. Stokes' equation:
VP = fN\.
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(4.46)

2. Continuity equation:
V- V = 0.
The Laplacian of pressure which follows directly from the continuity and Stokes'
equation.
d'^V

d'^V

d'^V

The boundary conditions are:
1. Velocity on the walls and the protrusion is zero:
v(0,y) = 0

v(l,2/) = 0,

(4.48)

v(rr,0) = 0

v(2;,l) = 0,

(4.49)

v(r,^,0) = O.

(4.50)

v(r, 6, (j)) is the velocity vector in spherical coordinates, for the data collocation
points on the protrusion.
2. Pressure boundary conditions are:
P(a;,y,0) = l

V{x,y,l)

= Q,

V •0. = fj,V^\ • n.

(4.51)
(4.52)

The velocity profile in the channel can be calculated from these equations. The
interfacial forces acting on the protrusion or the hposome's surface can be computed
by projecting the force vector in the z-direction. The force vector on the liposome is
given as:
F = /"

T-ndA,

(4.53)

*^ •"•liposome

where, r is the stress tensor and n is the normal vector. The interfacial forces are
obtained by projecting the force vector in the z-direction:
P. = F • e,.
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(4.54)

So it becomes:
Fz = f

{T-n)-ezdA.

(4.55)

The stress tensor r is given by:
T = S - PI,

(4.56)

where S is the viscous stress, r is the Identity tensor and P is the thermodynamic
pressure. For newtonian incompressible fiuid,
S = /i[Vv + Vv*].

(4.57)

Upon substitution of the stress tensor in Eq (4.54), the interfacial forces on the
hposome are given as:

•^ •^Liposome.

'^
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CHAPTER V
RESULTS AND DISCUSSION
Here we have shown the histograms of liposome size vs number, for three batches
of fluorescein labelled giant unilamellar vesicles, which were observed under inverted
fluorescence microscopy (Olympus 1X71). The images in all batches were recorded
with field view of 1.36 mm2, at a magnification of 10-X using QCapture software,
which was purchased from Qlmaging Company (Burnaby, B.C. Canada). The images
were analyzed on a linux machine using the public domain NIH ImageJ program
(developed at the U.S. National Institutes of Health and available on the Internet at
http://rsb.info.nih.gov/nih-image). They were scaled to square pixels using calibrated
image of the scale of a micrometer, at 10-X magnification. The images with square
pixels were converted to square micrometers using ImageJ program. The surface area
of the hposomes in square micrometers was obtained using ImageJ program, from
which the liposome size was computed. The histograms of liposome size distribution
were plotted using softwares gnumeric (Icaza, 2002) and gnuplot (Thomas et al.,
2002).
5.1 Results
The histograms of liposome size vs number, for the three batches of fluorescein
labeUed giant unilameUar vesicles are shown in Figures 5.1, 5.2 and 5.3. Seven sample
views were recorded for batch 1, and six sample views for batches 2 and 3 each. From
the liposome size distribution histograms, it can be observed that there are higher
number of hposomes in the size range of 15-25 pm and very few liposomes of large
size. The plots show that the liposome size distribution patterns were consistent for
the three different batches.
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5.2

Discussion

We produced consistent yields of giant unilamellar vesicles (GUVs) in the size
range 20-70 pm, using the rapid evaporation technique. The vesicles were labeUed
with fiuorescein isothiocyanate dye. Fluoresence microscopy of these vesicles showed
that majority of them were spherical and unilamellar. We used two different types of
lipids Egg-yolk-phosphatidylcholine and Di-oleoyl-phosphatidylcholine and obtained
consistent yields of GUVs in both cases using the rapid evaporation technique. When
we prepared liposomes using a pressure regulator (digital vacuum regulator J-KEM
Scientific; St. Louis, Missouri) for uniformly lowering the pressure inside the rotovap
to 10 mm Hg, the yield of liposomes was found to be higher and the amount of
broken lipids in the resulting liposome solution was very less. We observe two boiling
events when chloroform and methanol are rapidly evaporated. There is a need to
prevent rapid boiling during the evaporation of chloroform from the lipid solution
otherwise it can cause most of the lipid to stick on the walls of the round bottom
flask leading to a very poor yield of liposomes. The rotations per minute should not
exceed 60, and there should be constant temperature of 40 °C in the water bath. The
fluorescein labeUed liposomes were stable for several hours at the room temperature
but they were found to disintegrate after 2-3 days. The liposomes fused with new
glass capillaries due to presence of electrostatic charge but if the glass capUlaries
were previously rinsed with phosphate buffer solution the liposomes did not show any
fusion.
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Figure 5.1: Liposome size distribution of batch 1, when 7 sample views were taken
from the same capillary tube
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Figure 5.2: Liposome size distribution of batch 2, when 6 sample views were taken
from the same capillary tube
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
6.1

Conclusions

The conclusions are presented as follows:
1. A feasible approach for production of giant unilamellar vesicles at lab scale was
applied. It resulted in consistent yields of cell-sized unilamellar vesicles in the
size range 15-75 micrometers.
2. The polylysine and avidin-biotin binding techniques were used for attaching
liposomes to glass surface.
3. A technique known as the direct radial basis function method was apphed to
develop a 3-dimensional flow model for the velocity profile inside the capillary
tube.
6.2

Recommendations

The following recommendations are proposed for future exploration:
1. The feasibility of rapid evaporation technique in producing giant unilameUar
vesicles can be further explored using the other major types of phospholipids,
hke phosphatidylethanolamine, phosphatidylglycerol, phosphatidylserine, phosphatidylinositol and phosphatidic acid.
2. Cholesterol can be incorporated into the lipid solution which can improve the
stability of the hposomes.
3. The direct radial basis function technique can be applied for calculating the
forces acting on a protrusion in the square channel. This would give an estimate
of the forces acting on the liposomes when they are kept under a uniform shear
fiow.
4. The velocities at which the liposomes detach and start moving can be estimated
by the computation of forces acting on their surface.
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